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Metal-Ligand Multiple Bonds

Nitrido and Fluoroimido Complexes of High-Valent Late Transition Metals

Tony Stüker

Abstract: High-valent group 8 and 9 transition metal complexes bearing nitrogen-

metal multiple bonds, such as the fluoroimido difluorides FNMF2, M = Co, Rh, the

nitrido trifluorides NMF3, M = Fe, Ru, Os, Rh, Ir, and the binary molecular iridium-

nitride Ir(N)2, have been investigated in a joint matrix-isolation infrared and a thor-

ough quantum-chemical study. These novel molecules and their 15N isotopologues

were produced by the reaction of laser-ablated metals with NF3 and N2, and embed-

ded in solid inert gas matrices. An uneven e3 occupation of the metal centered, doubly

degenerate HOMO of the group 9 NMF3 (M = Rh, Ir) in the reference C3v configu-

rations leads to their observed Jahn–Teller distorted low-spin doublet ground state,

while the even e2 HOMO configuration for the group 8 metals suggests an undistorted

high-spin 3A2 ground state. However, the latter ground state was only confirmed

for NFeF3, while a pseudo-Jahn–Teller distorted low-spin structure of NRuF3, and a

magnetic bistability was observed for NOsF3, which exists in two near-degenerate dis-

torted low-spin and high-spin configurations. Since the reasons for their structural

distortion is their electronic structure, this has been extensively investigated using

multi-configurational calculations. The strongly bent F N M units in the group 9

fluoroimido complexes FNMF2 (M = Co, Rh) follow from an unusual metal-nitrogen

σ bond interaction between the M(dz²) and a N(pz) orbital that is perpendicular to

the N F bond axis. Comparatively weak 3d-metal-nitrogen multiple bonds in NFeF3

and FNCoF2 were attributed to partial ligand oxidations and significant populations

of their M N σ ∗ and π∗ antibonding orbitals. Spin-densities calculated for FNCoF2

and Ir(N)2 show a considerable nitrogen radical character because of spin-polarization

and spin-delocalization, respectively. Hence, the fluoroimido and nitrido ligands in

FNCoF2, NFeF3 and Ir(N)2 must be considered as non-innocent.
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Zusammenfassung: Hochvalente Gruppe 8 und 9 Übergangsmetallkomplexe, die

Stickstoff-Metall Mehrfachbindungen tragen, wie die Fluoroimido-Difluorid FNMF2,

M = Co, Rh, die Nitrido-Trifluoride NMF3, M = Fe, Ru, Os, Rh, Ir, und das binäre,

molekulare Iridiumdinitrid Ir(N)2, wurden in einer Matrix-Isolations Infrarotspektro-

skopischen, kombiniert mit einer gründlichen quantenchemischen Studie, untersucht.

Diese neuartigen Moleküle und ihre 15N-Isotopologe wurden durch die Reaktion von

Laser-ablatierten Metallen mit NF3 bzw. N2 dargestellt und in festen Inertgasmatri-

zen eingebettet. Eine ungerade e3-Besetzung des metallzentrierten, doppelt entarte-

ten HOMO der Gruppe 9 NMF3 (M = Rh, Ir) in den Referenz-C3v-Konfigurationen

führt zu ihrem beobachteten Jahn–Teller verzerrten, Low-Spin Dublett Grundzustand,

während die gerade e2 HOMO Konfiguration für die Metalle der Gruppe 8 einen

unverzerrten High-Spin 3A2 Grundzustand nahelegt. Der zuletzt Genannte wurde

jedoch nur für NFeF3 bestätigt, während für NRuF3 eine pseudo-Jahn–Teller ver-

zerrte Low-Spin Struktur, und für NOsF3 eine magnetische Bistabilität beobachtet

wurde, die in zwei nahezu entarteten, verzerrten Low-Spin- und High-Spin Konfi-

gurationen existiert. Da der Grund für ihre strukturelle Verzerrung ihre elektroni-

schen Struktur ist, wurde diese ausgiebig mit Multikonfigurationsrechnungen un-

tersucht. Die stark gewinkelten F N M Einheiten in den Gruppe 9 Fluoroimido-

Komplexen FNMF2 (M = Co, Rh) ergeben sich aus einer ungewöhnlichen Metall-

Stickstoff σ -Bindungswechselwirkung zwischen dem M(dz²) und einem N(pz) Orbital,

das senkrecht auf der N F-Bindungsachse steht. Vergleichsweise schwache 3d-Metall-

Stickstoff Mehrfachbindungen in NFeF3 und FNCoF2 wurden auf partielle Liganden-

oxidationen und signifikante Populationen ihrer M N σ ∗ und π∗ antibindenden Or-

bitale zurückgeführt. Hervorgerufen von Spin-Polarisation bzw. Spin-Delokalisation

zeigen die Spindichten von FNCoF2 und Ir(N)2 einen deutlichen Radikalcharacter am

Stickstoff. Daher müssen die Fluoroimido- und Nitrido-Liganden in FNCoF2, NFeF3

und Ir(N)2 als nicht-unschuldig angesehen werden.
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1. Introduction

The metal-ligand multiple bonds represent an ubiquitous feature of early transition

metals in high oxidation states (OSs).[1] The carbene (M CR2) and carbyne (M CR)

complexes represent a significant class of organometallic chemistry where they play

important roles in catalytic reactions, most prominently in alkene and alkyne metha-

thesis.[2–6] Transition metal oxo complexes (M O or M– O+) are omnipresent in ox-

idation catalysis,[7] most notably in the oxygen evolving complex of photosystem II,

responsible for catalyzing the oxidation of water to molecular oxygen in chloroplasts

and cyanobacteria.[8,9] Due to their tendency to act as bridging ligands and their insta-

bility towards hydrolysis, comparatively few terminal sulphides (M S) are known.[10]

They are proposed as intermediates in the catalytic cycle of the petroleum desulfur-

ization process.[11]

The focus of the this work is on the complexes carrying nitrido (M N) and imido

(M NR) moieties. Nitrido complexes of transition metals have been known for more

than 170 years when the synthesis of OsO3N– was reported in 1847.[12] Only recently

serious efforts have been made to develop their chemistry and to explore fundamen-

tal questions regarding their structure and bonding. The M N moiety is isolobal to

the N N molecule and therefore comes as no surprise that nitrido complexes are sub-

ject of investigations surrounding dinitrogen coordination and activation, including

the catalytic formation of ammonia in technology[13–22] and organic synthesis.[23–26]

Quite recently, transition metal nitrides emerged as new class of potential anti-cancer

and anti-tumor agents.[27–30] Other applications include the catalysis of triple-bond

metathesis reactions of alkynes[31,32] and nitriles.[33] Nitrides are examined as poten-

tial model compounds in the Haber-Bosch process[34,35] and in the biological nitrogen

fixation and activation in the nitrogenase enzyme.[36,37] The chemistry of the imides

and nitrides has a lot in common, as they are both often found in the same catalytic cy-

cles. Transition metal imido complexes participate in large number of reactions with

direct involvement of the imido ligand, or as stabilizing spectator ligand.[38] Exam-

ples of the former type are aminations[39–44] and hydroaminations[45–53] of unsaturated

substrates. An outstanding example for the latter type are metathesis reactions of un-

saturated hydrocarbons catalyzed by imidocarbene complexes,[54,55] closely related to

the above mentioned metathesis reactions of alkenes.
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1. Introduction

Despite the many applications of nitrido and imido complexes, the number of known

late transition metal complexes lags behind that of early transition metals. This sec-

tion deals with the nature of metal-ligand multiple bonds in general, and with the

theoretical and experimental methods employed in this work. Furthermore, relevant

examples of group 8 and group 9 nitrido complexes, as well as group 9 imido com-

plexes are presented. Lastly, a brief overview of matrix-isolation works dealing with

relevant nitrido complexes is given.

1.1. The Nature of Metal-Ligand Multiple Bonds

Ligand pσ to

metal dσ 

Metal dπ to
ligand π*

Ligand π* to

metal dπ

Ligand pπ to

metal dπ
Ligand σ to

metal dσ

σ donating π donating
π accepting

"π backbonding"

Figure 1.1. Illustration of a few examples of metal-ligand σ - and π-type orbital inter-
actions.

In addition to the M L σ bond, overlap between appropriate π-type ligand binding

site orbitals and metal dπ orbitals must be invoked. While the metal-ligand σ bonding

is usually ligand-to-metal donating, it is established to distinguish between metal-to-

ligand (π accepting) and ligand-to-metal (π donating) π bonding (Figure 1.1). The

former is known as π backbonding and normally occurs in transition metal complexes

of low OSs. The excess charge at the metal center caused by the metal-ligand σ bond

is compensated by ligands with empty π∗ orbitals which act as π acceptor ligands. The

resulting interaction between the filled metal dπ orbital and the low lying lowest unoc-

cupied molecular orbital (LUMO) of the ligand leads to charge transfer from the metal

center and a population of the ligands π∗ molecular orbital (MO) and consequentially

to a weakening of the corresponding π bond within the ligand. Typical π acceptor

ligands are carbonyl (CO), nitrosyl (NO+), cyanido (CN–), and to a lesser extend also

dinitrogen (N2).

Ligand-to-metal π bonding is usually found in transition metal complexes of high

OSs. It arises when a ligand non- or anti-bonding π-type orbital combines with an un-

occupied metal d orbital of appropriate symmetry. The ligand donates electron density

through the resulting M L π bond. If the interacting ligand orbital is π∗ antibonding,

the π bond within the ligand is strengthened. Typical metal-to-ligand multiple bonds

are found in oxo- (M O or M– O+), nitrido- (M N), imido- (M NR or M– N+R),

2



1.1. The Nature of Metal-Ligand Multiple Bonds

M L

π

d

π*

M

L

π

d

π*

M

L

π

d

π*a b c

Figure 1.2. Simplified MO diagrams for symmetry-allowed metal-ligandπ interactions
with different relative energies of the interacting orbitals, including non-
bonding metal centered d orbitals.

carbene- (M CR2) and carbyne- (M CR) complexes. Due to their higher electronega-

tivity (EN) the π-type orbitals of nitrogen or oxygen ligands are usually lower in energy

than the metal dπ orbitals (Figure 1.2, case a). It is thus the best way to describe them

as closed shell N3–, NR2–, and O2– anions. In contrast, the lower EN of carbon some-

times leads to cases b and c shown in Figure 1.2. In the latter case the carbyne ligands

are best described as CR+. The transition between these extremes depends on the rela-

tive energy of the interacting ligand and the metal orbitals. The average energy of the

d orbitals decreases as we go from left to right across the transition metals and with

increasing metal OS, and decreases in each group from top to bottom. The energy of

the ligand based p orbitals decreases on moving from carbon to nitrogen to oxygen.

The resulting M L bonding and antibonding π MOs determine the ligand reactivity.

The ligand reacts nucleophilic in case a in Figure 1.2 when the occupied π bonding

orbitals are mostly localized on the ligand binding site while the π∗ antibonding com-

binations have dominant metal d orbital character. As the energy difference between

M(d) and L(p) decreases to case b, the M L bonding becomes more covalent, whereas

a electrophilic reactivity is expected in case c where the unoccupied π∗ MO are mostly

localized at the ligand.

In the formal ionic representation (Figure 1.2, case a) N3–, NR2–, O2– and CR3– are

isoelectronic closed-shell anions able to form M L triple bonds with suitable metal

centers.[1] This is most commonly assumed for terminal nitrido and oxo ligands, where

these donor ligands lead to qualitatively similar metal orbital d splittings in the 4–6

coordinated complexes shown in Figure 1.3. This shows the influence of the coor-

dination geometry on the d-orbital splitting and reveals that, for instance, four-fold

symmetric (tetragonal (TG), C4v) complexes become increasingly unstable when the

d-electron count is larger than two. This leads to a population of π∗-antibonding MOs

which reduces the formal bond order (BO) of the metal-ligand multiple bond. In this

coordination geometry the BO remains unchanged for d0, d1 and d2 low spin configu-

rations and gradually decreases going from d3 to d6 from a triple to a single bond. The
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M

L

PTD (C3v)

dx²−y²dxy

dxz dyz

π*

dz²

σ*

E

z

yx M L

SPL (C2v)

dyz

dxy
π*

dx²−y²

σ*

dz²

dxz

dx²−y²

dxy

dxz dyz

π*

dz²

σ*

PO (C4v)

M

L

dx²−y²

dxy

dxz dyz

π*

dz²

σ*

SPY (C4v)

M

L

TBP (C3v)

dx²−y²dxy

dxz dyz

π*

dz²

σ*

M

L

Figure 1.3. Qualitative d -orbital splittings for common coordination geometries of
two-, three- and fourfold symmetric environments: pseudo octahedral
(PO), square pyramidal (SPY), trigonal bipyramidal (TBP), pseudo tetrahe-
dral (PTD) and square planar (SPL). The M L σ ∗ and π∗-antibonding or-
bitals are highlighted. Note that dx²-y² in C4v symmetric coordinations is
σ ∗-antibonding with respect to ligands in the equatorial plane.

d-electron count of the metal center depends entirely on its position in the periodic

table and its OS. The higher oxidation potential and a high d-electron count of late

transition metals are the reasons for the lower stability of metal-ligand multiple bonds

of these metal centers. In the case of oxo complexes, this led to the concept termed

oxo wall and describes the rule that oxo ligands can not form multiple bonds to metals

beyond group VIII in TG environments (PO and SPY coordination geometries).[56] The

same is true for nitrogen and so it is also referred to as the nitrido wall.[24,57] In contrast,

the presence of two instead of one non-bonding d-orbitals in trigonal and twofold sym-

metric geometries (Figure 1.3, C3v and C2v) allow metal-ligand multiple bonds with a

higher d-electron count without overcoming, but instead shifting the oxo/nitrido wall

further to the right.[58]

1.2. Oxidation States

The OS of an atom can be used to formally describe the electron count at an atom.

A negative OS indicates increased electron count, and a positive OS decreased elec-

tron count with respect to the free, neutral atom. Deducted from the linear combi-

nation of atomic orbitals (LCAO) model, the bond’s electrons are assigned to its main

atomic contributor in heteronuclear, and equally in homonuclear bonds. The OS is the

hypothetical charge that an atom would have if all heteronuclear bonds were purely

4



1.2. Oxidation States

ionic. However, as a purely formal quantity it correlates poorly with the actual elec-

tron alignment or charge distribution. OSs are either positive, neutral or negative and

are typically represented in integer values. Exceptions can exist when a (hypothetical)

charge is shared between chemically equivalent atoms, such as the oxygen in the su-

peroxid anion (O –
2 ) which has the OS −0.5. In transition metal complexes the notation

dn describes the number of electrons n occupying d-type orbitals at the metal center.

The OS of the metal center is the difference between n and the number of valence

electrons of the neutral metal atom. The highest OS of an element within a chemical

compound is generally limited by the number of its valence electrons. The activation

of core electrons usually can only be overcome under extreme conditions, for example

by applying high pressure.[59]

In practice, the assignment of OSs is often straightforward using the appropriate

Lewis (resonance) structure of the compound and the EN values of the elements in-

volved. The bond’s electrons are assigned to the element with the higher EN. Prob-

lematic are compounds for which it is difficult or impossible to create a suitable Lewis

structure a priori. In cases where the nature of the bond and therefore the electronic

alignment is unclear and a satisfying Lewis structure can not be derived, experimen-

tal or theoretical methods can be used to assign an OS. Ambiguity may arise when

quantum-chemical calculations results in bond polarities that contradict electron align-

ments suggested by their EN. In some cases the bond polarities depend on the theoreti-

cal method employed and may even differ for α and β spin orbitals in spin-unrestricted

calculations.[60] The OSs assigned based on the bond multiplicity and EN without con-

sidering polarizations of covalent bonds are called formal OSs.[61,62] The highest known

formal OS is IX, assigned to the iridiumtetroxide cation, [IrO4]+, experimentally ob-

served in the gas-phase by infrared (IR) photodissociation spectroscopy.[63] Although

IR spectroscopy cannot directly determine oxidation states, vibrational frequencies

allow a variety of conclusions to be drawn about the properties of the bond in ques-

tion. Especially supported by quantum-chemical predictions which are validated by

experimentally measured parameters. Most of the experimental methods require the-

oretically calculated reference values. For example, the effective core charge (Zeff) and

thus the metal dn configuration can be estimated using K-edge X-ray absorption spec-

troscopy (XAS) data of the ligands.[64–66] In Mößbauer spectroscopy, it is possible to

observe a nearly linear relationship between OS and isomer shift if a series of com-

plexes with similar geometric and electronic structure are used.[67] These spectroscopic
OSs may differ from formal OSs.[62]

Transition metal OSs are limited by the redox stability of the ligands, since highly

oxidized coordination centers are able to oxidize ligands by spontaneous self-reduc-

tion.[68] Predominantly closed-shell and redox-stable ligands that permit the evalua-
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1. Introduction

tion of the central atom’s OS are called innocent.[61,69] Examples that are often con-

sidered innocent include F–, Cl– and O2–, but also CO, CN– or NH3.[61] Non-innocent
behavior arises when electrons cannot be unequivocally assigned to either the ligand or

the central atom.[69] A well-known example of a compound with ambiguous oxidation

state due to a non-innocent ligand is the “brown-ring” iron complex [Fe(H2O)5NO]2+,

for which Griffith et al.[70] in 1958 deducted a quartet electronic ground state and a

[FeI(H2O)5(1NO+)]2+ formulation. Due to the singly occupied π∗-MO of NO, it may

also occur as anionic NO–[71] or neutral NO.[72] In the most recent work from 2019

by Monsch and Klüfers[60] however, it was concluded that “there are no mandatory

reasons to deprecate the FeI(NO+) formula in favor of the FeII(NO0) or the FeIII(NO–)

formulation”. Non-innocent systems may be exploited as redox catalysts in which they

participate in the catalytic cycle as electron reservoir, or in formation/breaking of

substrate covalent bonds.[73] In these cases they are called redox active or redox non-
innocent.[73–76]

1.3. Matrix-Isolation Spectroscopy

Temperature and concentration are important factors which can be tuned in order to

control the rate of any chemical reaction. In chemical kinetics the empirical Arrhenius

equation is a formula for the temperature dependence of chemical reaction rates. It

states that any chemical reaction that has a reaction barrier can essentially be stopped

if the temperature is low enough. In collision theory chemical reactions are rational-

ized as colliding particles which may lead to a chemical reaction if the collision energy

is high enough to overcome the reaction barrier. A higher concentration of reaction

partners leads to an increase of the collision rate which in turn leads to a higher reac-

tion rate. This also applies to unimolecular reactions in which the internal energy of

the particle needed to overcome the reaction barrier is provided by a collision with a

bath particle of the same or different kind.

The matrix-isolation technique, pioneered in its modern form by George C. Pimentel

in the 1950s, minimizes temperature and concentration effects and allows trapping

reactive or otherwise unstable compounds.[77] This is done by co-depositing an inert

host gas at very low temperatures, typically 4 K to 20 K, with a small amount of sample,

usually in the 0.01 % to 1 % range, on a cryogenic matrix support in an evacuated

chamber at about 1× 10−6 mbar. The molecules trapped inside the solid, cryogenic

matrix are surrounded by chemically inert molecules effectively preventing reaction

inducing collisions with other particles. The most typical inert matrix host gases are

Ne, Ar and N2, but also Kr, Xe and CH4. Reactive matrix hosts are also being used, such

as F2, if the direct formation of higher fluorides is desired.[78,79] The most inert, i.e.,

6



1.3. Matrix-Isolation Spectroscopy

the least interacting matrix host, is Ne which also often produces highly transparent

matrices, followed by Ar.

The most common way to investigate the isolated species is by vibrational or ultra-

violet-visible (UV/Vis) spectroscopy, but also electron paramagnetic resonance (EPR)

spectroscopy is very well suited for open-shell compounds. The spectroscopic data ob-

tained from matrix-isolation experiments are often rightfully compared to gas-phase

data and are often referred to as "pseudo gas-phase" data. An important effect caused

by the low temperature and solid state of the matrix is the reduced number of de-

grees of freedom of the guest molecule by preventing rotational and translational mo-

tions. It reduces band broardening effects such as Collision and Doppler broadening

as well as rotational transitions. It generally improves the quality of IR spectra and

makes matrix-isolation IR spectra easier to interpret compared to spectra obtained us-

ing gas-phase experiments. In many cases, however, there are qualitative differences

between matrix and gas-phase spectra. Their magnitude depends on the level and na-

ture of the interactions between the guest and host. Especially transition metal ions

and other suitable Lewis acids may coordinate matrix host molecules, even noble gas

atoms. This can lead to noticeable spectroscopic band shifts and site-splittings with

respect to the gas-phase absorption. Matrix-site splittings, i.e., IR band splittings ob-

served under matrix-isolation conditions, can be caused by different orientations of

the guest molecules inside the matrix cavity. For example, the IR spectrum of CO2

embedded in Ar shows sharp bands of roughly the same intensity at 663.4 cm−1 and

661.9 cm−1 in the CO2 bending region. Both are attributed to the bending mode (ν2)

of monomeric CO2 in different orientations inside the host matrix.[80] Matrix shifts on

the other hand are caused by electrostatic or chemical interactions between the ma-

trix guest and the host and have been observed with any matrix gas. They range from

rather weak van-der-Waals interactions with matrix shifts of less than 3 cm−1 to the

formation of complexes with noble gas atoms with significant matrix shifts, especially

when symmetries are lifted, of more than 100 cm−1.[81]

The workflow and instrumental requirements of a matrix-isolation experiment de-

pend on the nature of the guest and the problem at hand. In any case, the guest must be

deposited from the gas-phase seeded in excess host gas. The simplest case would be a

pure gaseous sample which can be pre-mixed with matrix gas and directly be deposited

on the matrix support. For this method, thermally stable samples that can be evapo-

rated without decomposition can be used. For thermally less stable or highly reactive

samples a u-tube can be used in front of the matrix chamber, in which the sample is

placed into a stream of matrix host gas which carries the guest molecules with it into

the matrix chamber and onto the matrix support. The vapor pressure of the sample

is then controlled by adjusting the bath temperature around the u-tube. A Knudsen
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cell consists of a quartz tube and a heating element in which a solid sample is exposed

to a stream of matrix gas which carries the guest molecules to the matrix support.[82]

These methods all have in common that the desired guest molecule is deposited di-

rectly, however, it is also possible to study reactions of the precursor molecules di-

rectly before or during deposition and to isolate the product molecules. To achieve

this a number of methods are available. A gaseous sample can be passed through a

heated tube prior deposition to trigger controlled (flash) pyrolysis reactions, or the

matrix can be irradiated with visible or UV light to trigger photolysis reactions.[77]

Another way is mixing different reactive gases which are allowed to react before or

during deposition. For example, radicals, ionic species and excited atoms can be gen-

erated in a microwave discharge and co-deposited with a precursor diluted in matrix

gas.[83] To react metal atoms with precursor molecules it is possible to evaporate the

metal atoms thermally either by directly heating the metal using an electrically heated

thin ribbon filament,[84] or by laser-ablation.[85] The latter method has the advantage

that even electrically non-conductive material with very low vapor pressure, such as

transition metal oxides[86] and alkali halides,[87] can be transferred to the gas-phase.
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Figure 1.4. Top (left) and side view (right) of an illustration of a matrix chamber for
co-depositing precursor gas mixed with laser-ablated material during the
laser-ablation process. For measuring operation the matrix support is ro-
tated 90° counterclockwise, for irradiation experiments 45° clockwise. 1
cold gold-plated copper matrix support with hole and matrix layer, 2 rotat-
ing laser ablation target, 3 pulsed IR laser, 4 plasma plume, 5 precursor
gas, 6 CsI window to attached IR spectrometer, 7 gas nozzle and target
motor assembly, 8 quartz windows, 9 focusing quartz lens, 10 closed-cycle
helium cryostat & heating element assembly.

Figure 1.4 shows a drawing of an experimental setup that was used in this work.

A neodymium-doped yttrium aluminum garnet (Nd:YAG) (λ = 1065nm) laser pulse

of about 10 ns (3) focused by a quartz lens (9) is guided through a hole in the matrix
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1.3. Matrix-Isolation Spectroscopy

support (1) and evaporates material from the rotating ablation target (2). The evapora-

tion process at the surface of the ablation target induced by a pulsed nanosecond laser

starts with the expulsion of electrons within femtoseconds. It proceeds by a Coulomb

explosion of the cationic material left behind and is followed by thermal evaporation

of target material under the influence of the pulse.[87] The vaporized target material in

the plasma plume (4) is then mixed with precursor gas (5) inside the vacuum cham-

ber and deposited on the cold gold-plated copper matrix support (1) until a sufficient

amount of material is deposited. After about 60 min to 120 min when the deposition

finished, the matrix support is rotated 90° and an IR spectrum can be recorded in re-

flection mode using a transfer optic assembly located in the sample compartment of

the IR spectrometer and a CsI window (6) attached at the back of the matrix chamber.

The high vacuum of 10−6 mbar to 10−5 mbar enables a controlled deposition rate and

ensures thermal insulation of the matrix support held at 4 K to 20 K from the environ-

ment. Pumps able to create and maintain these pressures include turbomolecular and

diffusion pumps. Both have in common that they transfer momentum to single gas par-

ticles in the direction of the outlet. The turbomolecular pump achieves this by rapidly

spinning metal turbine blades. The diffusion pump does not contain any moving parts

and uses a gas-jet of silicone oil vapor to direct gas particles to the exhaust. The latter

is often found in matrix-isolation laboratories thanks to its low maintenance, robust-

ness and longevity. Abrasive gases and sudden increases of pressure can degrade the

silicon oil in diffusion pumps, but can destroy turbomolecular pumps.

M NM N AnnealingIrradiation

N
N

M M

NN

Figure 1.5. Illustration of guest reactions inside the matrix triggered by irradiation
(left) and by annealing (right).

After the matrix has been deposited, irradiation and annealing experiments may be

conducted. Irradiation experiments can be carried out either by unspecific broadband

irradiation using, for example, a high-pressure mercury lamp, or selectively by using

optical filters, laser light or light-emitting diode (LED) light with a narrow spectral

range around λmax ± 10nm. By using LED or monochromatic laser light it is possi-

ble to induce specific unimolecular photochemical reactions, such as rearrangements

or dissociation reactions. The irradiation experiment shown in Figure 1.5 illustrates a

dissociation reaction of a dinitrogen complex [M(N2)] to M and N2. It is worth pointing

out that the matrix is exposed to radiation from the laser-ablation process, which could

prevent the formation and buildup of photo-sensitive compounds. During irradiation
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experiments diffusion effects are minimal and are usually not observed. In anneal-

ing experiments diffusion of lighter atoms through the softened matrix may occur.

The right part of Figure 1.5 shows the formation of MN enabled by matrix annealing

which initiates the diffusion of nitrogen atoms into the matrix cavity containing the

metal atom. The annealing temperature is limited. As a rule of thumb, the maximum

annealing temperature is approximately half of the freezing point of the matrix host

gas. However, it is advisable to stay a little below that, depending on the host, evapo-

ration can happen very suddenly because the temperature gradient within the matrix

support and the solid matrix is often not precisely known. Spectroscopic data obtained

in Ne are usually very close to those obtained in vacuum, since host guest interactions

are very small and it offers a high transparency for all spectroscopic methods. Its

low freezing point at 25 K and the resulting low maximum annealing temperature of

about 10 K limits its applications in annealing experiments. The next suitable ma-

trix host is Ar (freezing point: 84 K), which allows annealing temperatures of up to

about 40 K. However, Ar matrices exhibit stronger host-guest interaction energies and

a lower transparency.

Additionally, annealing and irradiation experiments are useful to assign species

present in the matrix. As a result of the depletion or the enrichment of certain species,

the spectrum looses or gains features. Furthermore, bands associated to the same

species form a set of bands that show similar intensity ratios in different experiments.

Even small band intensity changes can be made visible with the help of difference spec-

tra. Here, the spectrum of the matrix before treatment is subtracted from the spectrum

after treatment. In such a difference spectrum obtained in transmission mode, bands

that lost intensity are pointing up, and new bands or bands that gained intensity are

pointing down. Varying the host–guest concentration can also facilitate the assign-

ment of unknown bands in the spectrum. When laser ablated atoms are allowed to

react with precursor gas molecules, the concentration of the precursor in the matrix

gas influences the distributions of different stoichiometries of the reaction products.

The isotope effect is a very useful feature for the assignment of unknown bands in

an IR spectrum. Isotopologues of precursor material often allow clear assignments of

their bands based on their isotopic pattern and associated isotopic shifts, ∆ν̃ = ν̃ − ν̃′,
or isotopic ratios

(
ν̃
ν̃′

)
, with ν̃ as the band position of the isotopologue containing the

most abundant isotope and ν̃′ the band position of a different isotopologue in which at

least one atom is substitutated by a different isotope. In contrast to computed absolute

band positions, predicted isotopic ratios are often much more precise and therefore

provide solid evidence for band assignments.
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1.4. Computational Methods

What makes the chemistry of transition metal complexes so interesting is also what

makes their quantum-chemical description difficult. The reliable prediction of tran-

sition metal complex properties is one of the most difficult tasks in quantum-chemis-

try.[88,89] This is, for the most part, because of the near degeneracies of their electronic

states.[88]

To theoretically describe chemical bonding in transition metal compounds a number

of electronic structure methods are available. For practical reasons, most commonly

in electronic structure calculations a MO analysis is employed.[90] Valuable informa-

tion about the electronic structure can be extracted from the electronic wave function,

which makes it the central element for the analysis of the chemical bond. The total

wave function of a quantum-mechanical system, such as a molecule, can be obtained

by solving the time independent Schrödinger equation (TISE), which depends on elec-

tronic and nuclear coordinates.[91] Nuclei move much more slowly than electrons since

they are much heavier. For this reason it is assumed within the Born Oppenheimer ap-

proximation that electrons are moving in a field of fixed nuclei. In this approximation

the total wave function can be expressed as a product of the nuclear and electronic

wave function, which depends on the nuclear coordinates only parametrically. Sev-

eral approximations exist to solve the TISE, of which the Hartree-Fock (HF) method

is the simplest. It is based on the expansion of the wave function in a single Slater

determinant constructed from spin orbitals.

Wave Function Based Correlation Methods

In single-reference post-HF methods the HF wave function is the basis, or reference,

of more sophisticated calculations in an attempt to recover what is called electron cor-

relation energy. In the framework of the LCAO theory a basis set is composed of the

spatial part of atomic orbitals, usually represented by orthogonal gaussian-type func-

tions. The minimum number of functions equals the number of atomic orbitals, while

the exact electronic wave function of the respective method is a linear combination of

an infinite basis set, in practice only finite basis sets can be used. The number of spin

orbitals in the Slater determinant is equal to twice the number of basis functions of the

basis set. The full configuration interaction (FCI) approach uses a linear variational

method which provides numerically exact solutions to the non-relativistic (NR)-TISE.

In this method, all Slater determinants that can be generated by all possible electron

excitations into all virtual orbitals are included in the variational space.

The correlation energy is the difference between the HF energy and the FCI energy

using a complete basis set. The general term for methods which aim to approximate
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that energy are called correlation methods, which can be divided further into single

and multi-reference correlation methods. Figure 1.6 shows Pople’s diagram which il-
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Figure 1.6. Pople’s diagram showing the relationship between increasing configura-
tion interaction (CI) excitation levels. The blue star marks the HF limit and
the red star exact solution of the NR-TISE.

lustrates the relationship between basis sets and various correlation methods in com-

putational chemistry.[92] While FCI is a conceptional simple method, the exponential

dependence on the number of slater determinants limits its application to small sys-

tems. Truncated CI methods exist where, for instance, only single and double excita-

tions are included (configuration interaction singles doubles (CISD)). However, there

are significantly more efficient methods available, such as Møller-Plesset perturbation

theory second order (MP2), where the electron correlation is treated as perturbation of

the unperturbed reference wave function with one and two electron excitations. While

this method is established and widely used since decades and available in virtually

every quantum-chemistry software, it fails to address the rather large electron corre-

lation often found in transition metal compounds.

The coupled-cluster (CC) method is conceptually similar to the FCI method and pro-

vides an exact solution to the NR-TISE, but instead of a linear, it follows an exponential

expansion ansatz which comes with a number of advantages. The widely used “gold

standard” of quantum-chemistry is coupled-cluster singles, doubles and perturbative

triples (CCSD(T)). It involves a singles and doubles truncated CC ansatz with triple

excitations approximated using perturbation theory.

Truncated CI, MP2 and CCSD(T) and all other methods which use one slater deter-

minant (or reference function) are called single-reference correlation methods and are

good approximations only when the reference state is properly described by a single

slater determinant, i.e., only dynamic electron correlation needs to be considered. For

transition metal compounds this approximation often breaks down and additionally
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non-dynamic correlation becomes important when several electronic configurations

have similar energies and considerable configuration mixing takes place. The suit-

ability of the single-reference CCSD(T) ansatz for transition metal compounds can be

gauged by the values of the T1, D1 and %TAE diagnostics.[93,94] The complete active

space self-consistent field (CASSCF) method[95] allows one to perform an FCI calcula-

tion for a limited orbital space. This active space should consist of the most important

orbitals and represents the most flexible part of the wave function, i.e., molecular or-

bitals that are expected to have occupations deviating from 0 and 2, or those that are

involved in bond formation/breaking.

The primogenic effect describes the phenomenon and effects of the small and com-

pact nature of the first row transition metal 3d orbitals.[96,97] The absence of radial

nodes at r , 0 for shells of a given angular momentum quantum number l that are

first occupied (1s, 2p, 3d, . . . ) leads to the compact nature of these orbitals. The con-

sequence is that the size of the 3d orbitals of first row transition metals is actually

comparable to those of the 3s and 3p orbitals. The electrostatic repulsion between

the ligand and metal core orbitals prevents a relatively short bond from forming that

would be required to maximize the overlap between the metal 3d and ligand orbitals.

This leads to attenuated ligand–metal overlap and consequently to low excitation ener-

gies and considerable mixing of the ground state with excited states. As an example, in

Figure 1.7 an active space for a NML3 3d2 (M = 3d metal), which includes the singly oc-

cupied, degenerate metal centered dxy and dx²-y² type orbitals (3e), as well as the M N

bonding and anti-bonding σ type (1a1, 2a1) and π type (2e, 4e) MOs. The green area

marks the active space allowing the distribution of 8 valence electrons between all con-

figurations that can be constructed from 8 molecular orbitals, or in short CASSCF(8,8).

In this example, the three most contributing configurations contribute in total 75 % to

the total electronic CASSCF wave function. The leading configuration determines the

electronic state of 3A2 and contributes 60 % to the total CASSCF wave function. The

next two largest contributors shown in Figure 1.7 constitute double (10 %) and single

excitations (5 %) from the M N π bonding (2e) into the M N anti-bonding π∗ orbitals

(4e). This form of electron correlation is commonly referred to as non-dynamical cor-

relation. The dynamical electron correlation neglected by excluding the inactive and

virtual orbitals can be recovered by taking the CASSCF wave function as a reference

for subsequent multireference configuration interaction (MRCI)[98,99] or multirefer-

ence perturbation theory (MRPT)[100] treatment. The latter in the form of complete

active-space second-order perturbation theory (CASPT2)[89,101] or the more advanced

n-electron valence state perturbation theory second order (NEVPT2)[102] which coin-

cides with MP2 in the case of a HF reference (or single-reference) wave function.

Recent developments to reduce the computational cost and improve the accuracy
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Figure 1.7. The three most contributing electronic configurations to the 3A2 electronic
ground state of a NML3 complex in C3v point group symmetry. The lower
blue area contains the highest three MOs of the inactive orbitals (1a2 and
two components of 1e) and the top blue area contains the lowest three
virtual MOs (3a1 and two components of 5e). The green area contains the
active space MOs: eight electrons in eight orbitals.

of wave function based correlation methods include explicitly correlated F12 theories

(for example CCSD(T)-F12[103], CASPT2-F12[104] and MRCI-F12[104]) and the linear

scaling domain based local pair natural orbital (DLPNO)-CCSD(T)[105] method. Nev-

ertheless, the application of these high-level methods are still limited for geometry

optimizations and normal mode analyses of transition metal complexes, in particu-

lar for systems larger than six heavy elements, i.e., elements of the second row and

beyond.

Density Functional Theory

The HF and all post-HF methods have in common that all properties of the system

are derived from the wave function. A different approach is density functional the-

ory (DFT), where these are completely determined by the electron density of the sys-

tem. The Hohenberg-Kohn[106] theorem is a proof that important properties such as

the energy of a system depend directly on the electron density of the system and is
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thus the basis for modern DFT. The single Slater determinant based Kohn-Sham (KS)-

DFT framework[107] is the most wide-spread formalism and algorithmically very much

alike the HF protocol. It is in fact so wide-spread that in quantum-chemistry KS-DFT

is often simply referred to as DFT. Despite the similarities to HF, DFT is surprisingly

accurate, even for some degree of static correlation. In fact, it is conceptionally accu-

rate, however, for systems more complex than simple model systems the exchange–

correlation term is unknown and its functional form needs to be approximated. For

this purpose different families of exchange–correlation functionals exist with different

levels of sophistication and reliance on empirical parameters.[108,109] The most com-

mon and almost universally applicable exchange–correlation functionals include the

generalized gradient approximation (GGA) type Becke–Perdew 1986 (BP86),[110,111]

and the hybrid type Becke, 3-parameter, Lee–Yang–Parr (B3LYP).[112–115] However,

more sophisticated functionals exist,[116] including the long-range corrected family

of functionals ωB97[117–119] and the highly parameterized M06[120–123] functionals.

Among the latter, the specialized meta-GGA functional M06-L[120] is recommended

for systems involving transition metals.[120]

The advantage offered by DFT is the relatively high accuracy with relatively low

computational cost. However, unlike wave-function based methods, DFT cannot be

systematically improved as it can be, for example, by switching from coupled-cluster

singles doubles (CCSD) to CCSD(T). Instead, improvements can be achieved by choos-

ing a more accurate exchange-correlation functional, informally classified in Jacob’s

ladder in which exchange-correlation functionals with similar capabilities are placed

at the same rung.[108]

Relativistic Methods

Relativistic effects in the context of quantum-chemistry are all variances between val-

ues calculated by models that consider relativity and those which do not. By ignoring

the finite speed of light in the NR-TISE, spin–orbit coupling and kinematic (or scalar)

relativistic effects are completely neglected. The incorporation of relativistic effects in

quantum-chemical calculations becomes more important as the nuclear charge num-

ber increases, making it a requirement for forth row elements and improves the accu-

racy of geometries and energetics involving elements from the third row.[124] The best

relativistic method involves the explicit four-component solutions of the Dirac equa-

tion, however, even calculations of diatomic systems with a sufficiently large basis set

are very expensive and require significant computational resources.[88,125] Approxi-

mations of this method involve the separation of scalar relativistic effects from those

caused by spin–orbit coupling, or even removing the explicit consideration of rela-
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tivistic effects entirely by using effective core potentials (ECPs).[126] Popular approx-

imations to the Dirac equation used in this work are the Douglas-Kroll-Hess (DKH)

Hamiltonian[127,128] and the zeroth order regular approximation (ZORA).[129,130]

Basis Sets

Basis sets are sets of functions which essentially all calculations use to express the un-

known MOs by means of a set of known functions. While in principle any type of func-

tion might be chosen, in practice, the basis functions should fit the physical problem

to be approached and be easy to use in computational algorithms. By weighing these

requirements, Gaussian-type functions have emerged as the most used for molecular

systems, mainly because they can be implemented most efficiently in computational

code. In the LCAO framework, every MO is represented by a linear combination of a fi-

nite number of basis functions. For this, there must be at least as many basis functions

as there are atomic orbitals of all involved atoms. These minimal basis sets are hardly

used in practice because of their bad predictive quality. Split valence basis sets are

used much more frequently, in which valence orbitals that are particularly relevant in

chemistry are described by more than one basis function. Depending on the number

of functions used to describe the valence orbitals, these basis sets are called valence

double-, triple-, quadruple-ζ, and so on, basis sets. Functions that can be added to the

basis set to improve the description of molecular systems include diffuse and polariza-

tion functions. The latter are integrated in most of the popular basis sets by default

and the former can be added if systems are prone to dispersion effects, such as anions,

or to gain accuracy in systems involving inter- and intramolecular non-covalent bonds.

A popular general purpose polarized split valence basis set, especially suitable for

DFT calculations, is the def2 family of basis sets[131–134] of the Karlsruhe group of

which the quadruple-ζ basis set def2-QZVP achieves near basis set limit accuracy for

atomization energies at the DFT level of theory.[134] They are all-electron basis sets for

elements H to Kr, and automatically load Stuttgart–Dresden ECPs for elements Rb to

Rn.[133,135–138]

The quasi-standard for wave function based correlation methods is the correlation

consistent family of basis sets which come with a number of useful features and vari-

ants. The standard variant follows the cc-pVnZ scheme (i.e.: correlation-consistent

polarized n valence split, with n = D, T, Q, 5 for double-, triple-, quadruple- and 5-ζ

qualities, respectively).[139–146] Popular variants incorporate relativistic effects in the

form of ECPs (sufix “-PP”)[133,138,147–153] or via the use of a DKH Hamiltonian (su-

fix “-DK”),[154] augmentations with diffuse functions to better satisfy the long-range

part of the wave function of anions (“aug-” prefix), and core–valence correlation (cc-
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pwCVnZ).[139,155,156] These basis sets are designed to systematically converge towards

the complete basis set (CBS) limit with increasing cardinal number n. A large num-

ber of extrapolation schemes that can be used to estimate the CBS limit have been

proposed.[157]

Wave Function Analysis

The wave function obtained by solving the electronic TISE determines all information

that can be known from a quantum system. Unlike the electron density, which can

be easily obtained from the wave function, the wave function itself does not have any

physical meaning. A number of analytical methods have been developed to extract

useful information from the wave function, such as magnetic properties, MO popula-

tions and compositions, as well as BOs and atomic charges. The latter is an important

property to categorize reactive sites in molecules as electrophile (positive charge) or

nucleophile (negative charge). The most commonly used approaches to assign charges

to atoms are based on partitioning the electron density and distributing it to individ-

ual atoms based on the electrostatic potential, basis functions or topology. Established

partition methods based on basis functions are the Mulliken[158] and the Löwdin[159]

methods, which both best perform with small or medium sized basis sets but can lead

to odd behavior, especially when used in conjunction with diffuse basis sets.[124] A

more sophisticated method called natural bond orbital (NBO) analysis involves orbital

transformations into a (localized) form which allows to analyze the wave function in

terms of the classical Lewis structure concept of two-center electron pairs (bonds) and

one-center electron pairs (lone pairs).[160]

Somewhat physically more justified is to analyze the electron density itself instead

of the basis functions representing the wave function. The quantum theory of atoms

in molecules (QTAIM) method of R. Bader[161–163] is probably the most accurate way

to divide the molecular volume into atomic subspaces containing exactly one nucleus.

In this framework, chemical bonding is defined based on the topology of the electron

density with stationary points together with the gradient paths that connect and termi-

nate at these points. Among these stationary points are maxima and saddle points. The

former usually correspond to the position of the nuclei and are called attractors. One

type of the latter is called bond critical points which are usually positioned between

two attractors with one positive and two perpendicular negative second derivates. The

electron density at a bond critical point (ρbcp) is associated with the bond strength and

BO.[163] Based on the topology analysis, the total electron density can be assigned to at-

tractors and its integration within each atomic basin gives atomic charges and electric

moments.
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From MO considerations the formal BO of a bond between two atoms is defined by

Equation 1.

BO =
number of bonding e–−number of antibonding e–

2
(1)

It is a simple scheme to evaluate the number of electrons (e–) shared between two

atoms, which indicates the stability of the bond. An extension to that is the effective

bond order (EBO) which allows fractional numbers and is obtained from natural oc-

cupations using the same formula.[164] The EBO is always smaller than the formal BO

and the multiplicity of a bond is named according to the next larger integer value.[164]

Spin density profiles are obtained by subtracting the electron densities of the spin

down (β) electrons from the one of the spin up (α) electrons obtained from spin-

unrestricted calculations. They permit a simple, quick and visualizable probe of lig-

and non-innocence (see Section 1.2) in transition metal complexes in which positive

or negative spin density at the ligand indicate spin delocalization or spin polarization,

respectively.[69]
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1.5. Nitrido Complexes of the Group 8 and Group 9 Transition

Metals

A survey of selected known terminal nitrido complexes of the group 8 (iron, ruthe-

nium and osmium) and group 9 (cobalt, rhodium and iridium) transition metals is

presented. Additionally, selected terminal imido complexes are included for group

9 transition metals. The overview focuses on molecular complexes featuring metal–

nitrogen multiple bonds for which experimental structural or vibrational data are

available. In addition, a short overview of relevant matrix-isolation works in which

the reaction products of laser-ablated transition metal atoms and dinitrogen, as well

as nitrogen trifluoride were investigated is given.

1.5.1. Group 8

Transition metals of group 8 have 8 valence electrons and can reach oxidation states

of up to VIII (Ru and Os). Os(VI) nitrido complexes in tetragonal structures with low-

spin d2 configurations avoid any population of antibonding π∗ MOs (see Figure 1.3)

and facilitate strong Os N triple bonds. Trigonal symmetric structures on the other

hand, are able to accommodate up to four electrons in their non-bonding d-type MOs

(Figure 1.3). Hence, the lowest OS needed to enable triple bonds for these structures

is IV.

Iron Nitrido Complexes

The first terminal nitrido iron complex was reported by Wagner and Nakamoto[165] in

1988. The square planar porphyrin ligand based [(TPP)FeVN] complex (Figure 1.8 A)

was produced by photolysis of the corresponding azide precursor and its resonance

Raman (RR) spectrum was reported.[165] In 1989 the related complexes [(OEP)FeVN]

and [(TMP)FeVN] were obtained by the same group using the same method.[166] Ra-

man spectra of these complexes show Fe N stretching frequencies at around 875 cm−1

as well as 14/15N isotopic shifts. The claimed OS of Fe(V) in the these complexes was

questioned by Meyer et al.[168] in view of the non-innocent nature of the employed

auxiliary ligands. However, a very recent report of the related [(TTPPP)FeVN] complex

by Wang et al.[167] describes a Fe(V) center with a low-spin (dxy)2(dxz)1(dyz)0 configu-

ration (BO = 2.5) and an Fe N stretching frequency of 876 cm−1 (RR), which supports

the previously reported data for [(TPP)FeVN], [(OEP)FeVN] and [(TMP)FeVN].

About 10 years later, Meyer et al.[168] and shortly thereafter Grapperhaus et al.[169]

presented the first cyclam ligand based pseudo octahedral nitrido complexes [(cyclam)

(N3)FeVN]+ and [(cyclam-ac)FeVN]+ (Figure 1.8 B and C), respectively, produced by
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Figure 1.8. Selection of known iron nitrido complexes of tetragonal (A,[165–167]

B,[168] C,[67,169] D,[170] E[171,172]) and trigonal symmetry (F,[173] G,[174]

H,[15,175,176] I.[37] J[177])

photolysis of the corresponding azide in a frozen CH3CN solution at 77 K to avoid

dimerization. For these complexes, Fe(V) in d3 high-spin configuration was found by

Mößbauer and EPR spectroscopy, indicating the occupation pattern (dxy)1(dxz)1(dyz)1

and a BO of 2. The Fe N stretching mode was not reported, however, Fe N stretch-

ing frequencies of 855 cm−1 and 864 cm−1 were later obtained for [(cyclam-ac)FeVN]+

using infrared photodissociation (IRPD) spectroscopy[172] and nuclear resonant vibra-

tional spectroscopy (NRVS),[178] respectively. The frequencies of these cationic com-

plexes are somewhat lower than the RR frequencies obtained for the neutral Fe(V)-

porphyrinato nitrido complexes (Table 1.1). The oxygenation of [(cyclam-ac)FeVN]+

lead to an iron nitrosyl complex.[179]

Until the report of the dicationic complex [(Me3cyclam-ac)FeVIN]2+ by Berry et al.[67]

in 2006 (Figure 1.8 C), the ferrate anion FeO 2–
4 was the only known iron(VI) com-

pound. Like the other cyclam-based complexes it was obtained by photolysis of the
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corresponding azide, but N-methylation of the cyclam-ac ligand allowed the oxidation

of the precursor to a stable Fe(IV)-azido complex prior photolysis. The Fe N bond

length of 157 pm was estimated by fitting extended X-ray absorption fine structure

(EXAFS) data. Based on its Mößbauer spectrum and supported by DFT calculations

the iron center adopts an OS of VI in a d2 low-spin singlet configuration consistent

with an occupation pattern of (dxy)2(dxz)0(dyz)0 and a genuine Fe N triple bond, for

which a computed Fe N stretching frequency of 1064 cm−1 (DFT) was reported.

Other tragonal dicationic nitrido iron complexes based on macrocyclic amine lig-

ands, suchs as [(NN4)FeVN]2+[170] (Figure 1.8 D), [(MePy2tacn)FeVN]2+,[171] and [(Me2

Py2tacn)FeVN]2+[172] (Figure 1.8 E) have been published. The FeN stretching frequen-

cies obtained by IRPD spectroscopy of the latter two complexes are reported to be

855 cm−1 and 867 cm−1,† as well as 866 cm−1, respectively.[172] Thus, reported Fe N

stretching frequencies for tetragonal terminal FeIV and FeV nitrido complexes are with-

in 855 cm−1 to 867 cm−1, indicating comparable Fe N bond strengths.

The Fe N stretching frequency of the first reported trigonal symmetric pseudo

tetrahedral complex [(PhB(CH2PiPr2)3)FeIVN] (Figure 1.8 F), published by Betley and

Peters[173] in 2004, was recorded in pentane at 1034 cm−1, and is significantly higher

than those assigned to the tetragonal symmetric complexes. The MO occupation pat-

tern of (dxy)2(dx2−y2)2(dyz)0 shows a low-spin d4 configuration and accordingly a BO

of 3. The short bond length of 153(2) pm obtained by fitting EXAFS data reflects

the presence of an Fe N triple bond in accord with the observed Fe N vibrational

frequency.[180] In contrast to all other iron nitrido complexes presented here, this com-

plex was not prepared by photolysis of the corresponding azide, but from an iron

chloride precursor and the N-atom transfer reagent Li(dbabh) (dbadh = 2,3:5,6-di-

benzo-7-aza bicyclo[2.2.1]hepta-2,5-diene) by liberation of anthracene.

The first crystal structure obtained by X-ray diffraction (XRD) of a terminal iron

nitrido complex was published in 2008 by Vogel et al.[174], which yielded bond dis-

tances of 152.6(2) pm and 152.7(3) pm for [(TIMENR)FeIVN]+ (R = Mesityl, Xylyl, see

Figure 1.8 G). In the same year the crystal structure of [(PhB(tBuIm)3)FeIVN] with

a Fe N bond distance of 151.1(2) pm was reported (Figure 1.8 H).[175] It was later

shown that this bond distance was influenced by coordinated solvent molecules and

that the Fe N bond distance in the solvent-free crystal structure is 153.2(5) pm.[181]

The Fe N stretching frequencies for these three complexes of 1008 cm−1, 1008 cm−1

and 1029 cm−1 (RR), respectively, which combined with the short Fe N bond distances

of about 153 pm indicate strong Fe N triple bonds. An in-depth experimental and

computational study of [(PhB(tBuIm)3)FeIVN] by Bucinsky et al.[181] confirms a sin-

glet ground state and a d4 configuration with a (dxy)2(dx2−y2)2(dyz)0 occupation pattern,

†Signals split due to coupling between the FeN stretching and ligand vibrational modes.
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which supports previous results of Betley and Peters[173] on [(PhB(CH2PiPr2)3)FeIVN].

These complexes have shown to undergo nitrogen atom transfer reactions with CO

and C NtBu, leading to the formation of new N C bonds.[182] A rather short Fe N

bond distance of 150.9(2) pm has been determined by XRD for the neutral complex

[(PhB(MesIm)3)FeIVN] shown in Figure 1.8 H,[15,181] while a longer bond distance of

154(2) pm (EXAFS fit) was found for the cationic complex [(P B
3 )FeIVN]+ (Figure 1.8

I).[37]

Interesting observations have been made for FeIV N/FeV N redox pairs

[(PhB(tBuIm)3)FeIVN]0/+ on one hand,[175,176,181] and [(TIMMNMes)FeIVN]0/+

(Figure 1.8 J) on the other.[177] The oxidation should lead to shorter bond distances

due to an increased Coulomb attraction between the formal Fe5+ and N3– ions. How-

ever, in case of the former pair, the Fe N bond distance decreases upon oxidation

quite considerably from 153.2(5) pm to 150.6(2) pm, while this distance increases from

about 151.3 pm (average, see Table 1.1) to 152.9(2) pm for the latter. This unexpected

observation was attributed to the higher steric flexibility of the TIMMNMes chelate lig-

and, allowing for a larger distortion of the d3 metal orbitals. In addition, for both of the

trigonal symmetric FeV N complexes the e3 occupation lead to Jahn–Teller distortions

which lift the degeneracy of the e-orbital set.

Lastly, the stretching frequency and bond distance of the diatomic FeN was de-

termined to be 871 cm−1 and 158.0 pm, respectively, by Aiuchi and Shibuya[183] in

2000. Due to the many low-lying states its electronic ground state was very diffi-

cult to determine.[183–186] In the end, a doublet 2∆ ground state was obtained with a

(1σ2)(2σ2)(1π2)(1δ3)(3σ2) configuration,[187] which is consistent with the first predic-

tion by Siegbahn and Blomberg[184] using CASSCF in 1984. The 3σ (4s) orbital is con-

sidered repulsive and this repulsion likely contributes to a low stretching frequency

compared to other iron nitrido complexes bearing Fe N triple bonds.[184] In matrix-

isolation studies, in which the reaction products of laser-ablated iron with dinitrogen

were studied and isolated in solid argon, a stretching frequency of diatomic FeN was

assigned to a band located at 938 cm−1, significantly larger than the gas-phase value of

871 cm−1.[185] This large frequency shift could be due to an ArFeN complex, but also a

different electronic state of matrix-isolated FeN cannot be excluded.[183]

While this summary shows the enormous progress that has been made in recent

years in the synthesis of molecular iron nitrido complexes, it also shows that with

[(Me3cyclam-ac)FeVIN]2+ only one experimentally known hexavalent iron nitrido com-

plex exist. Thus, no trigonal symmetric Fe(VI)-nitrido complex has so far been re-

ported. It can be concluded that the influence of the stabilizing macrocyclic and chelat-

ing ligands on the electronic structure, the Fe N bond length and the Fe N stretching

vibration frequency cannot be neglected. Thus, the available data only allow limited
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conclusions about the electronic structure and the nature of the Fe N bond in nitrido

iron(VI) complexes which are not stabilized by bulky substituents.

Ruthenium Nitrido Complexes
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Figure 1.9. Selection of experimentally known terminal ruthenium nitrido complexes:
A,[190] B,[190] C,[191] D,[191] E[191] F,[192] G,[193] H,[194] I,[17,195] J,[196] K,[197]

and L.[197]

In 1973 the first terminal ruthenium nitrido complexes, [(X4)RuVIN]– and

[(X5)RuVIN]– with X = Cl or Br (Figure 1.9 A and B, respectively), were published

by Griffith and Pawson[190]. [(Cl4)RuVIN]– turned out to be particularly useful, as nu-

merous complexes have been derived from it (see below). It features a Ru N bond

distance of 157.0(7) pm[198] and a Ru N stretching frequency of 1090 cm−1, very close

to the band at 1088 cm−1 obtained for the bromido congener. As evident from the

lower stretching frequency of 1045 cm−1 obtained for [(X5)RuVIN]– (X = Cl, Br) trans
coordination weakens the Ru N bond.

Bidentate ligands involving sulfide and amide donors were used by Schwab et al.[199]

to obtain [(3-MPA)2RuVIN]– (Figure 1.9 C) from [(Cl4)RuVIN]– in 1991. A Ru N bond
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Table 1.1: Selection of experimentally known terminal iron nitrido complexes. Re-
ported Fe N bond distances, d (Fe N), in pm, and vibrational frequency,
ν̃, of the iron nitrido stretching mode [ν(Fe N)] in cm−1 are included.

Complex Syn a Geom. b d(Fe N) ν̃[ν(Fe N)] Year[REF]

[(TPP)FeVN] P SPY — 876 c 1988[165]

[(OEP)FeVN] P SPY — 876 c 1989[166]

[(TMP)FeVN] P SPY — 873 c 1989[166]

[(cyclam)(N3)FeVN]+ P PO — — 1999[168]

[(cyclam-ac)FeVN]+ P PO 161 d 855 e 2000[169]

[(Me3cyclam-ac)FeVIN]2+ P PO 157(2) f [1064] 2006[67]

[(NN4)FeVN]2+ P PO [160] — 2008[170]

[(MePy2tacn)FeVN]2+ P PO 164 g 855, 867 h 2017[171]

[(Me2Py2tacn)FeVN]2+ P PO [158–160] 866 2018[172]

[(TTPPP)FeVN] P SPY [159] 876 c 2021[167]

[(PhB(CH2PiPr2)3)FeIVN] L PTD 153(2) i 1034 j 2004[173]

[(TIMENMes)FeIVN]+ P PTD 152.6(2) k 1008 l 2008[174]

[(TIMENXyl)FeIVN]+ P PTD 152.7(3) k 1008 l 2008[174]

[(PhB(tBuIm)3)FeIVN] P PTD 153.2(5) m 1028 c 2008[175]

[(PhB(MesIm)3)FeIVN] P PTD 150.9(2) n — 2009[15]

[(PhB(tBuIm)3)FeVN]+ P PTD 150.6(2) o — 2011[176]

[(P B
3 )FeIVN]+ P PTD 154(2) p — 2017[37]

[(TIMMNMes)FeIVN]+ P PTD 150.0(3) q — 2021[177]

[(TIMMNMes)FeVN]2+ P PTD 152.9(2) r — 2021[177]

[FeN] E LI 158.0 s 871 t 2000[183]

a Synthesis; P: Photolysis of corresponding azide; L: Using N-transfer reagent Li(dbabh) (dbadh =
2,3:5,6-dibenzo-7-aza bicyclo[2.2.1]hepta-2,5-diene) from chlorido precursor; E: From elements
in gas-phase

b Coordination Geometry, see Figure 1.3; LI: Linear
c Resonance Raman
d EXAFS fit;[188] DFT: 161 pm[188]

e From IRPD spectroscopy;[172] NRVS: 864 cm−1[178] DFT: 937 cm−1[178,188]

f EXAFS fit; DFT: 153 pm
g EXAFS fit; DFT: 160 pm
h Coupling of the FeN stretching and ligand vibrational modes; From IRPD spectroscopy[172]

i EXAFS fit;[180] DFT: 149 pm,[173] 151 pm[189]

j Pentane solution
k From XRD
l KBr pellet
m From XRD;[181] Original publication solvated (MeCN): 151.1(2) pm[175,181]

n From XRD;[181] Original publication solvated (MeCN): 149.9(5) pm[15,181]

o From XRD at 35 K and 150.2(2) pm at 100 K
p EXAFS fit; DFT: 151 pm
q From XRD; Complex crystallizes in space group C2/c with two independent molecules per unit

cell with Fe N bond distances of 150.0(3) pm and 152.6(3) pm
r From XRD; DFT: 151 pm
s From laser-induced fluorescence (LIF) excitation spectroscopy
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distance of 159.5(8) pm and a corresponding stretching frequency of 1094 cm−1 were

reported.

In 1998 Ram et al.[200] studied diatomic, neutral RuN by using Fourier-transform

infrared (FTIR) emission spectroscopy combined with multi-reference calculations. A

doublet 2Σ+ ground state with a stretching frequency of 1109 cm−1 and a configura-

tion of (1σ2)(2σ2)(1π2)(1δ4)(3σ1) was determined. The fully occupied non-bonding,

degenerate 1δ orbital, and a single occupation of the slightly repulsive 3σ [(n−1)d] or-

bital of RuN differs from the ground state configuration of FeN (see above). This study

was followed by a second work of Ram and Bernath[201] in 2002 in which a refined

equilibrium bond distance (re) of 157.1 pm was determined using Fourier-transform

emission spectroscopy, which confirms the theoretical predictions of a strong triple

bond from the earlier work and provides a basis for a comparison of terminal Ru N

bond distances.[200] On this basis the Ru N bond length and stretching frequencies

obtained for the anionic complexes [(Cl4)RuVIN]– and [(3-MPA)2RuVIN]– are indicative

for strong triple bonds and low-spin d2 configurations without population of antibond-

ing orbitals (cf. Figure 1.3). It is worth pointing out that the band at 982 cm−1, assigned

to RuN isolated in solid argon, also deviates significantly from the one obtained in the

gas-phase (1109 cm−1).[202]

Chan et al.[191] in 1998 presented a series of ruthenium(VI) nitrido complexes con-

taining di-, tri- and tetra-anionic ligands, such as [(LNO2)RuVIN]+, [(hypyb)RuVIN]+

and [(dchypyb)RuVIN]+ (Figure 1.9, D and E). They were prepared by ligand substitu-

tion reactions from [(Cl4)RuVIN]–, and their Ru N bond distances (XRD: 161.5(5) pm,

159.4(4) pm and 160.9(6) pm, respectively), and stretching frequencies (1026 cm−1,

1073 cm−1 and 1010 cm−1, respectively) were obtained. The electronic structure and

bonding of the nitrido ligand was not discussed, but the Ru N bond distances and vi-

brational frequencies indicate formal triple bonds, although the frequency of 1010 cm−1

assigned to [(dchypyb)RuVIN]+ is considered to be on lower end of the spectrum for a

Ru N triple bond.

A remarkably short Ru N bond distance of 156.9(6) pm was determined for the an-

ionic, hexavalent porphyrinogen complex [(OMPG)RuVIN]– (Figure 1.9 F) by Bonomo

et al.[192] in 2001, however, no vibrational data were reported. This complex, that

was obtained by reacting [(OMPG)RuII]2– with diphenyldiazomethane, shows an elec-

trophilic nitrido nitrogen atom, and undergoes a reversible one-electron reduction to

a dianionic ruthenium(v) nitrido complex, which is expected to show a longer bond

distance due to the occupation of antibonding orbitals.[192]

The porphyrin based complexes [(TMP)RuVIN]– and [(MeO-TPP)RuVIN]– presented

by Leung et al.[193] in 2003 and shown in Figure 1.9 G were prepared from the cor-

responding metal oxo complexes using HN CtBu2. The Ru N stretching frequency
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of the former was found at 1038 cm−1, while the Ru N bond distance for the struc-

turally closely related latter complex amounts to 165.6(5) pm, both values indicate

Ru N triple bonds.

Because of the highly electrophilic/oxidizing nature of the complex [(salen)(MeOH)

RuVIN]+ (Figure 1.9 H), bearing Schiff base salen ligand and published by Man et

al.[194] in 2004, a number of reactivity studies have since been published. These

include nitrogen atom transfer reactions to alkenes,[203] and the activation of C H

bonds.[204,205] It catalyzes the hydrosilylation of ketones and aldehydes,[206] the nitro-

genation of alkynes,[207] as well as the oxidation of ascorbic acid, phenols, or hydro-

quinones.[208–210] This complex, obtained from [(Cl4)RuVIN]–, displays a characteristic

Ru N triple bond distance of 159.2(4) pm and a stretching frequency of 1059 cm−1.

The distorted square planar structure of the tetravalent pincer complexes [(PNPSi)

RuIVN]+[195] and [(PNP)RuIVN]+[17] shown in Figure 1.9 I has been attributed to the

preference of the d4 configuration to adopt a pseudo tetrahedral geometry to opti-

mize RuN multiple bonding. The Ru N bond distances of these complexes amount

to 162.7(2) pm and 165.8 pm, respectively. The reactivity and selectivity of the former

complex against electrophilic attacks was studied.[211,212] The differences in the Ru N

bond distances is also reflected in their Ru N stretching frequencies of 1030 cm−1

and 976 cm−1, respectively. A considerable disorder regarding the nitrido ligand in

the molecular structure derived by XRD of the latter complex was solved by apply-

ing a split model for the nitrido ligand with Ru N bond lengths of 168.8(3) pm and

162.8(4) pm, accompanied by N Ru N angular distortions from a square planar struc-

ture of 147.3(2)° and 165.6(3)°, respectively. This observation was rationalized by the

flat N Ru N bending potential attributed to competitive π bonding abilities of the

nitrido and amido ligands.

The dinuclear complex [(dPhf)4RuIIIRuIVN] (Figure 1.9 J) reported by Pap et al.[196]

demonstrates that a metal-metal multiply bonded complex is capable of binding a ter-

minal ligand with multiple bonds. Despite the long Ru N bond distance of 176 pm

obtained by fitting EXAFS data and the low corresponding stretching frequency of

847 cm−1, theoretical calculations confirm a formal Ru N triple bond which lies be-

tween the extremes of mononuclear ruthenium(VI) nitrido and a Ru-surface-bound

nitrogen atom. This interaction is stabilized by electron delocalization over the second

Ru atom leading to nonbonding MO combinations that can accommodate the electrons

that would otherwise occupy antibonding orbitals in mononuclear species.[196]

Lastly, the ruthenium(VI) complex cis-[(iPrPDBP)2(Cl)RuVIN] presented by Ng et

al.[197] and shown in Figure 1.9 K features sterically bulky bidentate Schiff base lig-

ands. The cationic complex trans-[(iPrPDBP)2(H2O)RuVIN]+ shown in Figure 1.9 L
is obtained after chloride abstraction and undergoes a rearrangement where the ni-
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trido ligand is positioned in a trans position to the aqua ligand. In contrast to [(salen)

(MeOH)RuVIN]+, this complex did not react with nucleophiles, demonstrating that

electronic and steric factors of the co-ligands influence the stability and reactivity of

ruthenium(VI) nitrido complexes.

So far and to the best of my knowledge, no tetrahedral ruthenium nitrido com-

plexes are known. Further, ruthenium complexes with oxidation states beyond VI

are rare. They include tetrapropylammonium perruthenate (TRAP), a mild oxidiz-

ing agent used in the Ley-Griffith-oxidation reaction to convert primary alcohols into

aldehydes,[213] and was proposed as intermediate within the catalytic cycle of the ox-

idative cyclization of 5,6-dihydroxy alkenes.[214] However, no ruthenium(VII) nitrido

species has been reported up to date.
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Figure 1.10. Selection of experimentally known terminal osmium nitrido complexes:
A,[12] B,[215] C,[190] D,[216] E[217] F,[191] G,[218] H,[219] I,[28] J,[28] K,[220]

L,[221] and M.[57]

The first osmium nitrido complex was produced almost 175 years ago when Fritzsche

and Struve[12] treated osmium(VIII) tetroxide with ammonia in 1847. However, it took

another 50 years until Werner and Dinklage[215] assigned the correct composition of

the [(O)3OsVIIIN]– complex (Figure 1.10 A) in 1901. Having a d0 configuration it repre-
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Table 1.2: Selection of experimentally known ruthenium nitrido complexes. Reported
bond lengths, d (Ru N), in pm and vibrational frequency, ν̃, of the ruthe-
nium nitrido stretching mode [ν(Ru N)] in cm−1 are included. The Ru N
bond distances are obtained from XRD, unless noted otherwise.

Complex Syn.a Geom.b d(Ru N) ν̃[ν(Ru N)] Year[REF]

[(Cl4)RuVIN]– Az c SPY 157.0(7)[198] 1090 d 1973[190]

[(Br4)RuVIN]– Az c SPY — 1088 d 1973[190]

[(Cl5)RuVIN]2– Az c PO — 1045 d 1973[190]

[(Br5)RuVIN]2– Az c PO — 1045 d 1973[190]

[(3-MPA)2RuVIN]– GP SPY 159.5(8) 1094 e 1991[199]

[(LNO2)RuVIN]+ GP SPY 161.5(4) 1025 f 1998[191]

[(hypyb)RuVIN]+ GP SPY 159.4(4) 1073 f 1998[191]

[(dchypyb)RuVIN]+ GP SPY 160.9(6) 1010 f 1998[191]

[RuIIIN] EL LI 157.1 g 1109 g 1998[200]

[(OMPG)RuVIN]– DA SPY 156.9(6) — 2001[192]

[(TMP)RuVIN]– OM SPY — 1038 d 2003[193]

[(MeO-TPP)RuVIN]– OM SPY 165.6(5) — 2003[193]

[(salen)(MeOH)RuVIN]+ GP PO 159.2(4) 1059 d 2004[194]

[(PNPSi)RuIVN]+ Az SPLh 162.7(2) 1030 2005[195]

[(dPhf)4RuIIIRuIVN] Az PO 172 i 840 j 2008[196]

[(PNP)RuIVN]+ Az SPLh 165.8 k 976 f 2011[17]

[(iPrPDBP)2(Cl)RuVIN] GP PO — 1025 2013[197]

[(iPrPDBP)2(H2O)RuVIN]+ GP PO 165.1(6) 1029 2013[197]

a Synthesis; Az: From corresponding azide; GP: Starting from [(Cl4)RuVIN]– (Griffith and Pawson[190]

); EL: From elements in gas-phase; DA: By reaction with diphenyldiazomethane; OM: Reaction of
oxo-metal complexes with an imine compound

b Coordination Geometry; See Figure 1.3; LI: Linear
c Reacting trans-[RuO2X2]2– with azide and CsX to get [(X4)RuVIN]–; Replacing CsX with [Ph4As]X or

[Bu4N]X to get [(X5)RuVIN]2– (X = Cl, Br)
d From solid
e From KBr pellet
f In Nujol
g From Fourier transform infrared emission spectroscopy; Bond distance from Ref[201]

h Distorted square planar
i From EXAFS fit
j From RR
k Average from 168.8(3) pm and 1.628(4) pm obtained by XRD and applying a split model for the

nitride ligand because of considerable disorder regarding the nitrido ligand position.
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sents the highest possible OS of osmium of VIII, with a OsN bond distance of 162 pm

and a corresponding stretching frequency of 1023 cm−1.[222–224] This complex reacts

with hydrogen halides to [(Cl)5OsVIN]2– and [(Br)5OsVIN]2–, depicted in Figure 1.10

B.[215,225] For the pentachloride complex, Os N stretching frequencies of 1073 cm−1

to 1084 cm−1 (depending on the counter ion) and a bond distance of 161.4(13) pm have

been recorded.[224,226] For the pentabromide complex an Os N stretching frequency

of 1073 cm−1 was reported for the potassium salt, which is 11 cm−1 lower than the

one observed for K2[(Cl)5OsVIN].[190] The tetrahalides [(Cl)4OsVIN]– and [(Br)4OsVIN]–

shown in Figure 1.10 C were published in 1973 by Griffith and Pawson[190]. For

the nitrido bomide an Os N stretching frequency of 1119 cm−1 was observed, while

that of the chloride congener is slightly higher at 1123 cm−1. For the latter a very

short Os N bond distance of 160.0(11) pm was determined.[227] To an even greater

extent than for the ruthenium congener, the nitrido tetrachloride anion [(Cl)4OsVIN]–

served as starting material for large number of complexes synthesized via ligand sub-

stitution reactions.[28,219,220,228–230] Among those, the phosphine osmium(VI) complex

[(dppe)(CH2SiMe3)2(NCMe)OsVIN]+ (Figure 1.10 D) that features an Os N bond dis-

tance of 163.8(5) pm,[216] as well as the square planar thiolate osmium(VI) complex

[(S2C6H4)2OsVIN]– (Figure 1.10 E), for which an Os N bond distance of 164(1) pm

and an Os N stretching frequency of 1063 cm−1 was obtained.[217]

The cationic complex [(hypyb)OsVIN]+ (Figure 1.10, F) allows comparison of M N

bond lengths and stretching frequencies with the complex of the lighter ruthenium

congener [(hypyb)RuVIN]+ published in the same work.[191] The Os N bond distance

is with 161.8(7) pm is about 1.4 pm longer, and the stretching frequency of 1108 cm−1

is 35 cm−1 higher than that of the lighter congener. These values are consistent with

the ones obtained for [(Cl)4OsVIN]– and [(Cl)4RuVIN]– which are 160.0(11) pm and

157.0(7) pm, as well as 1123 cm−1 and 1092 cm−1, respectively.

A kinetic investigation of the reaction between the Schiff base complexes [(salophen)

(MeOH)OsVIN]+ (Figure 1.10 G) and [(salen)(MeOH)OsVIN]+ with PPh3 revealed that

the electrophilic reactivity of the nitrido ligand increases with electron-withdrawing

substituents at the salophen ligand.[218] A comparatively long Os N bond distance

of 165.1(7) pm has been determined by XRD of [(salophen)(MeOH)OsVIN]+. The OsN

stretching frequencies of 1094 cm−1 for the salen substituted, and 1072 cm−1 for the

salophen complex, are both well within the expected range for Os N triple bonds

and somewhat larger than the frequency obtained for the ruthenium congener [(salen)

(MeOH)RuVIN]+ (1059 cm−1, Table 1.2).

Owing to its labile aqua and chloro ligands in trans and cis position to the nitrido

ligand, the [(sap)(OH2)(Cl)OsVIN]+ complex (Figure 1.10 H), which makes use of the

tridentate Schiff base ligand, displays prominent in vitro and in vivo anti-cancer pro-
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perties.[219] While no structural data of this complex were reported, the Os N stretch-

ing frequencies of 1092 cm−1 to 1098 cm−1 obtained for these derivates indicate strong

Os N triple bonds. A family of eight OsVIN based complexes of the general formula

[(Cl)3(Hazole)2OsVIN (Hazole = azole heterocycle) show antitumor activity as well.[28]

Of these, the molecular structures of the complexes shown in Figure 1.10 I and J have

been determined using XRD. The Os N bond distances (and stretching frequencies)

amount to 161.9(9) pm (1080 cm−1), 161.5(5) pm (1060 cm−1), 164.3(4) pm (1070 cm−1)

and 167.5(3) pm (1070 cm−1) for the Hind, 5-MeHpz, 3,5-Me2Hpz and 1-Mebzim sub-

stituted derivates, respectively. These complexes, however, do not display a meaning-

ful relationship between their Os N bond distances and stretching frequencies. The

closely related nitrido trichloride complexes bearing bidentate ligands, such as bipy,

phen, and derivatives, also show promising anti-cancer properties.[220,230] Especially

[(phen)(Cl)3OsVIN] (Figure 1.10 K) has shown promising results, and exhibits selective

toxicity for breast cancer stem cell enriched cell populations.[230]

The low-valent, square planar [(PNP)OsVIN] (Figure 1.10 L) recently published by

Schendzielorz et al.[221] is a rare example of an osmium(IV) nitrido complex produced

by reductive deprotonation of an osmium(VI) hydride. It features a comparatively long

Os N bond distance of 168.32(18) pm and a stretching frequency of 999 cm−1, which

can be attributed to a trans-effect of the imide donor in trans position to the nitrido lig-

and. In this coordination geometry the d4 configuration leads to a singlet configuration

with populated non-bonding metal-centered (dz2)2(dyz)2 orbitals. In reactivity investi-

gations the nitrido ligand shows ambiphilic reactivity, and complete hydrogenolysis of

the nitrido ligand to ammonia was observed in high yield.[221] The closely related com-

plex [(PNP’)OsVIN] depicted in Figure 1.10 M shows a weakened Os N bond because

of the distorted structure with a bent N Os N unit.[57] The Os N bond distance was

determined to be 173.5(2) pm, which is exceptionally long for a formal Os N triple

bond. Surprisingly, the associated stretching frequency of 1025 cm−1 is higher than

the one observed for [(PNP)OsVIN].

The electronic structure of the group 8 diatomics (MN) was investigated extensive-

ly.[183,187,200,201,231] The gas-phase vibrational frequencies decrease from OsN to FeN,

1137 cm−1 (OsN), 1109 cm−1 (RuN), and 871 cm−1 (FeN), while the bond distances

amount to 161.8 pm (OsN), 157.1 pm (RuN) and 158.0 pm (FeN). Interestingly, like

FeN, but unlike RuN, OsN adopts a 2∆ electronic ground state. The stretching fre-

quency obtained for diatomic OsN in solid argon is only shifted by −7 cm−1,[202] a

considerable smaller gas-to-matrix shift than those observed for RuN (−140 cm−1) and

FeN (67 cm−1). In the same matrix-isolation work it was discovered that laser ablated

osmium atoms insert into the triple bond of dinitrogen to form bent Os(N)2 under

cryogenic conditions.[232] This follows from the observation of only two isotopologues,
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Os(15N)2 and Os(14N)2 upon annealing.

It can be concluded that the osmium nitride chemistry is dominated by osmium(VI)

in pseudo octahedral or square pyramidal coordination geometries. Rare exceptions

to this include the high-valent pseudo tetrahedral [(O)3OsVIIIN]– (Figure 1.10 A), and

the low-valent distorted square planar [(PNP)OsIVN] and [(PNP’)OsIVN] complexes

(Figure 1.10 L and M, respectively).
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Table 1.3: Selection of experimentally known osmium nitrido complexes. Reported
bond distances, d (Os N), in pm and vibrational frequencies, ν̃, of the os-
mium nitrido stretching mode [ν(Os N)] in cm−1 are included. The Os N
bond distances are obtained from XRD, unless noted otherwise.

Complex Syn.a Geom.b d(Os N) ν̃[ν(Os N)] Year[REF]

[(O)3OsVIIIN]– Ox PTD 162 c 1023 d 1847[12]

[(Cl)5OsVIN]2– HX PO 161.4(13) 1073 e 1901[215]

[(Br)5OsVIN]2– HX PO — 1073 f 1906[225]

[(Cl)4OsVIN]– Az SPY 160.0(11) 1123 g 1973[190]

[(Br)4OsVIN]– Az SPY — 1119 g 1973[190]

[(dppe)(L1)2(L2)OsVIN]+ h GP PO 163.8(5) — 1994[216]

[(S2C6H4)2OsVIN]– GP SPY 164(1) i 1063 j 1997[217]

[(hypyb)OsVIN]+ GP SPY 161.8(7) 1108 k 1998[191]

OsIIIN EL LI 161.8 l 1137 m 1999[231]

Os(N)2 EL BE [168.3] n 901 o 1999[232]

[(salen)(MeOH)OsVIN]+ GP TG — 1094 j 1999[218]

[(salophen)(L3)OsVIN]+ h GP TG 165.1(7) 1072 j 1999[218]

[(sap)(OH2)(Cl)OsVIN]+ GP TG — 1098 j 2011[219]

[(Hind)2(Cl)3OsVIN] GP TG 161.9(9) 1080 j 2012[28]

[(5-MeHpz)2(Cl)3OsVIN] GP TG 161.5(5) 1060 j 2012[28]

[(3,5-Me2Hpz)2(Cl)3OsVIN] GP TG 164.3(4) 1070 j 2012[28]

[(1-Mebzim)2(Cl)3OsVIN] GP TG 167.5(3) 1070 j 2012[28]

[(phen)(Cl)3OsVIN] GP TG — 1080 j 2013[220]

[(PNP)OsIVN] Az SQ 168.32(18) 999 j 2016[221]

[(PNP’)OsIVN] Az SQ 173.5(2) 1025 k 2017[57]

a Synthesis; Ox: From OsO4 and NH3; HX: From (O)3OsN and corresponding hydrogen halide; Az:
From corresponding azide; GP: Starting from [(Cl4)OsVIN]– (Griffith and Pawson[190] ); EL: From
elements in gas-phase

b Geometry; See Figure 1.3, LI = Linear, BE = Bent, SQ: Distorted square planar
c XRD[222,223]

d Nujol[224]

e Potassium salt in nujol[224]

f From solid[190]

g From Raman spectroscopy
h L1: CH2SiMe3; L2: NCMe; L3: MeOH
i Two independent molecules in the asymmetric unit with 164(1) pm and 166(1) pm, respectively
j KBr pellet
k In nujol
l re from Fourier transform emission spectroscopy
m Gas phase; In solid argon: 1130 cm−1[232]

n From DFT calculation
o In solid argon
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1.5.2. Group 9

The 9 valence electrons of the group 9 transition metals, in principle, facilitate OSs up

to IX. However, the iridium tetroxide cation [IrO4]+ is the only compound with OS IX

that has been reported to date.[63] In contrast to earlier transition metals, significantly

fewer terminal group 9 nitrido and imido complexes exist.
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Figure 1.11. Selection of experimentally known terminal cobalt imido complexes:
A,[233,234] B,[235] C,[236] D,[237] E[238] F,[239] G,[240] H,[241] and I.[242]

For a very long time cobalt with multiply bonded, strong π-donor ligands were un-

known and to this day diatomic CoIIIN is the only known nitrido complex. It has

been isolated in solid argon in 1998.[243] An experimental equilibrium bond length

(re, estimated from Beff) of 157.5 pm was reported in a theoretical study by Yamaki

et al.[244] in 2003 from gas-phase LIF excitation spectra of CoN, carried out by Aiuchi

and Shibuya (private communication).[244] Reminiscent of the iron congener (see Sec-

tion 1.5.1), the determination of the electronic ground state of CoN has been subject

to controversial discussions. Theoretical investigations[244,245] predict a 1Σ+ electronic

ground state based on rigorous multi-configurational studies by Gobbo and Borin[245]

in 2006, while former DFT calculations carried out by Andrews et al.[243], and MRCI +

Q calculations of Yamaki et al.[244] erroneously lead to 5∆ electronic ground state. The

X1Σ+ state corresponds to a leading configuration of 7σ28σ29σ23π41δ44π0, where the

7σ , 9σ and 1δ orbitals correspond to the N centered 2s, Co centered 4s and 3dxy, x2−y2

orbitals, respectively. The bonding and antibonding orbitals are represented by 8σ ,
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3π and 4π∗, respectively. Computed CoN bond distances of 156.1 pm (MRCI) and

157.3 pm (CASPT2) are in very good agreement with the experimental gas-phase value

of 157.5 pm estimated from Beff.[244] The computed vibrational frequencies of 914 cm−1

(MRCI) and 888 cm−1 (CASPT2) are, however, significantly higher than the experimen-

tal value of 827 cm−1 obtained in solid argon.[243]

The strong π-donating character of the N3– ligand combined with the inability of

cobalt to achieve higher OSs than V and the associated high d-electron counts make

cobalt nitrido complexes appear unfavorable. In contrast, the imido ligand (RN2–) is

able to act as four or six electron donor[246] and a number of imido complexes have

been synthesized since the first example, namely [(PhBP3)CoIII(Ntol)] (Figure 1.11 A),

was published in 2002.[233] With only one exception, the complexes shown in Fig-

ure 1.11 were prepared by oxidative addition of organic nitrenes (NR), obtained by N2

elimination from organic azides RN3, while [(PhB(tBuIm)3)CoIII(NtBu)] (Figure 1.11

D) was prepared by deprotonation of [(PhB(tBuIm)3)CoII(NHtBu)]. The OSs of cobalt

in these imido complexes range from II[240,241] to V[239], with OS III being the most

prominent (see Table 1.5).

Strikingly, there are no examples of cobalt imido complexes with tetragonal coor-

dination geometry. This circumstance can easily be rationalized by the fact that d-

electron counts lower than four have not yet been realized. A d-electron count dn,

with n > 2 in a tetragonal coordination (i.e., PO and SPY coordination geometries in

Figure 1.3) would lead to a significant destabilization due to the occupation of anti-

bonding orbitals (nitrido wall, see Section 1.1). A coordination geometry commonly

found in cobalt nitrido complexes is pseudo tetrahedral with Co in the OSs of III.

Co N bond distances in these complexes range from 163.3(2) pm to 167.5(2) pm (Ta-

ble 1.5 and Figure 1.11 A, C, D, and H). Low-spin configurations are dominant, and

[(TptBu,Me)CoIII(NAd)] shown in Figure 1.11 C is the only example that shows a high-

spin configuration in pseudo tetrahedral geometry.[241] In linear R N Co coordina-

tion the d-orbital splitting caused by the imido ligand is similar to that of the nitrido

ligand N3–, however, the antibonding dz2 is surprisingly stable because of significant

symmetry allowed cobalt 3dz and 4pz orbital mixing, which mitigates antibonding

character of this orbital.[238,246] In this splitting scheme, the CoIII center adopts ideal-

ized (dxy, x2−y2)4(dz2)2(dxz, yz)0 low-spin[233,234,237,241,247] and (dxy, x2−y2)4(dz2)1(dxz, yz)1

high-spin[236] ground-state electron configurations. The only compound featuring a

CoII ion in this coordination geometry is [(PMe)3CoII(NDipp)] (Figure 1.11 H), which

comprises a significantly elongated Co N bond length of 170.89(15) pm compared

to 165.40(17) pm of the analogous CoIII cation [(PMe)3CoIII(NDmp)]+. The elongated

bond length of the CoII complex is consistent with a low-spin ground state electron

configuration of (dxy, x2−y2)4(dz2)2(dxz, yz)1 and a reduced formal BO of 1.5.[241]
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Another reported coordination geometry of cobalt imido complexes is trigonal pla-

nar (TPL). Examples shown in Figure 1.11 include CoIII (B, E and I), as well as CoIV and

CoV (F) centers with Co N bond distances ranging from 162.1(3) pm to 170.67(12) pm

(Table 1.5). For these three-coordinate species, the dxz, yz set is no longer degenerate, as

dxy bears antibonding character with respect to the ancillary ligands, whereas dyz does

not. The splitting and, consequently, the preferred spin-state depends on the nature of

the imido substituent.[238] Low-spin configurations have been attributed to [(Me2NN)

CoIII(NAd)] (Figure 1.11 B) and [(giso)CoIII(NAd)] (Table 1.5), with similar valence

configurations to those of the four-fold coordinated low-spin complexes described

above.[235,248] Complexes bearing weak-field ancillary ligands have shown to stabilize

high-spin complexes, such as [(MTPDP)CoIII(NtBu)] and [(hmds)2CoIII(NtBu)]– (Fig-

ure 1.11 E and I, respectively).[238,242] The former undergoes a thermally induced

spin crossover from a singlet ground state to the quintet state electron configura-

tion (dxy, x2−y2)3(dz2)1(dyz)1(dxz)1 according to DFT calculations and in accord with the

observed elongation of all Co N bonds.[238] The bis imido complexes shown in Fig-

ure 1.11 F possess a delocalized N Co N π electron system evident by the contraction

of the N Co N bonds upon oxidation. According to a joint DFT and EPR study, the

unpaired electron in the neutral CoIV complex is removed upon oxidation to the CoV

complex from a singly occupied, delocalized π∗ orbital.[239]

Furthermore, a N-heterocyclic carbene (NHC) stabilized high-spin cobalt(II) imido

complex with linear coordination at the cobalt center has been reported (Figure 1.11 G)

which accommodates two unpaired electrons in the π∗ antibonding dxz, yz orbitals and

one in a non-bonding dx2−y2 MO, resulting in a quartet ground state.[240] The Co N

bond distance and the Co N C angle amount to 169.1(6) pm and 173.0(3)°, respec-

tively.

Table 1.4: Vibrational frequencies (cm−1) of 14/15N isotopologues of cobalt nitrido and
imido complexes. Only modes with significant nitrido or imido nitrogen con-
tributions are listed.

Complex 14N 15N Year[REF]

CoIIIN 827 804 1998[243]

[(PhBP3)CoIII(NtBu)] 577, 1103, 1238 578, 1084, —a 2006[234]

[(PhBP3)CoIII(NPh)] 956, 995, 1307, 1332 944, 992, 1295, 1313 2006[234]

a Band corresponding to 1238 cm−1 obscured in spectrum

Vibrational data for the complexes shown in Figure 1.11 and listed in Table 1.5

are scarce. With one exception,[234] 14/15N isotopic substitution experiments are lack-

ing, which makes it impossible to identify modes involving the imido group. Raman
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experiments with 15N and D substituted samples of [(PhBP3)CoIII(NtBu)] conducted

by Mehn et al.[234] lead to an assignment of bands at 1103 cm−1 and 1238 cm−1 to

primarily Co N and N C stretching modes, respectively. The first band shows a
14/15N isotopic shifts of about −20 cm−1, while the band associated to the 15N isotopo-

logue of the second band is obscured† in the spectrum. Isotopic 15N subsitution of

[(PhBP3)CoIII(NPh)] revealed a high degree of coupling of the modes involving the

imido group with the aryl ring vibrational modes. Vibrational data of these complexes

are summarized in Table 1.4.

Lastly, it is worth pointing out that all known cobalt imido complexes adopt a lin-

ear (or nearly linear) Co N R geometry and the substituents are limited to organic,

electron donating groups.

Table 1.5: Selection of published terminal cobalt nitrido and imido complexes. Includ-
ing, where available, Co N bond distances, d (Co N) (pm) and (Co N R)
bond angle (°). All structural data obtained from XRD, unless indicated oth-
erwise. All imido complexes were obtained from the corresponding azides,
unless indicated otherwise.

Complex Geom.a d(Co N) ](Co N R) Year[REF]

CoIIIN b LI 157.5 c — 1998[243]

[(PhBP3)CoIII(Ntol)] PTD 165.8(2) 169.51(2) 2002[233]

[(PhBP3)CoIII(NtBu)] PTD 163.3(2) 176.9(1) 2006[234]

[(Me2NN)CoIII(NAd)] TPL 162.4(4) 161.5(3) 2004[235]

[(TIMENMes)CoIII(NMes)] PTD 167.5(2) 168.6(2) 2004[247]

[(TptBu,Me)CoIII(NAd)] PTD 165.5(2) 178.3(2) 2005[236]

[(PhB(tBuIm)3)CoIII(NtBu)] d PTD 166.0(3) 179.7(3) 2007[237]

[(giso)CoIII(NAd)] TPL 162.1(3) 172.1(3) 2009[248]

[(MTPDP)CoIII(NtBu)] TPL 160.9(3) e 177.5(3) e 2012[238]

[(IMes)CoIV(NDipp)2] TPL 166.5(3) 173.0(3) 2014[239]

[(IMes)CoV(NDipp)2]+ TPL 164.1(3) f 174.2(3) f 2014[239]

[(IPr)CoII(NDmp)] LI 169.1(6) 173.0(3) 2015[240]

[(PMe)3CoII(NDipp)] PTD 170.89(15) 177.85(14) 2017[241]

[(PMe)3CoIII(NDmp)]+ PTD 165.40(17) 166.99(15) 2017[241]

[(hmds)2CoIII(NtBu)]– TPL 170.67(12) 160.78(12) 2020[242]

a Geometry; See Figure 1.3; LI: Linear
b By reacting laser-ablated cobalt atoms with N2
c Equilibrium bond distance (re) evaluated from rotational constant Beff

[244]

d By deprotonation of [(PhB(tBuIm)3)CoII(NHtBu)] obtained from reacting corresponding
chloride with LiNHtBu.

e At 150 K, at 300 K: 163.2(3) pm and 178.2(3)°
f Average; d(Co N) = 164.0(3) pm and 164.2(3) pm; ](Co N R) = 173.7(3)° and 174.7(3)°

†The corresponding band of the iron congener shows an isotopic shift of −5 cm−1.
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Rhodium Imido and Nitrido Complexes
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[(PNP')RhIVN] [(PhBP3)Rh
III(NAd)]

A B

Figure 1.12. Literature known non-binary terminal rhodium nitrido (A)[249] and
rhodium-imido complexes (B).[250]

Despite the numerous cobalt imido complexes, the number of related rhodium com-

plexes is remarkably low. The first rhodium-nitrogen multiple bond was realized in

1998 in the diatomic RhIIIN.[251] The electronic ground state was predicted to be 1Σ+

using all-electron ab initio methods with a corresponding configuration of 10σ211σ2

12σ25π42δ44π0, which is isoelectronic to CoN.[252,253] Shortly after that it was first

produced in the gas-phase,[251] and later isolated in solid argon.[254] In solid argon,

a Rh N stretching frequency of 895 cm−1 was obtained,[254] which is very close to

gas-phase values of 897 cm−1 and 900 cm−1 found in LIF excitation, and dispersed

fluorescence spectra, respectively.[255] The Rh N equilibrium bond distance was es-

timated to 164.1 pm.[255] Additionally, in cryogenic matrices of the reaction products

of laser-ablated rhodium and dinitrogen diluted in argon a band at 822.8 cm−1 has

been assigned to bent Rh(N)2, for which an electronic ground state of 2B1 was claimed,

however, no further investigation of the nature of the bonding was undertaken.[254]

Recently, the RhIV pincer complex shown in Figure 1.12 A was successfully isola-

ted.[249] It was produced by irradiating the corresponding azide at 20 K and charac-

terized by its EPR spectrum. IR spectra were taken from a KBr pellet containing the

azide that was irradiated for a short time. The stretching frequency was observed at

874 cm−1, which is close to the stretching frequency assigned to diatomic RhN. The

EPR data are consistent with DFT calculations that predict a d5 configuration with a

singly occupied molecular orbital (SOMO) of π∗ character and a Rh N bond distance

of 168 pm. Due to the high degree of covalency of the Rh N π system, the spin-density

is delocalized over this unit, which results in a formal BO of 2.5.[249]

A significantly longer bond distance of 178.0(2) pm associated with a nearly lin-

ear Rh N C bond angle of 177.5(2)° was found in the thermally stable, pseudo-

tetrahedral rhodium imido complex [(PhBP3)RhIII(NAd)], shown in Figure 1.12 B,

using XRD.[250] Additionally, the related [(PhBP3)RhIII(NR)] (R = 2,6 iPr2C6H6 and

C6F5) were successfully synthesized, but no crystals suitable for a crystal structure

analysis could be obtained.[250] Theoretical calculation at DFT level revealed closed-
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shell d6 configurations for these complexes, consistent with Rh N double bonds.

The experimentally isolated rhodium-imido and -nitrido complexes are summarized

in Table 1.6.

Table 1.6: All published terminal rhodium-nitrido and rhodium-imido complexes. In-
cluding, where available, Rh N bond lengths (d in pm) and Rh N stretch-
ing frequencies (ν̃ in cm−1). All structural data obtained from XRD or DFT
(square brackets).

Complex Geometry a d(Rh N) ν̃[ν(Rh N)] Year[REF]

RhIIIN LI 164.1 b 895–900 c 1998[251]

Rh(N)2 BE [173] 823 d 1999[254]

[(PNP’)RhIVN] SPL [168] 874 e 2013[249]

[(PhBP3)RhIII(NAd)] PTD 178.0(2) — 2014[250]

a See Figure 1.3; LI: Linear, BE: Bent
b Equilibrium bond distance (re) evaluated from rotational constant Beff

[255]

c Values from solid argon and gas-phase (see text)[254,255]

d Solid argon
e KBr pellet
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Figure 1.13. Literature known non-binary terminal iridium imido (A[256,257] and B[258])
and iridium nitrido complexes (C[259,260] and D[261]).

As with rhodium, isolated iridium nitrido and imido complexes are scarce. Imido

complexes were produced by treating the precursor complexes with lithium amides

(LiNHR) in salt metathesis reactions, characterized as linear Cp* and square planar

PNP’ complexes.[256–258] The former, shown in Figure 1.13 A, comes with iridium in OS

III and was crystallized, showing terminal imido ligands and with Ir N bond distances

ranging from 171.2(7) cm−1 to 175.0(7) cm−1.[256,257] Due to the absence of ligands in

the xy plane, the d-orbital splitting of these complexes feature two metal centered fully

occupied non-bonding (dxy)2(dx2−y2)2 orbitals, along with (dz2)2 which only weakly in-

teracts with the Cp* orbitals.[257] Very recently, the square planar PNP pincer com-
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plexes shown in Figure 1.13 B with iridium OSs from III to V were investigated.[258]

For the complexes with iridium in formal OSs III and IV crystal structures with very

long Ir N bond distances of 180.5(2) pm (IrIV) and 186.8(2) pm (IrIII) were recorded.

This is consistent with a d5 triplet configurations of the IrIV complex, in which one

electron is accomodated in the π∗ LUMO (c.f. Figure 1.3, SPL), resulting in Ir N

bond elongation, reduced BO and an triplet electronic ground state. The Ir N bond in

[(PNP’)IrIV(NtBu)]+ was characterized by EPR spectroscopy. It is highly covalent and

the imido ligand shows non-innocent character, evident by cylindrical spin density de-

localization around the Ir N bond attributed to orbital mixing of the near degenerate,

perpendicular π∗-antibonding SOMO and LUMO.[258] Furthermore, the correspond-

ing FeV dicationic complex was synthesized as well. As expected, its electronic ground

state is a singlet state, however, no XRD analysis and no theoretical structural predic-

tions were reported.

The equilibrium bond distance (re) of diatomic IrIIIN was evaluated from the ex-

perimental rotational constant to 160.7 pm.[262] Like CoN and RhN (see above) the

electronic ground state is a 1Σ+ state.[262] A number of additional investigations of the

ground- and excited states of IrN have been conducted experimentally and theoretica-

lly.[263–265] The first terminal iridium nitrido complex characterized by XRD, shown in

Figure 1.13 C (R = iPr), exhibits a Ir N bond distance of 164.6(9) pm.[259] The authors

refrain from assigning an OS, but suggest a d6 electron configuration based on multi-

reference calculations, while a formal OS of V with a d4 electron configuration would

be assigned in the ionic approximation, based on the neutral total charge of the com-

plex and ligand charges of PDI2– and N3–. This corresponds to a singlet ground state

with fully occupied set of non-bonding (dxy, x2−y2) orbitals and empty anti-bonding σ ∗

and π∗ MOs, resulting in an Ir N BO of three. It has been demonstrated that the ni-

trido ligand in this complex displays both electrophilic and nucleophilic properties,

depending on the substrate employed.[266,267] Investigations focused on C H activa-

tion reactivity and dimerization lead to the synthesis of the analog in which the iPr-

groups are substituted by chlorine (Figure 1.13 C) to hamper intramolecular C H

activation.[260,268] Both of these complexes show very similar Ir N stretching frequen-

cies of 958 cm−1 (R = iPr, Raman shift) and 955 cm−1 (R = Cl).

The square planar closed and open-shell PNP pincer iridium nitrido complexes

shown in Figure 1.13 D are closely related to the corresponding imido complexes

presented above (Figure 1.10 B).[261] This becomes clear from the comparable cova-

lent nature of the π-bonding and π∗-antibinding MOs. The formal OSs of IV and V

are not consistent with the observed reactivity of the cationic complex, which exhib-

ited electrophilic reactivity. This lead to a revised assignment of an effective OS of

III for the cationic complex. The SOMO of the neutral complex is a π∗-antibonding
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orbital and the covalent character of this orbital leads to a distribution of the spin-

density over the Ir N moiety and to a non-innocent character of the nitrido ligand.

The Ir N bond length of 167.8(4) pm (172 pm, DFT) and Ir N stretching frequen-

cies of 999 cm−1 (901 cm−1) of the cationic (neutral) species are consistent with these

findings. The nitrido ligands of these complexes can be oxidatively coupled to yield

dinitrogen.[269]

It is worth point out that, so far, no matrix isolatation experiments of laser-ablated

iridium and dinitrogen gas have been conducted. In addition to the potential for-

mation of Ir(N)2, this experiment may produce Ir(N)3 with a formal iridium OS of IX.

Furthermore, iridium complexes with terminal nitrido ligands and formal OSs beyond

five were proposed very recently, but not yet characterized.[270]

Table 1.7: Known terminal iridium nitrido and iridium-imido complexes with reported
Ir N bond lengths (d in pm) and Ir N stretching frequencies (ν̃ in cm−1).
Structural data obtained from XRD or DFT calculations (in square brack-
ets).

Complex Geometry a d(Ir N) ν̃[ν(Ir N)] Year[REF]

[(Cp∗)IrIII(NtBu)] LI 171.2(7) — 1989[256]

[(Cp∗)IrIII(NSiMe2tBu)] LI 175.0(7) — 1991[257]

[(Cp∗)IrIII(NXyl)] LI 172.9(7) — 1991[257]

[(Cp∗)IrIII(NDipp)] LI 174.9(7) — 1991[257]

IrIIIN LI 160.7 b 1114 1999[262]

[(iPr4PDI)IrVN] SPL 164.6(9) 958 c 2009[259]

[(Cl4PDI)IrVN] SPL [169] 955 d 2011[260]

[(PNP’)IrVN]+ SPL 167.8(4) 999 e 2012[261]

[(PNP’)IrIVN] SPL [172] 901 e 2012[261]

[(PNP’)IrIII(NtBu)] SPL 186.8(2) — 2018[258]

[(PNP’)IrIV(NtBu)]+ SPL 180.5(2) — 2018[258]

a See Figure 1.3; LI: Linear
b Equilibrium bond distance (re) evaluated from rotational constant
c Raman shift
d KBr pellet
e Nujol

1.5.3. Matrix-Isolation Works

Works in which group 8 and 9 metal nitrido complexes were studied using matrix-

isolation spectroscopy are limited to reactions of laser-ablated metal atoms and dini-

trogen (Table 1.8, M + N2).[185,202,232,243,254] The exception is iridium, for which no

nitrido complexes were investigated in matrix-isolation experiments to this date. In
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these works, mononuclear nitrido (MN) and dinitrido complexes (M(N)2) were ob-

served, except for cobalt, where only CoN was detected. The reaction products of laser-

ablated transition metal atoms and nitrogen trifluoride were investigated for group 4,

6, and 11 elements (Table 1.8, M + NF3). These products consist of triplet nitrene

trifluorides (group 4),[271] nitrido trifluorides (group 6),[272] as well as difluoroimino

fluoride and fluoroimido difluoride complexes (group 11).[273] Metal fluorido com-

plexes were investigated in matrix-isolation experiments of the group 8 and 9 elements

iron,[78,274] ruthenium,[275,276], osmium,[277] cobalt,[278] rhodium,[275] and iridium.[277]

Table 1.8: Vibrational frequencies ν̃ (cm−1) obtained from matrix-isolation IR spectro-
scopic investigations of product molecules embedded in dinitrogen, argon
or neon. These include nitrido complexes from reactions of laser-ablated
group 8 and 9 metals and N2, as well as laser-ablated group 4 and 6 met-
als and NF3. Additionally included are fluoroimido and difluoroimino com-
plexes from the reaction of laser-ablated group 11 metals and NF3.

Complex ν̃(N2) ν̃(Ar) ν̃(Ne) [REF]

M + N2
FeN 934.8 938.0 — [185]
Fe(N)2 903.6a 903.4a — [185]
RuN 981.5 984.0 — [202, 232]
Ru(N)2 831.5a 831.9a — [202, 232]
OsN 1049.6 1130.3 — [202, 232]
Os(N)2 901.1a 900.4a — [202, 232]
CoN — 826.5 — [243]
RhN — 894.9 — [254]
Rh(N)2 830.9a 822.8a — [254]
M + NF3
NTiF3 — 596.7, 782.1, 705.1b — [271]
NZrF3 — 553.1, 667.4, 658.2b — [271]
NHfF3 — 548.1, 666.7, 643.9b — [271]
NCrF3 — 1015, 792, 705b 1020, 798, 709b [272]
NMoF3 — 1075, 704, 682b 1080, 708, 688b [272]
NWF3 — 1091, 693, 699b 1096, 704, 699b [272]
FNCuF2 — 1139.6, 736.2c — [273]
F2NCuF — 1090.5, 985.0, 678.5, 597.5d 1094.3, 988.2, –, –d [273]
F2NAgF — 1099.2, 1006.2, 529.6, –d 1102.4, 1010.8, –, –d [273]
F2NAuF — 1089.7, 1006.3, –, –d 1095.3, –, –, –d [273]
a Antisymmetric stretching mode
b a1 [ν(MN)], e [ν(MF)], a1 [ν(MF)] (notation based on C3v point group symmetry)
c ν(NF), νas(FCuF)
d νs(FNF), νas(FNF), ν(MF), δ(FNF)
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The chemistry of high-valent late transition metal complexes is more intricate and con-

voluted than a simple MO picture based on the isoelectronegativity principle would

suggest. In other words, the oxidation of a known nitrido metal complex in a low metal

oxidation state, especially those of late transition metals, can often not simply be rep-

resented as removing of electrons from the metal center, as one might assume based

on a simplified MO model. This widespread view completely neglects more recent de-

velopments in the chemistry of very high-valent metal complexes, such as the concept

of non-innocent oxo and nitrido ligands,[75,76] the concept of an inverted ligand field,[279]

as well as the enhanced primogenic repulsion in high-valent 1st row transition metal

complexes,[96,97] and the near-degeneracy of excited electronic states in high-valent

complexes. Also an appropriate quantum chemical description of such high-valent

compounds is difficult and intricate.[62,125] Therefore, the spectroscopic characteriza-

tion of reactive species bearing metals in their highest possible oxidation states and

which currently cannot be synthesized using conventional methods is highly desired.

Although structural and vibrational data of a considerable number of terminal ni-

trido complexes of group 8 and 9 were already reported, only one nitrido compound of

iron in the formal OS of VI has so far been described and for cobalt the diatomic CoN

is, as far as I know, the only experimentally known example of a nitrido cobalt com-

pound. As this work relies on a systematic experimental and computational study of

high-valent late transition metal nitrido complexes it should be emphasized, that even

in those cases where reliable XRD data are available, the electronic properties and the

strength of the metal nitrido ligand multiple bond seems to be significantly influenced

by the supporting complex ligands, especially in the presence of donor ligands or sol-

vent molecules in a trans-position to the nitrido ligand. These data seems to be only of

limited use for a systematic and rigorous computational investigation of high-valent

late transition metal nitrido compounds. A much better experimental basis for such an

investigation, on the other hand, is provided by vibrational data of closely related and

more simple metal nitrido compounds using innocent auxiliary ligands that support

and enable a rigorous computational investigation.

The aim of this work was therefore to use the matrix-isolation technique to pre-

pare such high-valent late transition metal complexes with metal-nitrogen multiple

bonds. These encompass metal-nitrido and metal-imido bonding with emphasis on

high metal oxidation states as well as exploring the limits of attainable oxidation states

in binary metal-nitrido complexes without supporting auxiliary ligands. In particular,

this was achieved by reacting laser-ablated group 8 and 9 transition metal atoms with

nitrido trifluoride, and laser-ablated iridium atoms with dinitrogen. For the former
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reaction, products were expected to include NMF3 and FNMF2 compounds that either

feature a metal-nitrido triple bond with high-valent metal centers, or the uncommon

fluoro-substituated fluoroimido ligand, both stabilized by innocent fluorido (F–) aux-

iliary ligands. The latter experiment with iridium atoms was aimed to explore the

oxidation state limit that can be achieved in binary iridium nitrido complexes. Since

iridium is able to reach formal oxidation states of up to IX, the goal was to generate

and characterize molecular trinitrido iridium(IX), Ir(N)3.

The results of this work are briefly outlined in the next section, followed by the

corresponding articles in Section 4 and their Supporting Information in the Appendix.
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The reaction of laser-ablated group 8 and 9 late transition metal atoms with nitrogen

trifluoride diluted in inert gas provides access to products formed by metal insertion

into one of the N F bonds and subsequent rearrangement reactions shown in Reac-

tions 1–3.

NF3 + M F2N MF {1}

F2N MF FN MF2 {2}

FN MF2 N MF3 {3}

Because the N F bond can be expected to be much weaker than the corresponding

M F bonds and the barrier for an exothermic fluorine migration from nitrogen to the

metal center is usually low, it should lead, in most cases, to the nitrido metal trifluo-

rides with the metal in the OS of VI. Indeed, nitrido fluorides, N MF3, were obtained

for M = Fe, Ru, Os, Rh, Ir, while only for M = Co and Rh fluoroimido complexes,

FN MF2, were observed. These products were deposited on a cryogenic matrix sup-

port trapped in solid inert gas.

The laser-ablation of iridium atoms in the presence of dinitrogen gas should not only

lead to its dinitrogen complexes. Iridium atoms may also insert into the N N bond of

N2 to yield NIrN, but also N atoms will be generated by photo-decomposition of N2,

which is exposed to the broadband radiation emitted by the plasma plume. Reactions

of nitrogen radicals with iridium atoms may lead to the formation of IrN, Ir(N)2 and

Ir(N)3 product molecules with formal iridium OSs of up to IX. The product molecules

are then rigorously investigated using IR spectroscopy in conjunction with quantum-

chemical calculations. Of particular interest in these studies is the nature of the metal-

nitrogen multiple bond to the group 8 and 9 metal centers in high OS facilitated by

either innocent fluorido spectator ligands or additional nitrido ligands.
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3.1. Group 8 Nitrido Fluoride Complexes
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Figure 3.1. IR absorption spectra obtained from co-deposition of laser ablated group
8 metals iron (left), ruthenium (center) and osmium (right) with 15NF3 (top)
and 14NF3 (bottom) in solid neon. For clarity, vibrational frequencies for
just one isotopologue are given only when no 14/15N isotopic shift was de-
tected. For more details see Section 4.1.

The main reaction product of excited laser-ablated group 8 atoms with nitrogen tri-

fluoride (NF3) is nitrido metal(VI) trifluoride (NMVIF3, M = Fe, Ru, Os), with weaker

signals of nitrido metal(VII) tetrafluorides (NMVIIF4, M = Ru, Os). All NMF3 and NMF4

product formations are calculated to be considerably exothermic at the DFT level of

theory. Excerpts from the IR spectra of the product molecules depicted in Figure 3.1

show all assigned product bands and their isotopic shifts caused by substituting the
14NF3 reactant with 15NF3. The assignment of the product molecules was facilitated by

distinct 14/15N isotopic shifts of vibrational frequencies of modes that involve nitrogen

displacements and sophisticated quantum-chemical calculations. The latter allowed

thorough investigations of the electronic and geometric structure of the main prod-

ucts. An overview of these results is presented in Figure 3.2.

As outlined in Section 1.5.1, the dicationic [(Me3cyclam-ac)FeVIN]2+ complex in

pseudo octahedral (PO) coordination geometry is the only iron(VI) nitrido complex

known to this date.[67] In accordance with the d-orbital splitting scheme (see Fig-

ure 1.3) for this coordination geometry, a singlet ground state was determined for this

complex featuring a Fe N triple bond with a bond distance of 157(2) pm obtained

by fitting EXAFS data.[67] Complexes in pseudo tetrahedral (PTD) geometries with

FeIV and FeV centers have been successfully characterized as well, with Fe N bond

distances determined by XRD of 150.0(3) cm−1 to 153.2(5) cm−1,[15,174–177] and Fe N

vibrational frequencies of 1008 cm−1 to 1034 cm−1.[173–175] The hexavalent, three-fold

symmetric NFeVIF3 complex presented in this work features a d2 high-spin ground

state electronic configuration (Figure 3.2). The band position at 946 cm−1 assigned to

the Fe N stretching mode of the highly symmetric pseudo tetrahedral (PTD) com-

plex with C3v point group symmetry is consistent with a weakened Fe N triple bond
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Figure 3.2. Calculated geometric structures and d -orbital splitting schemes, includ-
ing occupation numbers and orbital energies, of the identified NMF3
species. Antibonding σ ∗ and π∗ MOs are highlighted in pink and light cyan,
respectively. For more details see Section 4.1.

caused by configuration mixing evident by the increasing population of Fe N anti-

bonding 3e and 2a1 natural MOs shown in Figure 3.2. This results in an effective bond

order (EBO) of 2.2 for the Fe N triple bond.

The bands assigned to the heavier ruthenium congener NRuVIF3 are consistent with

a distorted PTD coordination geometry, the first terminal ruthenium nitrido complex

in PTD coordination geometry. The band at 1105 cm−1 assigned to the Ru N stretch-

ing vibration is indicative for a strong Ru N triple bond close to the frequency ob-

tained for diatomic RuN at 1109 cm−1 (see Table 1.2). This observation is consistent

with the computational results for NRuVIF3 which show a singlet electronic ground

state. Analysis of the CASSCF wave function reveals low populations of the antibond-

ing σ ∗-type (5a′) and π∗-type (3a′, 3a′′) natural MOs and an EBO of 2.7. Calculations

at the CCSD(T)/CBS level of theory locate the C3v symmetric 3A2 triplet state only

5 kJmol−1 above the distorted singlet 1A′ electronic ground state. In the singlet con-

figuration, the electrons are paired in one of the metal centered degenerate e-type MOs

(c.f. 2e of NFeF3), namely dxy, which leads to the distorted ground state structure. In

addition, bands at 1099 cm−1 and 700 cm−1 are assigned to NRuF4 in C4v point group

symmetry. It adopts a 2B1 doublet ground state and is the first heptavalent ruthenium

nitrido complex (for details see Section 4.1).

The first osmium nitrido complex, [(O)3OsVIIIN]–, published in 1847 is not only

the one with the highest OS, but also the only example in PTD coordination geom-

etry (see Table 1.3).[12] The d0 configuration of this complex, which was synthesized
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3. Outline

from OsO4 and NH3, is consistent with its undistorted C3v structure, an Os N bond

distance of 162 pm, and with a stretching frequency of 1023 cm−1.[222–224] Quantum-

chemical calculations at the CCSD(T)/CBS level for the pseudo-tetrahedral NOsF3, on

the other hand, predict quasi degenerate, distorted structures in singlet 1A′ and triplet
3A′′ electronic states with an energy gap of −1.3 kJmol−1 in favor of the triplet state.

In fact, the spectra clearly show the formation of at least two different osmium nitrido

species in good agreement with the predicted vibrational data (see Section 4.1). Con-

sequently, the bands (Figure 3.1) were assigned to NOsF3 molecules in two different

electronic states, which are depicted in Figure 3.2. The Os N stretching frequencies

of 1140 cm−1 (1A′) and 1086 cm−1 (Os 15N, 3A′′) and the calculated bond distances of

163 pm (1A′) and 164 pm (3A′′) indicate strong Os N triple bonds. Furthermore, the

band at 690 cm−1 provides evidence for the formation of NOsVIIF4.
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Figure 3.3. Hidden-pseudo-Jahn–Teller distortions and different d2 electronic config-
urations of characterized group 8 nitrido metal fluorides NMF3.

Interestingly, all four NMF3 have different geometric and electronic structures. A

high symmetry C3v ground state was only verified for NFeF3, albeit predicted by Hund’s

rule for two electrons in two-fold degenerate MOs. Figure 3.3 summarizes the metal

centered e orbital occupations and correlates them to the distortions of the different d2

NMF3 species. Exhaustive potential energy surface (PES) scans of all electronic states

arising from the e2 configurations provides evidence that the origin of the ground state

distortions are due to pseudo-Jahn–Teller effects “hidden” in the excited states.[280–282]

For details see Section 4.1.
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Figure 3.4. IR transmission spectra obtained from co-deposition of laser ablated
group 9 metals cobalt (left), rhodium (center) and iridium (right) with 15NF3
(top) and 14NF3 (bottom) in solid neon. For clarity, vibrational frequencies
for only one isotopologue are shown when no isotopic shift was detected.
For more details see Section 4.2.

The most stable structural isomers obtained from NF3 + M (M = Co, Rh, Ir) and pre-

dicted by DFT calculations are FNCoF2, NRhF3 and NIrF3, which corroborates the as-

signments of the IR transmission spectra shown in Figure 3.4. Additional bands in the

rhodium spectrum exhibit distinct 14/15N isotopic shifts that lead to the assignment of

FNRhF2 which is only 12 kJmol−1 higher in energy than the structural isomer NRhF3.

The metal-nitrogen bond found in the fluoroimido complexes of cobalt and rhodium

is very different to the ones described in Section 1.5.2 for N CR imido ligands. In

the latter complexes bearing organic imido ligands the bonding is facilitated by π in-

teractions of N(px,y) and M(dxz,yz) orbitals and a linear or nearly linear coordination.

The d-orbital interactions depicted in Figure 3.5 show that in FNCoF2 and FNRhF2 the

metal-nitrogen bond is formed by a σ -type interaction of the M(dz²) and N(pz) orbitals

(Figure 3.5, 4a′ MO corresponds to the σ ∗ antibonding MO) that is perpendicular to the

N F bond, resulting in a strongly bent structure with a M N F bond angle of 113°

for both FNMF2 complexes. Additionally, a π-type bond is provided by the interaction

of M(dxz) and N(px) orbitals. The corresponding π∗ antibonding orbital is labeled 3a′′

in Figure 3.5. The highest occupied molecular orbital (HOMO) of the dianionic fluo-

roimido ligand NF2– (HOMO not shown in Figure 3.5) has mainly π∗ F N antibonding

character and is strongly polarized towards the N atom. Any electron density donated

from this ligand orbitals into a metal-centered orbital results in a strengthening of the

N F bond. A low EBO of 1.1 for the N Co bond follows from the high natural occu-

pation numbers of the antibonding orbitals of FNCoF2 (3a′′ and 4a′ MOs in Figure 3.5),

which results in a very long N Co bond distance of 177 pm and a weak N Co bond.

This is in very good agreement with the band positions assigned to primarily N Co

and N F stretching modes. The former is surprisingly low at 586 cm−1, confirming
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the weak Co N bond strength. The latter is located at 1057 cm−1, only red-shifted by

63 cm−1 from that of free, neutral NF in solid neon at 1119 cm−1, which indicates a

considerable oxidation of the formally dianionic FN2– ligand. The non-innocent be-

havior of the NF2– ligand in FNCoF2 is further supported by the considerable spin

populations of −0.46 and 1.46 at the nitrogen and cobalt atom, respectively, obtained

by CASSCF calculations. In line with, according to natural population analysis (NPA)

and QTAIM analyses, an almost uncharged NF ligand (instead of the formal dian-

ionic FN2–), the NF ligand features considerable imidyl/nitrene radical character. It

is worth pointing out that this effect is even stronger pronounced in the FN stretch-

ing frequency of FNCuF2 in solid argon.[273] It was assigned to a band at 1140 cm−1,

significantly higher than that of free NF in solid argon at 1115 cm−1, hinting at a for-

mal NF2– ligand oxidation beyond neutral NF.[273] In contrast, the bands of FNRhF2

assigned to these modes are located at 873 cm−1 and 761 cm−1, indicating a stronger

Rh N, and a weaker N F bond. This observation is in full agreement with the calcu-

lated stretching frequencies (872 cm−1 and 707 cm−1), a higher Rh N EBO of 1.7, and

negative NPA and QTAIM total charge of the NF ligand (NPA: −0.13, QTAIM: −0.20).

For details see Section 4.2.

The electronic and geometric structures of NRhF3 and NIrF3 are very similar. They

both show Jahn–Teller distortions of the high-symmetry C3v reference structure caused

by an uneven occupation of the two-fold degenerate e orbital with three electrons. This

leads to a widening of the F M F angle and a lifting of the degeneracy of the e3 orbital
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into (2a′′)2(3a′)1 (Figure 3.5). In fact, the geometric structures of these complexes are

very similar to that of NRuF3 whose 1A′ electronic ground state configuration corre-

sponds to that determined for NRhF3 and NIrF3, with the outermost electron removed

from the 3a′ orbital. The band positions of the symmetric and antisymmetric F M F

stretching mode are red-shifted by about 45 cm−1 for M = Rh compared to that of M =

Ru, which can be attributed to a weak F M F antibonding character of the 3a′ MO. At

1150.4 cm−1, the Ir N stretching frequency of NIrF3 is the highest value determined

so far for any metal-nitrogen bond. For details see Section 4.2.

While the diatomic IrN has been thoroughly investigated,[262–265,283] higher binary

nitrido complexes have not been characterized so far. This is especially intriguing as it

has been shown that molecular M(N)2 species were formed by the reaction of nitrogen

atoms with diatomic MN molecules isolated in noble gas matrices upon annealing.[185]

Given the ability of iridium to achieve OSs of up to IX, this opens up the possibility to

produce Ir(N)3, a neutral complex with formal iridium OS of IX. The IR absorption of

diatomic Ir N in solid neon was assigned to a band at 1111 cm−1, in very good agree-

ment with the gas-phase value of 1114 cm−1.[262] The antisymmetric N Ir N stretch-

ing mode of Ir(N2) in solid neon was assigned to a band located at 853 cm−1. The 14/15N

isotopic pattern for this mode showed no band corresponding to the Ir(14N)(15N) iso-

topologue when the spectrum was recorded using a 1:1 mixture of 14N2 and 15N2 di-

luted in neon. However, when the spectrum is recorded in a pure 1:1 mixture of 14N2

and 15N2 an intensity pattern of approximately 1:2:1 is observed. This shows a for-

mation of Ir(N)2 in two different ways. Diluted in neon the reaction takes place by

insertion of an iridium atom in the N N bond of dinitrogen, while in pure nitrogen it

takes place by addition of a nitrogen atom to molecular IrN (Reaction 4 and 5, respec-

tively).

Ir + N2 Ir(N)2 {4}

IrN + N Ir(N)2 {5}

Although nitrogen atom mobility in cryogenic noble gas matrices was observed and

the addition of a nitrogen atom to Ir(N)2 is predicted to be considerably exothermic,

no band could be assigned to Ir(N)3. Since the formation of Ir(N)3 through the insertion

of IrN into the N N bond of N2 has a high barrier and, on the other hand, its formation

starting from Ir(N)2 + N already requires a larger amount of Ir(N)2, the yield of Ir(N)3,

if any, is expected to be very low. In addition, the calculated intensity of the IR active

stretching band of Ir(N)3 is much lower than that of Ir(N)2, which renders the detection

of this band in the IR spectrum very unlikely.

The SOMO of the 2B1 doublet electronic ground state of Ir(N)2 determined by quan-
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tum-chemical calculations corresponds to a delocalized out of plane π∗-type MO. As a

consequence, the spin density is well delocalized and the determination of an integer

OS is not possible. The nitrido ligands in this case must be considered non-innocent

and possess partial nitridyl (N2– ) character. The iridium OS in Ir(N)2 is between V and

VI. In the case of the C3v point group symmetric Ir(N)3, a 1A1
′ electronic ground state

was calculated. The HOMO corresponds to a doubly occupied, non-bonding metal

centered dz² orbital which indicates an iridium OS of VII associated with a partially

oxidized nitrido ligands with an average OSs of −2.3, as well as an considerable nitridyl

(N2– ) radical character. For details see Section 4.3.
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High-Spin Iron(VI), Low-Spin Ruthenium(VI), and
Magnetically Bistable Osmium(VI) in Molecular Group 8
Nitrido Trifluorides NMF3
Tony Stüker,[a] Xiya Xia,[a] Helmut Beckers,[a] and Sebastian Riedel*[a]

Abstract: Pseudo-tetrahedral nitrido trifluorides N�MF3 (M=

Fe, Ru, Os) and square pyramidal nitrido tetrafluorides N�MF4
(M=Ru, Os) were formed by free-metal-atom reactions with
NF3 and subsequently isolated in solid neon at 5 K. Their IR
spectra were recorded and analyzed aided by quantum-
chemical calculations. For a d2 electron configuration of the
N�MF3 compounds in C3v symmetry, Hund’s rule predict a
high-spin 3A2 ground state with two parallel spin electrons
and two degenerate metal d(δ)-orbitals. The corresponding

high-spin 3A2 ground state was, however, only found for
N�FeF3, the first experimentally verified neutral nitrido FeVI

species. The valence-isoelectronic N�RuF3 and N�OsF3 adopt
different angular distorted singlet structures. For N�RuF3, the
triplet 3A2 state is only 5 kJmol

� 1 higher in energy than the
singlet 1A’ ground state, and the magnetically bistable
molecular N�OsF3 with two distorted near degenerate

1A’ and
3A“ electronic states were experimentally detected at 5 K in
solid neon.

Introduction

The group 8 transition metals have eight electrons in their
valence shell, but in addition to the well-known strong oxidizers
RuO4 and OsO4, only Os has a variety of different complexes in
oxidation state VIII.[1] While the oxidation state VI is abundant
for ruthenium and osmium, the complex anion [FeO4]

2� was the
only known FeVI compound for a long time.[2] In 2007 the
neutral, dioxo FeVI peroxide O2Fe(η

2-O2) was reported to be
formed from molecular FeO2 and O2 under cryogenic
conditions.[3] Tetrahedral FeVIIIO4 was shown to be metastable
with respect to O2Fe

VI(η2-O2) in the gas phase,[4] and the
oxidation state VII is so far the highest oxidation state of iron
observed experimentally for the tetrahedral tetroxide anion
FeO4

� .[5] In addition to oxygen, nitrogen ligands are also able to
stabilize high oxidation states of iron. Such terminal iron-nitrido
complexes have already been the subject of several up-to-date
reviews.[6] We restrict ourselves to some representative exam-
ples such as the square-pyramidal [(TPP)FeVN] (TPP2� = tetraphe-
nylporphyrinate dianion), characterized by Raman
spectroscopy,[7] the tetragonal nitrido FeVI dication [(Me3cyac)
FeN]2+ ([Me3cyac]

� =N,N,N-tri-methyl-1,4,8,11-tetraazacyclote-
tra-decane-1-acetate), confirmed by Mössbauer and X-ray
spectroscopy,[8] the pseudo-tetrahedral [(PhB(PCH2PiPr2)3)Fe

IVN]

(PhB(PCH2PiPr2)3= tris(diisopropylphosphinophenyl)borane),[9]

and, very recently, the crystal structure of a thermally stable
four-coordinate FeVI bis(imido) cation, [(H2B(MesIm)2)Fe(=
NMes)2]

+ ([H2B[MesIm]2]
� =dihydrobis-[1-(2,4,6-trimethylphenyl)

imidazol-2-ylidene]borato).[10]

Nitrido iron complexes play an important role in a number
of chemical and biological processes, for example in the
catalytic cycle of cytochrome P450,[11] in the FeMo cofactor of
the nitrogenase enzyme[6a] and in the Haber–Bosch process.[12]

In analogy to the active iron surface nitride in the Haber–Bosch
process, ammonia synthesis has also successfully achieved
under mild conditions using the ruthenium pincer nitrido
complex [(PNP)RuN] (PNP� = [N(CH2CH2P

tBu2)2)]
� ).[13] Quite re-

cently osmium(VI) nitrides have emerged as a new class of
potential anticancer and antitumor agents.[14] Examples include
[(bipy)Cl3Os

VIN][15] (bipy=2,2’-bipyridine)[16] and [(sap)(py)
ClOsVIN] (sap=deprotonated N-salicylidene-2-aminophenol).[17]

The wide field of possible applications of group 8 nitrido
complexes underline the importance of a deeper understanding
of the properties of this class of compounds. Especially the
nitrido metal–ligand multiple bond and the valency of the
metal are key factors for the reactivity and structure of these
compounds.

In particular, there has been a tremendous progress in the
synthesis and the chemistry of molecular FeIV and FeV nitrido
compounds in the recent years that have been described in
detail in several review articles.[6] They are supported by
sterically encumbered macrocyclic or chelating ligands involv-
ing nitrogen or N-heterocyclic carbene donors based on, for
example porphyrin or nitrogen- and boron-anchored tri- and
tetrapodal chelates to protect the reactive Fe�N moiety (see
Scheme 1 for representative examples). The most common
route to these nitrido compounds is the photolysis of an iron
azido precursor and concomitant N2 evolution, whereby the
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one-electron oxidation of the FeIV nitrido complexes often
represents an alternative route to FeV nitrido complexes.[6a,b]

The reactivity of these high-valent nitrido iron compounds
in chemical transformations have been thoroughly explored,[6,18]

their structures, and their electronic properties have been
investigated in detail using a variety of experimental and
quantum mechanical methods.[19] While these studies contrib-
uted greatly to the understanding of the iron nitride bonding
motif, our knowledge about the behavior, the nature, and
bond-strengths of the Fe�N triple bond in high valent iron
compounds upon iron oxidization is, however, still very limited
and contradictory. Two questions arise here: Is there a nitrido
wall[20] from which the nitrido ligand gives up its innocent
behavior,[21] and does the Fe�N bond become stronger and
stronger through oxidation of the iron center?

It should be emphasized that the known iron nitrido species
can be divided into trigonal (pseudo-tetrahedral) and tetragonal
(pseudo-octahedral) complexes (Scheme 1), since these two
groups show different ligand field splitting of the Fe(3d)
orbitals.[9,23] In a trigonal C3v ligand field there are two purely
Fe�N nonbonding e-type orbitals (dxy,x2 � y2), which allow the
accommodation of up to four electrons energetically below the
antibonding Fe�N orbitals.[6a,c,9,23] This results in a relatively
strong Fe�N triple bonds, for example, low spin FeIV derivatives,
for which very short experimental Fe� N distances (Table S1 in
the Supporting Information) and Fe� N stretching vibrations at
1008–1034 cm� 1 were found.[9,24]

Conversely, in the tetragonal C4v ligand field there is only
one purely nonbonding (dxy) orbital with respect to the Fe�N
bond energetically below the π*-antibonding (dxz,yz) MOs.

[6a,c] A
d-electron count larger than two results here in the occupation
of π*(Fe�N) orbitals, and, accordingly, FeIV (d4) and FeV (d3)
nitrido complexes in tetragonal symmetry are generally ther-
mally less stable and more reactive.[6b,18a,c] Note that the d3

ground-state electron configuration of FeV nitrido complexes is

subject to a Jahn� Teller distortion.[19b,c] To overcome the
thermal instability and high reactivity of such tetragonal FeV

nitride complexes their Fe�N distances and stretching frequen-
cies were obtained by a variety of spectroscopic methods either
at cryogenic temperatures or at the gas phase (for representa-
tive examples, see Table S1). As expected, the experimental
Fe� N distances for the two tetragonal complexes [FeV-

(N)(MePy2tacn)]
2+ (Scheme 1, 3d4 configuration, Fe� N: 164(1)

pm)[19d] and [FeV(N) (cyclam-ac)]+ (Scheme 1, cyclam-ac=

1,4,8,11-tetraazacyclotetradecane-1-acetato, Fe� N: 161(1)
pm),[22] estimated from extended X-ray absorption fine structure
(EXAFS) analysis, were found to be longer than the Fe� N
distance of the analogous FeVI dication [FeVI(N)(Me3cyclam-ac)]

2+

(Scheme 1, 157(2) pm) with a singlet 3d2 configuration.[8]

In contrast, the formal Fe�N bond order in trigonal Fe-
nitrido complexes does not change by increasing the iron
oxidation state from singlet FeIV to triplet FeVI, making
predictions about the bond lengths less intuitive as other
factors such as the geometry and the nature of the ligands
come to the fore. X-ray structure analysis of the FeIVN/FeVN
derivatives of the two redox pairs [PhB(tBuIm)3FeN]

0/+

(Scheme 1)[19a,24b] and [(TIMMNMES)FeN]+ /2+ (Scheme 1)[19b] show
different trends. While the Fe� N length decreases slightly from
151.2(1) pm to 150.6(2) pm for the former, it increases from
151.3(3) pm to 152.9(1) pm for the latter. The different trend in
these Fe�N distances during oxidation of FeIV to FeV was
attributed to a possibly stronger interaction between the ligand
N anchor with the more electrophilic FeV center in [Fe-
(N)(TIMMNMES)]2+ (Scheme 1).[19b] On the other hand, also
coordinated solvent molecules can make it difficult to compare
the Fe�N distances of different complexes, since this leads to
shortened experimental Fe�N distances.[19e]

In this work, we describe the preparation of the molecular,
neutral nitrido trifluorides NMVIF3 of the group 8 metals M=Fe,
Ru, Os from IR laser ablated metal atoms and gaseous NF3 and
their IR-spectroscopic characterization under cryogenic condi-
tions in a noble gas matrix. These trigonal nitrido trifluorides
bear genuine M�N triple bonds, unsupported by sterically
encumbered electron donor substituents with the innocent
fluoride ligand. The M�N stretching vibration of theses
derivatives is energetically sufficiently isolated from other
fundamentals. Hence, it is considered to be a reliable exper-
imental signature for M� N bond strength and M� N bond length
in these nitrido complexes. This analysis overcomes the
difficulties described above and also has the advantage that the
experimental results can be supported and analyzed by reliable
and accurate quantum mechanical calculations of these molec-
ular, neutral compounds. Furthermore, this analysis enables a
direct comparison of experimental M�N stretching frequencies
of M=FeVI and its heavier group 8 congeners with those of the
analogous nitrido trifluorides N�MF3 of group 6 (M=Cr, Mo,
W)[25] and group 9 (Co, Rh, Ir)[26] transition metals which have
been studied previously. To the best of our knowledge, N�FeVIF3
is the first experimentally verified neutral, nitrido iron(VI)
complex. In addition, we have evidence for the formation of
NMVIIF4 (M=Ru, Os).

Scheme 1. Representative examples of ligand-supported tetragonal (A[8,22]

and B[19d]) and trigonal (C[19a] and D[19b]) coordinated high-valent iron nitrido
complexes.
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For an electronic metal d2 configuration of these N�MF3
compounds in C3v symmetry Hund’s rule predict that two
parallel spin electrons occupy the degenerate M(dxy,x2 � y2)
orbitals of e-type symmetry resulting in a non-degenerate high-
spin 3A2 ground state. Although this

3A2 state is not Jahn� Teller
(JT) active, an electronic e2 configuration can generally lead to a
Jahn� Teller distorted ground state as a result of a strong
pseudo-Jahn� Teller (PJT) mixing of two excited singlet elec-
tronic states.[27] This is because an electronic e2 configuration in
C3v symmetry, in addition to the

3A2 state, is generally associated
with two electronic singlet states 1A1 and

1E. These electronic
states are reminiscent of the well-known singlet excited states
of molecular oxygen.[28]

It has been noted that the JT stabilization energy of the
excited 1E state is usually much weaker than the PJT stabiliza-
tion resulting from mixing of the two excited 1A1 and

1E states.
The stabilization energy of this PJT interaction can be so large
that the lower of these excited states crosses the 3A2 potential
energy surfaces and become the distorted global minimum
configuration.[27,31] We observed such a “hidden” PJT distortion
for N�RuF3 and N�OsF3 but not for NFe�F3. Note that this
distortion is also associated with a PJT-induced triplet-singlet
spin crossover.[27a]

Results

Vibrational wavenumbers of group 8nitrido trifluorides
NMVIF3 and tetrafluorides NMVIIF4

The IR spectra of the novel group 8 metal nitrido trifluorides,
N�MF3 (M=Fe, Ru, Os) were recorded from the products
obtained from laser-ablated free metal atoms with NF3 seeded
in a 1 :1000 excess of neon after their deposition at 5 K on a
gold-plated copper mirror (for experimental details see the
Supporting Information). According to density functional theory
calculations, the direct insertion of the metal atoms into an F� N
bond of NF3 to yield F2N� MF, and the subsequent fluorine
migration from nitrogen to the metal center to FN=MF2 is
highly exothermic for all three metals (Figure 1, Table S2).

The rearrangement of the fluorimido complexes to the
hexavalent nitrido trifluorides N�MF3 is found to be consid-
erably exothermic for osmium (� 208 kJmol� 1), ruthenium
(� 146 kJmol� 1), and iron (� 78 kJmol� 1) at the BP86/def2-
QZVP[32] level of theory (details see the Supporting Information).
Experimental IR spectra are shown from the deposits obtained
in solid neon for the iron (Figures 2 and S1), ruthenium
(Figures 3 and S2), and the osmium experiments (Figures 4 and
S3), respectively. Experimental band positions are compared

Figure 1. Stationary points on the reaction coordinate obtained at the BP86
level of theory for the formation of the nitrido metal complexes N�MF3
starting from the free metal atoms M and NF3 (C3v –

1A1). See Table S2 for
more details.

Figure 2. IR absorption spectra obtained from co-deposition of laser-ablated
iron with 0.1% 14NF3 (bottom) and 0.1%

15NF3 (top) in solid Ne. Bands
labeled with A, B and C are assigned to NFeF3 (Table 1). Band A is enhanced
by a factor of five. Known bands of binary iron fluorides[29] are labeled, and
an unassigned band showing no 14/15N isotopic shift is labeled with a hash
mark. The bands associated with NF2 and NF3 are marked with circles and
asterisks, respectively.[30] For more details, see Figure S1.

Figure 3. IR absorption spectra obtained from co-deposition of laser ablated
ruthenium with 0.1% 14NF3 (bottom), and

15NF3 (top) in solid Ne, respectively.
Bands labeled A–C are attributed to NRuF3 and A’ and B’ are due to NRuF4.
Unknown bands are labeled by a pound and a plus sign, respectively. The
bands associated with 14NF, 14NF2 and

14NF3 are marked with squares, circles,
and asterisks, respectively.[30] For more details, see Figure S2.

Figure 4. IR absorption spectra of laser ablated osmium co-deposited with
0.1% 14NF3 in solid Ne (bottom), with 0.1%

15NF3 in Ne (top). Bands labeled
A–D are attributed to NOsF3 (

1A’) and A’–D’ to NOsF3 (
3A”). The bands

marked with a pentagram sign are binary osmium fluorides. The bands
associated with NF, NF2 and NF3 are marked with squares, circles and
asterisks, respectively.[30] For more details see Figure S3.
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with predicted ones from quantum-chemical calculations in
Tables 1 and S4 (for a detailed band assignment refer to the
Supporting Information). The formation of molecular NFeF3 (C3v)
is clearly proved by the assignment of all its stretching
vibrations marked A (ν(NFe): 946.4 cm� 1), B (νas(FeF3):
766.8 cm� 1), and C (νs(FeF3): 658.8 cm

� 1) in Figure 2 (Table 1).
Bands at 743.6/744.7, 752.6 and 785.1 cm� 1 were assigned to
the known molecular binary iron fluorides 56FeF3,

56FeF2 and
54FeF2, respectively.

[29] Their high intensity and the high yield of
these binary fluorides compared to the NFeF3 product bands
indicate the lower stability of NFeF3 under the harsh conditions
of the laser ablation process. The spectra recorded in the
ruthenium experiment (Figure 3), clearly revealed the presence
of two different nitrido ruthenium complexes, finally assigned
to NRuF3 (Cs) and NRuF4 (C4v). The characteristic Ru�N stretching
bands of NRuF3 (Cs) and NRuF4 (C4v) are labeled A (1105.4 cm� 1,
NRuF3) and A’ (1098.5 cm� 1, NRuF4) in Figure 3. The RuF3
stretching modes of Cs symmetric NRuF3 split into three modes.
The strong antisymmetric F� Ru� F appears at 668.5 cm� 1

(labeled B in Figure 3) and likely overlaps with the nearby
weaker F’� Ru band. The symmetric F� Ru� F mode is attributed
to the band labeled C in Figure 3 at 635.8 cm� 1 (Table 1).

For NRuF4 only the strongest RuF4 stretching band, the
degenerate e-type mode could safely be assigned to the band
labeled B’ in Figure 3 centered at 700.0 cm� 1.

In the spectra obtained from the reaction of osmium atoms
with isotopic labeled 15NF3 two Os�N stretching bands appeared
at 1104.6 and 1086 cm� 1, which are labeled A and A’, respectively,
in Figure 4, and which are finally assigned to different “spin-
isomers” of NOsF3 in near-degenerate singlet

1A’ and triplet 3A”
electronic states (Table 1). In the 14NF3 experiment A is observed at
1140 cm� 1 (Figure 4), while A’ is overlapped by a stronger band
due to the 14NF radical at 1120.8 cm� 1.[30b] All three Os� F stretching
bands of singlet NOsF3 (

1A’) are assigned (Table 1) and labeled B
(νs(OsF2): 686.0 cm

� 1), C (ν(OsF’): 641.3 cm� 1), and D (νas(OsF2):
632.3 cm� 1) in Figure 4, respectively. Bands labeled B’, C’ and D’ at
675.8 cm� 1, 660.5 cm� 1 and 607.4 cm� 1, respectively, are assigned
to the three Os� F stretching modes of triplet NOsF3 (

3A”, Table 1).
Finally, a band at 689.6 cm� 1 in Figure 4 is tentatively assigned to
the strongest vibrational mode of NOsF4 (C4v, Table 1). The
tetrafluorides N�MF4 (M=Ru, Os) are likely formed by the
exothermic addition of a fluorine atom to N�MF3 (Table S2).

Pseudo-Jahn� Teller distortion of molecular group 8nitrido
fluorides NMVIF3

The group 8 nitrido fluorides NMVIF3 adopt metal d
2 config-

urations, for which Hund’s rule predicts a high-spin 3A2 ground
state in an undistorted C3v symmetry and two parallel spin
electrons in the twofold degenerate e(dxy,x2-y2)-orbital (jeɛ";eθ"i),
labeled 9e for NFeF3 in the Supporting Information Figure S6.
Three e2 terms (four states) can be formed, 3A2 (jeɛ";eθ"i),

1A1 (
p

1=2 [jeɛ";eɛ#i+ jeθ";eθ#i]),
1Eθ (
p1=2 [jeɛ";eɛ#i– jeθ";eθ#i]) and

1Eɛ
(
p1=2 [jeθ";eɛ#i+ jeθ#;eɛ"i]). Due to the nondegenerate nature
and totally symmetric charge distribution of the 3A2 state no
Jahn� Teller distortion is expected.[31] Other distributions of the
electrons, as outlined above, result in configurations with lower
spin and the absence of low-lying triplet excited states rule out
obvious ground state pseudo-Jahn� Teller distortions.

Nevertheless, as shown in Figure 5 and in agreement with
experimental vibrational assignments, all four NMF3 species
possess surprisingly different structures and the C3v symmetric
ground state was only verified for NFeF3. In case of NRuF3,
extensive CCSD(T)/CBS calculations (Table S10) find the high
symmetric 3A2 is just about 5 kJmol

� 1 higher than the distorted
1A’ ground state. According to our experimental data, NOsF3
features two quasi-degenerate, distorted structures in 1A’ and
3A” electronic states, separated by only ΔET � S= � 1.3 kJmol

� 1

(CCSD(T)/CBS, Table S11).
To elucidate these findings, adiabatic potential energy

surface (APES) scans were carried out using state-averaged
complete active space self-consistent field calculations by
distributing eight electrons in the eight molecular orbits formed
by the metal (n-1)d and N(2p) orbitals (SA-CASSCF(8,8)) with
subsequent NEVPT2 treatment to recover dynamic correlation.
Shown in Figure 6a–c are cross sections along a distortion
coordinate (D) that connects the two stationary points of the

Table 1. Calculated and experimental vibrational wavenumbers (ν(14N) in
cm� 1) and 14/15N isotopic shifts (Δν in parentheses) for NFeF3, NRuF3, NRuF4,
NOsF3 and NOsF4.

Exp.[a] CCSD (T)[b] Assignment

NFeF3 (C3v,
3A2)

[c]

946.4 (� 23.7)[d] 1028 (� 26)[e,f] NFe str., a1
766.8/766.7 (0) 737 (0)[f] FeF3 str., e
658.8 (� 1.1) 689 (� 2)[f] FeF3 str., a1
N102RuF3 (Cs, 1A’)[g]

1105.4 (� 32.7) 1085 (� 32) NRu str., a’
–[h] 682 (0) F’-Ru str., a’
668.5 (0) 678 (0) antisym. F� Ru-F str., a”
635.8 (0) 649 (0) sym. F� Ru-F str., a’
N102RuF4 (C4v,

2B1)
[g]

1098.5 (� 32.5) 1080 (� 32) NRu str., a1
700.1 (0) 711 (0) RuF4 stretch, e
–[h] 681 (0) RuF4 stretch, a1
–[j] 598 (0) RuF4 stretch, b2
NOsF3 (Cs,

1A’)
1140.1 (� 35.5) 1152 (� 36) NOs str., a’
686.0/686.6 (0) 689 (0) OsF2 sym. str., a’
641.3/640.0 (0) 664 (0) OsF’ sym. str., a’
632.3 (0) 652 (0) OsF2 antisym. str., a”
NOsF3 (Cs,

3A”)
1086.0 (� ) [i] 1095 (� 36) [i] 15NOs str, a’
675.8/677.0 675 (0) OsF2 antisym. str., a”
660.5/658.9 (0) 668 (0) OsF2 sym. str., a’
607.4 (0.0) 614 (0) OsF’ sym. str., a’
NOsF4 (C4v, 2B1)
–[k] 1145 (� 36) NOs str., a1
–[k] 706 (0) OsF4 stretch, a1
689.9 (0) 693 (0) OsF4 stretch, e
–[j] 635 (0) OsF4 stretch, b2

[a] Neon matrix; matrix sites are separated by a slash. [b] Intensities from
DFT calculations available in Table S4. [c] M06-L/def2-QZVP: 785 a1 (� 11)
[12], 703 e (0) [200], 617 a1 (� 1) [40]. [d]

14/15N isotopic ratio: 1.0256. [e] 14/
15N isotopic ratio: 1.0257. [f] NEVPT2/aug-cc-pwCVTZ-DK. [g] For the
experimentally observed Ru isotope splitting see Tables S5–S7 and
Figures S4 and S5). [h] Band is likely hidden by the stronger antisymmetric
F� Ru-F stretching mode (a’’). [i] ν(15N� Os) in cm� 1, see text. [j] Not IR
active. [k] Too weak or overlapped.
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1A’ surface, at D= � 1 and 1, respectively, via the high-symmetry
C3v stationary point at D=0.

The distortions take place along one component of the lowest
(NFeF3, NRuF3) or imaginary (NOsF3) degenerate e normal mode in
the high-symmetry C3v configuration. Therefore, mainly bond
angle distortions are involved, in particular the dihedral angle

F’� M� N� F (α, Figure S9), and the valence angles N� M� F’ (β,
Figure 5), and N� M� F (γ). The sign of the distortion D in Figure 6
indicates a widening (positive) or closing (negative) of α. Differ-
ences in these angles and in the three nonequivalent bond
distances between two localized stationary points in CS symmetry
were divided into equal incremental steps and used as intermedi-
ate internal coordinates in the APES calculation for each step
(Tables S14–S17). In the case of Figure 6d the distortion in the
positive direction was carried out using the NOsF3

3A” minimum
structure at D=1. The graphs shown in Figure 6a–d represent the
energies of the terms arising from the electronic e2 configuration,
as outlined above. They demonstrate the propensity of trigonal
group 8 nitrido complexes in the oxidation state VI to be subject
to a PJT distortion. Other trigonal systems displaying a (A+E) ⊗ e
Pseudo-Jahn� Teller effect (PJTE) that is “hidden” in excited states
(h-PJTE) have already been described.[27a,31] The condition for a
distorted ground state minimum structure caused by the h-PTJE is
that the PJT stabilization energy of an excited state (EPJT) is larger
than the energy gap Δ0 between the ground state in the high-
symmetry configuration and the PJT active excited state (EPJT>Δ0,
see Figure 6, a–c).[27a] The global minimum of the APES of NFeF3
shown in Figure 6a is located at the high-symmetry point. The
stationary points on the 1A’ (blue line) surface are a local minimum
(D=1) and a first-order saddle point (D= � 1) without surface
crossings in between. Consistent with the experimental vibrational
data the global minimum is the high symmetry configuration. The
h-PJTE in the 1E state is not strong enough to distort the high-

Figure 5. Ground-state structures of NMF3 and NMF4 calculated at the CCSD
(T)/aVTZ (M=Ru, Os, M: aVTZ-PP) and the NEVPT2/aVTZ-DK (NFeF3, Fe:
awCVTZ-DK) levels of theory. Bond lengths are given in pm and angles in
degrees. β denotes the N–M–F’ and δ the F� M� F angle for structures with Cs
symmetry.

Figure 6. Cross section of the APES for the terms arising from the electronic e2 configurations of a) NFeF3, b) NRuF3, c), d) NOsF3 along the distortion
coordinate (D) connecting stationary points located at D=1, 0 and � 1, respectively, on the 1A’ (blue line) and the 3A2 (

3A”, black line) surfaces. Minimum
points are marked with an asterisk, and first-order saddle points with a hash mark. The PJT stabilization energy (EPJT) of the lowest excited state, its excitation
energy at C3v symmetry (Δ0), and the

1E–1A1 energy gap (Δ12) are indicated in (a)–(c).
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symmetry configuration. The PJT stabilization energy, EPJT, is about
0.39 eV and smaller than the 1E-3A2 energy gap Δ0=1.36 eV. The
1A’ minima, which features a (jeθ";eθ#i) electronic configuration,
and the 3A2 minima are separated by about 0.86 eV. The angular
distortion from D= � 1 to D=1 at the 1A’ surface extends from
about 101°–132° (α), 100°–120° (β), and 112°–104° (γ).

The cross section of the APES of NRuF3 along the distortion
coordinate from D=0 to D=1 illustrated in Figure 6b shows
that one of the components of the 1E term is stabilized by the
strong PJT coupling with the excited 1A1 state. It crosses the

3A2
ground state of the undistorted high-symmetry configuration
to produce the global minimum with a distorted structure. The
triplet-singlet spin crossover is associated with an orbital
disproportionation,[27a] because in the distorted structure the
electrons are paired in one eθ orbital (jeθ";eθ#i) instead of the
symmetric distribution (jeɛ";eθ"i) in the undistorted configura-
tion. Accordingly, we find that EPJT=0.76 eV is larger than Δ0=

0.64 eV. The high-spin 3A” state is higher in energy by only
~0.12 eV and it has an energy barrier of ~0.25 eV to the point
of spin crossover with the low-spin 1A’ state.

Figures 6c and d exhibit four relevant low-lying stationary
points on the 1A’ and 3A” APES of NOsF3. The h-PJTE in this case
produces a minimum with a distorted 1A’ structure at D= � 1
and accordingly, the orbital disproportionation and spin cross-
over leads to a (jeɛ"; eɛ#i) configuration with EPJT=0.82 eV and
Δ0=0.60 eV. Unlike the former two cases, the 3A2 high-
symmetry configuration of NOsF3 does not represent a mini-
mum point, but a first order saddle point. Following the ɛ
component of the imaginary e mode in Figure 6d we find – in
accordance with the CCSD(T)/CBS results – an energetically
quasi-degenerate distorted 3A” minimum that shows orbital
disproportionation, but no spin crossover about 0.1 eV (or
0.7 kJmol� 1) lower than the 1A’ state. The energy barrier of the
spin crossover point is ~0.27 eV (CCSD(T)/VTZ-PP: 0.24 eV,
Table S12), a significant barrier connecting both stationary
points at the experimental cryogenic conditions. These findings
support the observation of two different species in the
experimental infrared spectra which correspond to species in
different 1A’ and 3A” electronic states. We did not analyze the
source of the distortion of the high-spin minimum (3A”). But,
under the premise that PJTE is the only source for symmetry
breaking of non-degenerate high-symmetry states,[27b,31] the
source is most likely an interacting triplet 3E excited state.

Discussion

All metal specific bands showing a 14/15N isotopic shift were
successfully assigned. Bands due to binary fluorides are always
present in experiments using IR laser ablation of metals in the
presence of molecular fluorides as precursors. They are likely
formed by recombination of metal atoms and atomic fluorine
radicals formed by thermal or photolytic decomposition of the
fluoride precursor in the hot plasma plume region or by the
decomposition of metal fluoride product molecules. However, the
very strong NF3 precursor bands and comparatively weak NF and
NF2 bands in all spectra suggest that the formation of the NMF3

title product can be attributed to the reaction of M and NF3. Lower
nitrido fluorides NMF or NMF2 could in principle also be formed
through the cleavage of a metal-fluorine bond or by the reaction
of metal atoms with NF or NF2, but have so far not been
identified.[25,26,30c,33] The addition of fluorine to NMF and NMF2 to
yield NMF3 and also the formation of NMF4 for M=Ru and Os are
calculated to be exothermic (Table S2).

As shown here, all the trigonal NMF3 species possess two
equilibrium configurations with different spin multiplicities,
while those of NRuF3 and NOsF3 are close in energy. Such a
magnetic and structural PJT induced bistability may also be
possible for ligand-stabilized trigonal nitrido d2 metal com-
plexes. Such compounds are of interest for molecular switching,
especially when symmetry breaking is involved (as for NFeF3
and NRuF3).

[34]

The different stationary structures that were obtained for the
group 8 NMF3 molecules shown in Figure 5 possess surprisingly
different electronic configurations, as outlined above and summar-
ized in Figure 7 (for molecular orbital plots, see Figures S6 and S8).
The different 1A’ electronic ground states of NRuF3 and NOsF3 arise
from the pairing of two unpaired electrons in different orbitals,
which are associated with two different structural distortions. The
HOMO of NRuF3 (

1A’) is of a” symmetry, which is consistent with a
widening of the F� M� F angle, whereas the HOMO of NOsF3 (

1A’) is
of a’ symmetry, which shows a reduction in the F� M� F angle
bisected by the σ plane in Cs symmetry (Figure 5). The d

1 metal
configuration for the heptavalent tetrafluorides NRuVIIF4 and
NOsVIIF4 (C4v) give rise to a 2B2 electronic ground state (see
Figure S7 for the singly occupied MO).

The effective bond orders[35] (EBOs) for NOsF3, NRuF3 and
NFeF3 are 2.8, 2.7 and 2.2, respectively, which in fact corresponds
to triple bonds for all these M� N bonds. The computed M� N
bond lengths for the novel nitrido compounds (153 pm (FeN),
159 pm (RuN), 163–164 pm (OsN), Figure 7) are close to our
published triple bond additive covalent radii: 156 pm (FeN),
157 pm (RuN) and 163 pm (OsN),[36] and also the experimental
N� M stretching frequencies (Table 1) support the presence of
strong M�N triple bonds in the novel hexavalent nitrido
complexes NMVIF3. We note that the experimental ν(Fe�N)
frequency of NFeVIF3 of 946 cm

� 1 (Table 1) is not well reproduced
by calculations at DFT or CCSD(T) levels (Table S3) and is also

Figure 7. Comparison of the different d2 electron configurations of the NMF3
species (M=Fe, Ru, Os). The metal centered a’ and a”-MOs are dominantly
M(dx2–y2) and M(dxy) atomic orbitals, respectively.
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overestimated by the more sophisticated NEVPT2 multi-reference
approach (ν(Fe�N)=1027 cm� 1, Table S3). On the other hand, its
comparison with experimental Fe�N stretching frequencies for
pseudo-tetrahedral NIVFeL3 complexes, previously reported at 1008
([FeIV(N)(TIMENMes)]+),[24c] 1028 ([FeIV(N)(PhB(tBuIm)3]),

[24b] and
1034 cm� 1 ([FeIV(N)-(PhB(CH2P

iPr2)3];
[9] Table S1) suggests that an

increase in the iron oxidation state beyond V does not necessarily
lead to a stronger Fe�N bond.

Table 2 shows experimental M� N stretching frequencies of
molecular NMF3 species formed by the reaction of NF3 with laser-
ablated transition metals. For the d0 configurations of all group 4
and group 6 nitrido trifluorides the ideal pseudo-tetrahedral C3v
symmetric arrangement was experimentally verified, since there
are no electrons in the nonbonding e(dxy,x2 � y2) orbitals that could
cause distortions.[25,33] The e3 configuration of NRhF3 and NIrF3
leads to Jahn� Teller distorted spin doublet ground states in Cs
symmetry.[26] So far, no experimental data are available for the
group 10 derivatives, and for the group 11 analogues only the
initial metal insertion products F2N� M

IIF were detected after matrix
deposition (irradiation of F2NCuF led to rearrangement to
metastable FN=CuF2).

[30c]

The M� N stretching normal mode of the terminally bond
nitrogen ligands of the nitrido trifluorides can regarded to be a
good approximation as an almost pure and uncoupled metal-
nitrogen stretching mode that can be used as a measure of the
M� N bond strength. The NMIVF3 derivatives of the group 4 metals
possess a singly bonded triplet nitrene (3N� ) ligand, since the
ligand cannot oxidize the d0 metal center any further. The two
unpaired electrons in the N(2p) orbitals are reported to be
involved in weak degenerate π bonding interactions for M=Ti@
Zr, Hf.[33] In contrast, the group 6, 8 and 9 NMVIF3 molecules show a
N�M triple bond with one σ and two π bonds to the terminal
nitrido (N3� ) ligand. The strength and overlap of these bonds
increases going down the groups likely due to an improved
M(πd)� N(πp) orbital overlap as a result of an increasing relativistic
expansion[37] of the 4d and 5d orbitals and the absence of metal
core/ligand repulsion proposed in first-row transition metal
compounds.[38] The general trend of increasing N� M bond
strength moving along the rows culminates in the highest
observed M� N stretching frequency for NIrF3. Unexpectedly, this
trend does not apply to NFeF3 which shows a lower M� N
stretching frequency than the group 6 homologue (M=Cr). The
lower stability of high-valent first row late transition metals is well
known.[1a,39] In the series of 3d NMVIF3 compounds, for M=Fe it
seems we have reached the limit of stability. NCoVIF3 is not a stable
compound and only FNCoF2 has been observed experimentally.

[26]

For the 4d element Rh it was found that the rearrangement of the

fluoro nitrene complex FNRhF2 into N�RhVIF3 is only slightly
exothermic (ΔH0= � 12 kJmol� 1, CCSD(T)), which enables the
observation of both rearrangement products.[26]

Within the atoms in molecules (AIM) scheme[40] the partial
negative charge at the nitrido ligand in NMVIF3 increases from M=

Fe to Os (Tables S9 and S13), which indicates a decreasing electron
withdrawing effect of the MVIF3 fragment within this group. For
M=Fe and Ru the negative charge at the nitrogen atom also
decreases from NMF2 (M=Fe: � 0.35, Ru: � 0.40) to NMF3 (M=Fe:
� 0.25, Ru: � 0.35), while for M=Os it remains unchanged (NOsF2:
� 0.50, NOsF3: � 0.49). As expected, fluorination of NMF3 further
decreases the atomic charge of the nitrido ligand in NMF4 (M=Ru:
� 0.25, Os: � 0.40, Table S9). The high oxidation potential of FeVI in
NFeF3 leads to relatively high σ* and π* occupation numbers (0.2
and 0.3 electrons, respectively; Figure S6). These indicates a
weakened covalent N� Fe bond, for which the formal N3� nitride
notations seems to be a very poor approximation. The occupation
of formally antibonding MOs also indicates an oxidation, and thus
the onset of a redox non-innocent behavior of the nitrido ligand.

Conclusion

The nitrido complexes NFeF3, NRuF3, NRuF4, NOsF3 (
1A’), NOsF3 (

3A”),
and NOsF4 were shown to be formed by the reaction of free group
8 metal atoms with NF3 and established by their characteristic IR
spectra recorded in solid neon matrices. Their assignment is
supported by observed 14/15N isotope shifts and quantum-chemical
predictions. All stretching fundamentals of the NMVIF3 complexes
were confidently assigned. For the C4v symmetric NRuF4 two distinct
bands were confidently assigned, whereas for NOsF4 only the
strongest band was tentatively assigned. Based on the joint
experimental IR and quantum-chemical analysis the half-filled e2

configuration of NFeF3 can be assigned to an undistorted C3v
structure in a non-degenerate 3A2 electronic ground state. NFeF3
features an unprecedented low Fe�N triple-bond frequency of
946.7 (14N�Fe) and 922.7 cm� 1 (15N�Fe). The heavier group 8 NMF3
homologues are subject to symmetry lowering and spin-crossover
caused by a pseudo Jahn� Teller effect “hidden” in the excited
states. While the electronic ground state of NRuF3 is a structurally
distorted singlet 1A’ state (CS symmetry), for molecular NOsF3 two
coexisting distorted CS structures with high-spin and low-spin d2

configurations (magnetic bistability) were detected at 5 K in solid
neon. To the best of our knowledge, apart from O2Fe(η

2-O2),
[3–5] no

other neutral FeVI complexes or molecular neutral complexes of RuVII

have yet been reported, and after OsOF5,
[1f] NOsF4 is the second

known monomeric OsVII compound.

Table 2. Experimental M� N stretching frequencies [cm–1] of NMF3 molecules formed by the reaction of NF3 with transition metals of group 4, 6, 8, 9, and 11.

Row Group 4[a] Group 6[b] Group 8[c] Group 9[d] Group 11[30c]

3d 596.7 (Ti, C3v,
3A1) 1015 (Cr, C3v,

1A1) 946.4 (Fe, C3v,
3A2) FN=CoF2 only F2N-CuF, FN=CuF2

4d 553.1 (Zr, C3v,
3A1) 1075 (Mo, C3v,

1A1) 1098.5 (Ru, Cs,
1A’) 1116.1 (Rh, Cs,

2A’) [Ne]
1112.5 [Rh, Ar] [e]

F2N� AgF only

5d 548.1 (Hf, C3v,
3A1) 1091 (W, C3v,

1A1) 1140.1 (Os, Cs,
1A’)

1086.0 (Os, Cs,
3A”)

1150.4 (Ir, Cs,
2A’) [Ne]

1144.6 [Ir, Ar]
F2N� AuF only

[a] Ar matrix.[33] [b] Ar matrix.[25] [c] Ne matrix (this work). [d] Ne and Ar matrices.[26] [e] Formation of N�RhF3 along with FN=RhF2.
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Fluorine Chemistry

Fluoro Nitrenoid Complexes FN=MF2 (M = Co, Rh, Ir): Electronic
Structure Dichotomy and Formation of Nitrido Fluorides N/MF3

Tony Stgker, Thomas Hohmann, Helmut Beckers, and Sebastian Riedel*

Abstract: The fluoronitrenoid metal complexes FNCoF2 and
FNRhF2 as well as the first ternary RhVI and IrVI complexes
NIrF3 and NRhF3 are described. They were obtained by the
reaction of excited Group-9 metal atoms with NF3 and their IR
spectra, isolated in solid rare gases (neon and argon), were
recorded. Aided by the observed 14/15N isotope shifts and
quantum-chemical predictions, all four stretching fundamen-
tals of the novel complexes were safely assigned. The F@N
stretching frequencies of the fluoronitrenoid complexes
FNCoF2 (1056.8 cm@1) and FNRhF2 (872.6 cm@1) are very
different and their N@M bonds vary greatly. In FNCoF2, the
FN ligand is singly bonded to Co and bears considerable
iminyl/nitrene radical character, while the N@Rh bond in
FNRhF2 is a strong double bond with comparatively strong s-
and p-bonds. The anticipated rearrangement of FNCoF2 to the
nitrido CoVI complex is predicted to be endothermic and was
not observed.

Introduction

Fluoronitrenoid metal complexes are underexplored
compounds as only two examples have been reported so far,
FNReF5 and FNCuF2.

[2] This is most likely due to the fact that
they bear a reactive FN function and are not readily available.
In general, late transition-metal-nitrogen multiple bonds have
attracted particular interest after having been found to enable
the conversion of ubiquitous C@H and C@C bonds into
valuable C@N bonds as either catalysts or intermediates.[3,4–6]

Detailed knowledge of the geometry and electronic structure
of such compounds are vital to elucidate the nature and
mechanism of these reactions.[4] While nitrido complexes
usually feature a M/N triple bond,[4, 7] the imido ligand NR2@

exhibits a M=N double bond in complexes with a bent M=N@
R linkage (Scheme 1).[4] However, it has been mentioned that
the energy required to change the M=N@R angle from bent to
linearity is often small, and indeed, transition metal imido
complexes bearing sterically encumbered ligands to protect
the reactive metal-nitrogen multiple bond often feature short

M@N bond lengths and nearly linear angles about the M@N@
R linkage (Scheme 1).[4, 5]

In this bonding Scheme the anionic NR2@ imido ligand is
expected to bear a nucleophilic character in its reactions. The
polarities of both the s and p bonds are important factors that
govern the reactivity of imido complexes.[4, 5] As one moves
from early to late transition metals, the binding energy of the
metal d-electrons increases, and an imido ligand becomes less
nucleophilic. This applies in particular to late transition
metals in higher oxidation states. In fact, the imido ligands in
late 3d transition metal complexes are often so electrophilic
that these complexes can be better described as metal-nitrene
complexes (Scheme 1). Formally, an imido complex differs
from a nitrene complex in the formal charge of the ligand and
thus in the oxidation state of the metal (Scheme 1). An imido
species suggests a dianionic imido ligand (NR2@), whereas
a neutral nitrene ligand is usually the result of a predominantly
covalent nitrogen-metal bond. In the case of neutral, cova-
lently bound ligands, no polarization of bonding electrons
towards the ligand and no or only little charge transfer from
the metal to the ligand is generally to be expected. Addition-
ally, not long-ago a few examples were reported where an
iminyl radical (2NRC) is coordinated to a transition metal.[8]

Metal-imido cores containing iminyl radical ligands are
proposed as reactive intermediates in a number of metal

Scheme 1. Simplified scheme[1] for the interactions of a metal center
and an anionic imido (formal NR2@, top) and a neutral nitrene
(bottom) ligand, respectively, in linear and bent nitrenoid complexes.
The charge of the NR ligand in the ionic (NR2@) and neutral (NR)
approximation and the corresponding formal metal oxidation states
are indicated below for uncharged donor ligands L.
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catalyzed aziridination and amination reactions.[5] These and
further possible interpretations of the electronic structures of
terminal metal nitrenoid complexes (e.g., imido, M(RN2@);
iminyl, M(2RNC); nitrene, M(RN); and triplet nitrene
(3RNCC)[9] demonstrate the diversity of the metal-nitrogen
bond in M@N@R complexes.

We became interested in fluoronitrenoid complexes of the
group 9 metal difluorides, F@N=MF2, M = Co, Rh, Ir. These
simple nitrene complexes should allow a rigorous experimen-
tal and quantum-chemical comparison of the electronic
properties of the CoIV complex with those of its heavier
congeners. Fluoronitrenoid-metal complexes show more
complex nitrenoid-metal binding modes and new reactivities.
The fluoronitrene ligand shares some similarities with the
oxygen molecule, since the nitrogen 2p electrons involved in
metal-nitrogen bonding are accommodated in a degenerate
pair of p*(F@N) orbitals. Hence any metal-to-ligand charge
transfer in a fluoronitrene complex will increase the occu-
pancy of these p*(F@N) orbital, rendering the N@F stretching
frequency a highly sensitive probe for the polarity and the
strength of the N=M bond: a weak nitrogen-metal bond in
a metal-nitrene complex result in a strong fluorine-nitrogen
bond and vice versa. Utilizing the F@N functionality and
relying upon a high metal-fluorine bond energy we have
targeted the synthesis of high-valent nitridometal trifluorides
N/MF3, starting from the fluoronitrene complexes by an
oxidative F@N to M@F fluorine migration, by which the
formal metal oxidation state will be increased by two units. As
far as we know, molecular nitridometal trifluorides, NMF3,
are known only for the early transition metals of group IV
(M = Ti, Zr, Hf[10]) and VI (Cr, Mo, W[11]). Notably, the formal
metal oxidation state VI in N/MF3 (M = Co, Rh, Ir) is rare,
with IrO3, Ir(h2-O2)O2, IrF6, Rh(h2-O2)O2 and RhF6 as the
only examples.[12] Terminal nitrido complexes of very high
formal oxidation states have been predicted very recently,[13]

however, such high-valent group 9 metals are still unknown.
They would be of particular interest for cobalt, since the
highest oxidation state reported for any molecular complex of
cobalt is V, for example, the well-known [Co(1-norbornyl)4]

+

or in the tricoordinated cationic bis(nitrene) cobalt complex
[(IMes)Co(NDipp)2]

+.[6, 14] The latter low-coordinated cation-
ic complex is supported by the strongly electron-donating and
sterically demanding N-heterocyclic carbene ligand IMes, and
has been obtained by oxidation of the corresponding neutral
bis(nitrene) CoIV complex. Interestingly, theoretical calcula-
tions indicated that the frontier molecular orbitals of these
bis(nitrene) complexes have near-equal contributions from
both the cobalt center and the nitrene ligand orbitals,
indicating that the spectroscopic oxidation states for these
cobalt centers are likely to be lower than IV and V,
respectively. Apart from these bis(nitrene) complexes, the
majority of the known cobalt nitrenoid complexes have low
spin CoIII centers which are supported, for example, by bulky
ancillary tripodal or bidentate ligands to achieve kinetic
stabilization.[15] To the contrary, terminal nitrido complexes of
cobalt still remain elusive.[16]

Results and Discussion

To obtain the group 9 metal difluorides, F@N=MF2 (M =

Co, Rh, Ir), we have studied the gas-phase reaction of the
laser-ablated free metal atoms with NF3 seeded in a 1:1000
excess of neon or argon. The reaction products were
deposited on a gold-plated copper mirror cooled to 5 and
12 K and IR-spectroscopically investigated (for experimental
details see the Supporting Information). According to pre-
liminary calculations at the DFT-B3LYP and BP86 levels of
theory the direct insertion of the excited metal atoms into the
F@N bond of NF3 to F2N@MF, and the subsequent fluorine
migration from nitrogen to the metal center to yield the
desired FN=MF2 is highly exothermic for all three metals
(Figure 1, Table S1). However, the expected rearrangement
of the fluoronitrene to a high-valent nitrido trifluoride N/
MF3 is found to be endothermic for the cobalt complex,
rendering FN=CoF2 the most stable CoF3N isomer. To the
contrary, this rearrangement is slightly exothermic for the
rhodium nitrene complex (DH0 =@12 kJmol@1, CCSD(T)),
and becomes strongly exothermic for the iridium congener
(DH0 =@98 kJ mol@1, CCSD(T), Table S1), which rendered
the detection of the iridium nitrene complex difficult if not
impossible.

These predictions were fully supported by the analysis of
the experimental IR spectra of the deposits in solid neon
shown for cobalt (Figure 2), rhodium (Figure 3) and iridium
(Figure 4). Complementary argon spectra for the experiments
using rhodium and iridium have also been recorded and
shown in the supporting information, Figures S1–S3. These
spectra are dominated by strong bands of the NF3 precursor
(Figure S4, Table S2 and Ref. [17]) and its plasma radiation
induced decomposition products NF and NF2.

[18] However,
the assignment of IR bands associated with the targeted
nitrene and nitrido complexes is facilitated by a characteristic
14/15N isotope shift exhibited by all modes in which the
nitrogen atom is significantly involved. These isotope shifts
are indicated in the experimental spectra shown in the
Figures 2–4. They were obtained in experiments using 15NF3,
which was synthesized from 15N2 and F2 mixtures in an electric

Figure 1. Stationary points on the reaction coordinate obtained at the
B3LYP level of theory for the formation of the nitrido complexes N/
MF3 (M = Co, Rh, and Ir) from the free metal atoms M and NF3. See
Table S1 for more details.
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discharge.[19] While a detailed report about the spectral
assignment is given in the Supporting Information, it should
be mentioned here, that bands due to binary metal fluorides
MFn also appeared in these spectra, however these were
safely assigned in nitrogen-free experiments, in which NF3

was replaced by elemental fluorine. In these experiments
none of the bands assigned to a nitrogen-containing species
appeared. Furthermore, by comparing spectra of experiments
using different group 9 metals, the desired metal dependent
bands were identified. A list of all observed IR bands
associated with the target compound is shown in Table 1
together with their approximate assignment and supporting
predictions from quantum-chemical calculations.

In the experiment using laser-ablated Co atoms and NF3

four IR bands were obtained that displayed a characteristic 14/

15N isotope shift (labeled A–D in Figure 2) and their assign-
ment to the targeted fluoronitrene complex FNCoF2 is well
supported by prediction on the CASPT2/cc-pVTZ-DK level
of theory (Table 1). The values obtained using single refer-
ence correlation methods did either not converge (CCSD(T)),
or did not yield qualitatively consistent results (B3LYP and
BP86). Bands associated to the desired nitrido complex
NCoF3 were not detected, which is consistent with the
significant higher energy of this isomer. On the other side,
in the spectra obtained from laser-ablated Ir atoms and NF3

our search for bands due to FNIrF2 was unsuccessful and only
the nitrido complex NIrF3 was formed. Again, this reflects the
lower stability of the former species, which exothermically
rearranged to the lowest energy isomer. Here, too, four bands
were assigned to NIrF3 (marked with A’’–D’’ in Figure 4), of
which only two revealed a 14/15N isotope shift. Quantum-
chemical calculations (Table 1) performed at the DFT (BP86,
B3LYP) and CCSD(T) levels of theory fully support these
assignments. The IrF3 stretching modes are split into three
components due to a first order Jahn–Teller distortion for the
anticipated 5d3 configuration, which reduced the full C3v point
group symmetry to Cs symmetry (for structures see Figures 5,
S5, and Table S3). All three Ir@F stretching modes were
observed, but only the band associated with the Ir@F’ bond,
which resides in the mirror plane together with the N@Ir
bond, show a small 14/15N isotope shift.

The assignment of the IR spectra obtained after co-
depositing evaporated rhodium and diluted NF3 (Figure 3)
was more puzzling. In these experiments both the anticipated
compounds are finally detected in the solid matrices and for
each all four stretching bands were successfully assigned
(Table 1). As described above for the corresponding Iridium
compound also for NRhF3 a 14/15N isotope shift was observed
for the N@Rh and the Rh@F’ stretching modes (Figure 3, A’’
and D’’, respectively). Our CCSD(T) calculations for this
species yield two imaginary frequencies which likely are
caused by a close-lying excited electronic state which
interferes with the calculation of displaced steps during the

Figure 2. Infrared transmission spectra obtained after co-depositing
laser-ablated cobalt atoms with 0.1% 14NF3 in neon (a), with 14NF3

after annealing to 10 K (b) as well as with 15NF3 (c), with subsequent
annealing to 10 K (d). Bands attributed to FNCoF2 are labeled A–D,
and their 14/15N isotope shift is indicated. The cutout band labeled A is
enhanced by factor 5. Further assignments are NF2 (asterisk), NF3

(circle) and CoFn (square). The pound sign marks an unassigned
product band.

Figure 3. Infrared transmission spectra in the 1125–1075 cm@1 (left),
900–725 cm@1 (center) and 675–525 cm@1 (right) region from co-
depositing laser-ablated rhodium atoms with 0.1% 14NF3 in neon (a),
and co-depositing rhodium with 15NF3 in neon (b) with subsequent
full-arc photolysis (c) and annealing to 12 K (d). Bands attributed to
FNRhF2 are labeled A–D and those assigned to NRhF3 are marked by
A’’–D’’. Their 14/15N isotope shift is indicated. The enhanced inset shows
the small 14/15N isotopic shift of D’’. Further assignments are NF
(asterisk) and NF3 (circle). The pound sign marks an unassigned
product band which is the only band that gains intensity upon
annealing.

Figure 4. Infrared transmission spectra in the 1200–1100 cm@1 (left)
and 630–550 cm@1 (right) region from co-deposition of laser-ablated
iridium atoms with 0.1% 14NF3 (a) and 0.1% 15NF3 (b) in neon. Bands
attributed to NIrF3 are labeled A’’–D’’, and their 14/15N isotope schift is
indicated. Bands associated with NF3 are marked by a circle.

Angewandte
ChemieResearch Articles

23176 www.angewandte.org T 2020 The Authors. Published by Wiley-VCH GmbH Angew. Chem. Int. Ed. 2020, 59, 23174 – 23179

4. Publications

66



numerical hessian calculation where the symmetry is lowered
to C1. However, the structure obtained at the B3LYP level of
theory is close to the one obtained at the CCSD(T) level
(Figures 5 and S5) and the good agreement of the B3LYP
results for NIrF3 with the experimental frequencies suggest
a good performance also for the NRhF3 species. The 14/15N
isotope shift observed for the nitrene complex FNRhF2 is well
distributed between the F@N and the N@Rh stretching bands
(Figure 3, bands A and B, respectively) indicating a strong
vibrational coupling between these two modes. Analyzing the
N@M and F@N stretching frequencies of FNCoF2 and
FNRhF2 we found surprisingly large differences in the
bonding of the fluoronitrene ligand. In general, the two singly

occupied anti bonding p*(F@N)-orbitals of the FN ligand
form a s and a p bond to these metal centers, as depicted in
the qualitative molecular orbital (MO) interaction diagram
shown in Figure 6. The F@N mode of FNCoF2 (1056.8 cm@1)
appeared red-shifted by 62.6 cm@1 from the absorption of
free, neutral FN (1119.4 cm@1),[11] indicating the presence of
an almost neutral nitrene ligand, while the corresponding
mode of FNRhF2 (872.6 cm@1) is much stronger red-shifted by
246.8 cm@1.

On the other side, the low N@Co stretching frequency of
FNCoF2 (586.1 cm@1) is most likely associated with a N@Co
single bond, while the N@Rh frequency of FNRhF2

Table 1: Comparison of infrared band positions (cm@1) and isotopic shifts (cm@1, in parenthesis) observed in solid neon and argon with calculated
values [intensities in kmmol@1 in brackets] and their assignment in terms of an approximate description of the vibrational modes.[a]

Neon Argon BP86 B3LYP CCSD(T) Assignment

FNCoF2

1056.8 (@21.4) –[b] 870 (@19) [220] 1080 (@20) [293] 1152 (@22) [–] [c] F@N str. [a’]
751.7 (@0.1) –[b] 732 (0) [123] 764 (0) [171] 859 (@0.3)[–][c] antisym. F@Co@F str. [a’’]
629.6 (@3.5) –[b] 627 (@1) [63] 611 (0) [60] 651 (@1) [–][c] sym. F@Co@F str. [a’]
586.1 (@12.1) –[b] 765 (@17) [37] 442 (@13) [12] 609 (@16) [–] [c] N@Co str. [a’]

NRhF3

1116.1 (@33.0) 1112.56 (@33) 1087 (@32) [48] 1113 (@33) [55] – N@Rh str. [a’]
626.2/ 624.8 (0)[d] 612.0 603 (0) [96] 625 (0) [118] – antisym. F@Rh@F str. [a’’]
622.2/ 622.8 (0)[d] 610.5 601 (0) [48] 618 (0) [63] – sym. F@Rh@F str. [a’]
542.5 (@0.4) 539.9 (@0.5) 562 (0) [45] 581 (0) [52] – Rh@F’ str. [a’]

FNRhF2
[e]

872.6 (@18.9) –[b] 850 (@24) [103] 935 (@24) [168] 872 (@16) [–] F@N str. [a’]
761.4 (@18.0) 760.1 (@19.6) 721 (@12) [181] 786 (@16) [117] 707 (@19) [–] N@Rh str. [a’]
655.1 (0) 638.9 (0) 625 (0) [132] 641 (0) [150] 652 (0) [–] antisym. F@Rh@F str. [a’’]
596.7 (0) 585.9 (@0.5) 572 (@0.3) [101] 594 (@0.3) [75] 580 (@2) [–] sym. F@Rh@F str. [a’]

NIrF3

1150.4 (@36.0) 1144.6 (@35.8) [f ] 1121 (@35) [22] 1158 (@36) [23] 1126 (@36) [–] N@Ir str. [a’]
659.8 (0) –[g] 618 (0) [34] 635 (0) [43] 653 (0) [–] sym. F@Ir@F str. [a’]
651.6/648.9 (0)[c] –[g] 618 (0) [132] 634 (0) [147] 650 (0) [–] antisym. F@Ir@F str. [a’’]
562.1 (@0.2) 560.1 (@0.5)[f ] 562 (0) [36] 581 (0) [40] 607 (0) [–] Ir@F’ str. [a’]

[a] Only normal modes predicted in the experimentally observable range (~n >400 cm@1) are listed. A full list of computed frequencies is presented in
the Supporting Information. For CASPT2 and CCSD(T) no intensities are available; [b] Bands not observed, or too weak. [c] Wavenumbers (isotopic
shifts) obtained at the CASPT2/cc-pVTZ-DK level; [d] Two matrix sites; [e] Wavenumbers (isotopic shifts, in cm@1) obtained using CASPT2/cc-pVTZ-
DK: 981 (@19.5), 756 (@20.4), 672 (0), 623 (@0.5); [f ] Weak bands tentatively assigned. [g] Too weak or overlapped by broad and strong NF3 bands in
this area.

Figure 5. Electronic ground state structures of FNMF2 for M = Co (2A’’,
regular) and Rh (2A’, italic) calculated at the CASPT2/cc-pVTZ-DK level
and of NMF3 for M = Rh (2A’, italic) and Ir (2A’, bold) obtained at the
CCSD(T)/aug-cc-pVTZ(-PP) level of theory. Bond lengths are given in
pm and angles in degree (f denotes the dihedral angle of F-M-F-N).

Figure 6. Simplified MO diagrams for the leading electronic configu-
rations of the 4-electron-3-center F-N-M bond of FNCoF2 (left) and
FNRhF2 (right). The low-energy F@N bonding orbitals are not shown.
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(761.4 cm@1) can be attributed to a N=Rh double bond. These
experimental observations are consistent with calculated
atomic charges for the FN fragment in FNCoF2 (NPA: 0.02,
AIM:@0.02) and FNRhF2 (NPA:@0.25, AIM:@0.20), as well
as Mayer and Wiberg bond orders for the N@M bonds listed in
Table 2, and the calculated N@M bond lengths (M = Co:
177 pm, Rh: 174 pm, Figure 5). To shed light on these striking
bonding differences non-dynamical electron-correlation ef-
fects were taken into account. The results of CASSCF
calculations revealed that the leading configuration (s2p2d1

p*0s*0) associated with the qualitative MO Scheme shown in
Figure 6 contributes only 48% to the 2A’’ ground state of
FNCoF2, followed by states with significant weights which
contain single and double p!p* excitations (Table S4). For
FNRhF2 a much smaller extend of non-dynamic correlation
was determined, since the most dominant configuration as
depicted in Figure 6 contributes to 84 % to its 2A’ electronic
ground state. As a consequence of these correlation effects
significant higher s* and p* populations (0.37 and 0.61,
Figure S6) were found for FNCoF2 compared to FNRhF2 (s*:
0.11, p*: 0.18). The effective bond orders (EBO)[20] derived
from the natural orbitals obtained at the CASSCF level are
1.1 for the Co@N and 1.7 for the Rh=N bond. We also note
a considerable amount of minority spin population at the N
atom (@0.46) in FNCoF2 (Table 2 and Figure S7) antiferro-
magnetically coupled to the majority spin at the Co center
(1.46). The latter spin density can mainly be attributed to the
singly occupied nonbonding d-MO of a’’ symmetry (Figures 6
and S6). Taking these effects into account, the FN unit in
FNCoF2 has at least a considerable fraction of iminyl/nitrene
radical character, which explains the shortened single bond.
The disparities in the metal-nitrogen bonds of these nitrene

complexes can likely be attributed to the peculiarity of
bonding of the strongly correlated first-row transition metal-
ligand bonds. Especially the close internuclear distance
required for an optimum orbital overlap for p bonding is
likely hindered due to Pauli repulsion of the Co 3s,3p core–
shell and the nitrogen ligand orbitals.[21]

For the nitrido complexes NRhF3 and NIrF3 the computed
bond length (162 pm (IrN), 159 (RhN); for comparison:
triple-bond additive covalent radii: 160 pm (IrN) and 160 pm
(RhN),[22] Figure 5) and the experimental stretching frequen-
cies (Table 1) indicate strong N/M triple bonds. An analysis
of the CASSCF(9,8) natural molecular orbitals (Figure S8)
reveals EBOs of 2.7 and 2.8 for N/Rh and N/Ir, respectively.
Consistent with the assignment of oxidation state + VI for
both metal centers, a d3 configuration and a Jahn–Teller
distorted 2A’ electronic ground state was determined for both
species. The N@Ir stretching frequency in neon of 1150.4 cm@1

is moderately higher than that observed for diatomic IrN
embedded in solid neon (1111.1 cm@1).[23] However, in case of
rhodium a significant blue-shift of the N@Rh stretching mode
(1112.6 cm@1) of 221.2 cm@1 occurred compared to diatomic
RhN embedded in argon (891.4 cm@1).[24] The increased force
constant of 920 Nm@1 in NRhF3 from 580 N m@1 in RhN
indicates a significant strengthening of the nitrogen-metal
bond induced by the fluorine ligands. This fluorine effect is
less pronounced for the already strong triple bond in IrN,
where force constants increase from 950 to 1020 Nm@1 for IrN
and NIrF3, respectively.

Conclusion

In summary, we described the exothermic formation of
the fluoronitrenoid complexes FNCoF2 and FNRhF2 and of
the nitrido complexes NRhF3 and NIrF3 by the reaction of the
free group 9 metal atoms with NF3. The IR spectra of these
compounds isolated in solid rare gases (neon and argon) were
recorded and, aided by the observed 14/15N isotope shifts and
quantum-chemical predictions, all four stretching fundamen-
tals of these complexes were safely assigned. Neither nitrido
nor other ternary complexes of RhVI and IrVI have yet been
reported. The anticipated rearrangement of FNCoF2 to the
nitrido CoVI complex was not observed, because this reaction
is endotherm. The covalently bound FN ligand in these high-
valent metal complexes is almost neutrally charged, and the
formal picture of an FN2@ ligand bound to a MF2 fragment is
a rather coarse approximation for these fluoronitrenoid
complexes. However, the bonding of the FN ligand in FNCoF2

and FNRhF2 was found to be strikingly different. In FNCoF2

the FN ligand is singly bonded to Co and bears considerable
iminyl/nitrene radical character, while the N=Rh double bond
in FNRhF2 shows comparatively strong s- and p-bonds. The
stretched N-Co bond and the poor overlap especially between
the ligand p- and the metal 3d-orbitals can likely be attributed
to a repulsion between the ligand orbitals and the outermost
core 3s,3p shell of cobalt.

Table 2: NPA and AIM charges, spin populations, as well as Mayer and
Wiberg bond orders obtained from electronic ground state wavefunc-
tions calculated at the CASSCF(9,7)/cc-pVTZ-DK levels of theory. All
units in atomic units.

Property F’NCoF2 (2A’’, Cs) F’NRhF2 (2A’, Cs)

NPA
Charge

F’ @0.2342 @0.2508
N 0.2552 0.1196
M 1.6134 1.6264
F @0.8172 @0.7476

AIM
Charge

F’ @0.3780 @0.3932
N 0.3576 0.1916
M 1.6158 1.6929
F @0.7977 @0.7457

Spin
Population

F’ @0.0239 @0.0006
N @0.4639 @0.1149
M 1.4593 1.0627
F 0.0143 0.0264

Mayer Bond Order F’-N 0.976 0.909
N-M 0.561 1.395
M-F 0.647 0.647

Wiberg Bond Order F’-N 1.429 1.337
N-M 1.246 2.156
M-F 1.180 1.167
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A Cornucopia of Iridium Nitrogen Compounds Produced from
Laser-Ablated Iridium Atoms and Dinitrogen

Tony Steker, Helmut Beckers, and Sebastian Riedel*[a]

Abstract: The reaction of laser-ablated iridium atoms with
dinitrogen molecules and nitrogen atoms yield several neu-
tral and ionic iridium dinitrogen complexes such as Ir(N2),

Ir(N2)+ , Ir(N2)2, Ir(N2)2
@ , IrNNIr, as well as the nitrido com-

plexes IrN, Ir(N)2 and IrIrN. These reaction products were de-

posited in solid neon, argon and nitrogen matrices and char-
acterized by their infrared spectra. Assignments of vibration-

al bands are supported by ab initio and first principle calcu-

lations as well as 14/15N isotope substitution experiments. The
structural and electronic properties of the new dinitrogen
and nitrido iridium complexes are discussed. While the for-
mation of the elusive dinitrido complex Ir(N)2 was observed
in a subsequent reaction of IrN with N atoms within the

cryogenic solid matrices, the threefold coordinated iridium
trinitride Ir(N)3 could not be observed so far.

Introduction

Molecular complexes combining nitrogen and platinum group

metals (PGM), such as dinitrogen complexes LmM(N2)n and
polynitrido metal complexes LmM(N)n have recently attracted

much attention.[1] Molecular dinitrogen complexes are of vivid
interest in nitrogen fixation and reduction since 1966, when

the first iridium dinitrogen complex was published, shortly

after the first transition metal dinitrogen complexes
[Ru(NH3)5N2]X2 with X = Br@ , I@ and BF4

@ were reported in

1965.[2] The activation and weakening of the strong triple bond
in the N2 molecule is facilitated by p-back-bonding from or-

thogonal dxz and dyz or even p orbitals into the antibonding
p*-orbitals of the N2 ligand.[1a, 2c, 3] This effect is readily observ-
able spectroscopically by a red-shift of the N@N stretching

mode compared to free dinitrogen in the IR spectra. All binary
PGM dinitrogen complexes, except those of iridium, were in-
vestigated experimentally using matrix isolation techniques,
where metal atoms are generated by thermal evaporation or

laser ablation for Ru,[4] Rh,[5] Pd,[6] Re,[7] Os,[4] and Pt.[6b, 8] By
these methods homoleptic dinitrogen complexes M(N2)n can

be prepared, which allow the investigation of metal–nitrogen
bonding interactions independent of the influence of other li-

gands and thus give important insight into the bonding prop-

erties and mechanisms of dinitrogen activation.
Polynitrido metal complexes have recently attracted atten-

tion as the nitrido ligand facilitates high oxidation states. Ex-
amples are the group 6 complexes NM+ VIF3 (with M = Cr, Mo

and W)[9] and the more recently predicted but so far unknown
NIr+ IXO3.[1b] The concept of “formal oxidation states” is a popu-

lar and important method of counting and assigning electrons

to chemical elements in molecular and solid-state structures.[10]

In recent years the range of compounds in high and unusual

formal oxidation states has been expanded experimentally as
well as theoretically. The so far highest experimentally attained

formal oxidation state across all chemical elements is + IX of
iridium in the [IrO4]+ cation.[11] It was generated in the gas
phase and detected using infrared photodissociation spectros-

copy after it was predicted theoretically.[12] But also com-
pounds with iridium in the oxidation states of + VI and + VIII
are scarce: Ir+ VIF6, IrO3, Ir+ VI(h2-O2)(O)2 and Ir+ VIII(O)4 are the
only experimentally known examples.[13] Nitrogen is the third

most electronegative element and with a formal oxidation
number of @3 it can increase the formal oxidation state of the

metal center by three units, while occupying only a single co-
ordination site. The problem associated with the N3@ ligand is
that, compared to F@ and O2@, it is more easily oxidized by

strong oxidizing metal centers, especially in complexes bearing
metals in high oxidation states. Several binary transition metal

nitrides were previously prepared by the reaction of laser-ab-
lated metal atoms with pure dinitrogen or dinitrogen diluted

in rare gases, and subsequent deposition on a cold matrix sup-

port. Although this method mainly yields metal dinitrogen
complexes, also molecular mono- and dinitrides of the plati-

num group metals, such as RuN and Ru(N)2,[4] RhN and
Rh(N)2,[5b] OsN and Os(N)2,[4] and PtN[8c] were formed as well. So

far, the only known binary molecular iridium nitrogen com-
pound is the IrN molecule, first produced by laser ablation of
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iridium atoms in the presence of NH3 and characterized by op-
tical/Stark spectroscopy.[14] Subsequently, its spectral and bond-

ing properties were studied further experimentally and theo-
retically.[15] Furthermore, high-pressure materials of the compo-

sition Ir2N, Ir(N)2 and Ir(N)3, respectively, are potentially (super)
hard materials and their structural, electronic and mechanical

properties were previously investigated theoretically[16] and ex-
perimentally.[17] These materials however contain quasi-molecu-
lar N2

2@ or N2
4@ units rather than N3@.[18]

We have carried out reactions of laser-ablated iridium atoms
with dinitrogen molecules and studied the reaction products
by matrix-isolation IR spectroscopy. The photodecomposition
of N2 molecules and the formation of N atoms induced by

plasma radiation in the laser-ablation process should also facili-
tate the formation of molecular binary iridium nitrides up to

Ir+ IX(N)3. These molecular binary iridium nitrides will allow to

gauge the ability of the N atom to oxidize the iridium metal
center and to investigate the nature of the chemical bonding

independent of the influence of other ligands.

Experimental and Computational Methods

Matrix-isolation experiments

14N2 (99.999 %, Linde) and 15N2 (98 + atom %, Campro) were pre-
mixed with neon or argon (both 99.999 %, Linde) in a stainless-
steel cylinder. The mixing vessel was connected to a stainless-steel
vacuum line connected to a self-made matrix chamber by a stain-
less-steel capillary. The gas mixture was then co-deposited with
laser-ablated iridium atoms onto a CsI window (argon and dinitro-
gen matrices) or onto a gold plated copper mirror (neon matrices)
and cooled to 4 K by using a closed-cycle helium cryostat (Sumito-
mo Heavy Industries, RDK-205D) inside the vacuum chamber. For
the laser-ablation, the 1064 nm fundamental of a Nd:YAG laser
(Continuum, Minilite II, 10 Hz repetition rate, 35–50 mJ pulse@1) was
focused onto a rotating iridium metal target through a hole in the
cold window. Infrared spectra were recorded on a Bruker Vertex 70
spectrometer purged with dry air (argon and dinitrogen matrices)
or a Bruker Vertex 80v with evacuated optical path (neon matrices)
at 0.5 cm@1 resolution in the region 4000–430 cm@1 by using a
liquid-nitrogen-cooled mercury cadmium telluride (MCT) detector.
Far-IR (FIR) spectra were recorded at a resolution of 0.5 cm@1 at the
Bruker Vertex 80v equipped with a FIR multilayer mylar beam-split-
ter (680–30 cm@1), a CsI window (>180 cm@1), and a liquid helium
cooled bolometer. The matrix samples were irradiated by a mercu-
ry arc streetlamp (Osram HQL 250) with the outer globe removed.
Wavelength selective irradiations in the visible spectrum were real-
ized with OSRAM LEDs with typical powers between 5 and
10 watts.

Electronic-structure calculations

Density functional theory (DFT) calculations were performed using
the TURBOMOLE 7.0.1 program package[19] employing the GGA ex-
change-correlation density functional BP86[20] with the polarized
quadruple-x basis set def2-QZVP[21] which applies the Stuttgart-
Dresden effective core potential for iridium.[22] All Coupled Cluster
Single Double and perturbative Triple excitations (CCSD(T)) com-
bined with Dunning’s augmented correlation consistent polarized
triple-x basis sets aug-cc-pVTZ for nitrogen,[23] and aug-cc-pVTZ-PP
combined with the ECP60MDF effective core potential for iridi-

um[24] were performed using the CFOUR 2.00beta software.[25]

State-averaged complete active space self-consistent field (SA-
CASSCF) calculations combined with Dunning’s correlation consis-
tent polarized valence triple-x basis sets cc-pVTZ[26] and cc-pVTZ-
PP[24] for nitrogen and iridium and the effective core potential
(ECP60MDF) for iridium were carried out for iridium dinitride using
the Molpro 2019 software.[27] The active space was chosen to con-
sist of the molecular orbitals formed by the 2p(N), 5d(Ir) and 6s(Ir)
atomic orbitals, yielding 15 electrons in 12 molecular orbitals. One
calculation for each spin multiplicity, doublet, quartet and sextet
was carried out employing the state-averaging formalism in C2v

point group symmetry, including two states of each state symme-
try (A1, B1, B2 and A2), resulting in eight states with equal weights
of 0.125. Harmonic vibrational frequency calculations were carried
out for all optimized structures analytically (BP86) or numerically
(CCSD(T)). The decomposition pathways of Ir(N)2 and Ir(N)3 were
analyzed by optimizing the geometries of the nitrides, the com-
plexes formed by the rearrangement, and the transition states con-
necting both minima using the BP86 exchange-correlation density
functional with the application of the zeroth-order regular relativis-
tic approximation (ZORA)[28] combined with the adapted version of
the def2 basis set ZORA-def2-TZVPP for nitrogen and the segment-
ed all-electron relativistic contracted SARC-ZORA-TZVPP for iridi-
um[29] as implemented in ORCA 4.1.2.[30] Additionally, the meta-GGA
M06-L exchange correlation density functional[31] was used for cal-
culating the energy barriers associated with the decompositions of
Ir(N)2 and Ir(N)3. The NBO and AIM analyses were carried out using
wavefunctions obtained at the BP86/def2-QZVP level of theory
using NBO 7.0[31] and Multiwfn 3.5,[33] respectively. Because of the
multitudes of combinations and the rapidly increasing computa-
tional challenges, compounds of the formula IrxNy, with y and x
greater than two are not explicitly considered.

Results and Discussion

Laser-ablated iridium atoms were reacted with diluted dinitro-
gen in a vacuum chamber and the reaction products were sub-

sequently deposited on a matrix support under cryogenic con-

ditions and studied using IR spectroscopy. The experimental
details are presented in the experimental section. The obtained

products can be separated in two different sets: dinitrogen
and nitrido complexes. The N@N stretching vibrations of the di-

nitrogen complexes occur in the region from 2350–1850 cm@1,
and the Ir@N stretching vibrations of dinitrogen and nitrido

complexes in the region below 1150 cm@1 (Table 1). The main
absorptions that appeared in the N@N stretching region of the

IR spectra are located at 2270.3, 2241.6, 2154.0, 2097.4,
1956.4 cm@1. They are assigned and labeled in Figures 1 and 2
to the dinitrogen complexes [Ir(N2)]+ , NIr(N2), Ir(N2)2, Ir(N2) and

[Ir(N2)2]@ , respectively. In the Ir@N stretching region of these
spectra absorptions of IrN, IrIrN, Ir(N)2 and IrNNIr were detect-

ed. These are indicated in Figures 3, 4 and 5 to bands at
1111.1, 1004.4, 853.5 and 786.5 cm@1, respectively. Additional

bands were observed when the reaction products are deposit-

ed in neat nitrogen matrices (Table 2 and Figure 2, trace d). In
the 14N2 matrices a band appeared at 2221.7 cm@1, accompa-

nied by a matrix site at 2214.3 cm@1 (Figure 2), which is proba-
bly associated with clusters of Irx(N2)y.

Complementary spectra were also recorded in solid argon
(Figures S1 and S2), and in the FIR region using neon as matrix
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host (Figure S3). A full list of absorptions found in argon matri-

ces are given in Table 3. The bands centered at 2144.7, 2110.6,

2087.6, 1004.1, 848.2 cm@1 were assigned and marked in the
Figures S1 and S2 to Ir(N2)2, Irx(N2), Ir(N2), IrIrN and Ir(N)2, re-

spectively. Bands obtained in the FIR region are shown in Fig-
ure S3. They are due to the three 14/15N isotopologues of Ir(N2)2

embedded in solid neon and located at 402.8, 397.4 and
393.1 cm@1, respectively. Optimized structures of the above-

mentioned dinitrogen and nitrido complexes of iridium were

obtained at the DFT and CCSD(T) levels of theory and depicted
in Figure 6. Computed harmonic frequencies of the reaction

products are summarized in Table S1, and computed reaction
enthalpies related to the formation of the observed reaction

products are listed in Table 4. In the following the infrared

spectra and the annealing and photolysis behavior of the reac-
tion products, as well as our computational results are dis-

cussed, starting with the dinitrogen iridium complexes.

Table 1. Infrared absorptions (cm@1) and 14N2/15N2 isotopic ratios obtained
from the reaction of laser-ablated iridium atoms co-deposited with dini-
trogen diluted in neon at 4–5 K.

14N2
15N2

14N2 and 15N2
14N2/15N2 ratio Assignment

2327.6 2250.1 2327.6, 2250.1 1.0344 N2 (perturbed)
2270.3 2194.8 2270.7, 2194.8 1.0344 Ir(N2)+

2241.6 2167.0 2241.6, 2167.0 1.0344 Irx(N2)y

2237.4 2163.1 [a] 1.0343 N4
+

2158.0 2086.1 [a], 2158.0
[a], 2086.1

1.0345 Ir(N2)2 (site)

2154.0 2082.4 2194.6, 2154.0
2100.3, 2082.4

1.0344 Ir(N2)2

2099.8 2030.0 2099.9, 2030.0 1.0344 Ir(N2)
2097.4 2027.9 [a] 1.0343 Ir(N2) (site)
1956.4 1890.3 1988.1, 1956.4

1912.9, 1891.5
1.0350 Ir(N2)2

@

1111.1 1076.4 1111.1, 1076.4 1.0322 IrN
1004.4 972.8 1004.4, 972.8 1.0322 IrIrN
931.5 931.5 931.5 OIrO
921.6 921.6 921.6 OIrO (site)
853.5 827.7 853.3, 827.7 1.0312 Ir(N)2

786.5 761.6 786.5, 774.1, 761.6 1.0327 IrNNIr
402.8, 397.4
393.1

1.0247 Ir(N2)2

[a] Not observed.

Figure 1. Infrared spectra in the 2000–2350 cm@1 region of the reaction
products of laser-ablated iridium atoms with 0.5 % 14N2 in neon after deposi-
tion (a), 10 min broadband irradiation (b), annealing to T = 10 K (c), with
0.5 % 15N2 in neon after deposition (d), with 0.5 % of a 1:1 mixture of 14N2

and 15N2 in neon after 10 min of broadband irradiation and subsequent an-
nealing of T = 10 K (e) and with 10 % of a 1:1 mixture of 14N2 and 15N2 in
neon after 10 min of irradiation with LED light l = 455 nm (f). Bands due to
iridium nitrogen compounds and some selected 14/15N isotope patterns are
indicated.

Figure 2. Infrared spectra in the 1850–2350 cm@1 region of the reaction
products of laser-ablated iridium atoms with 0.5 % (a), 3 % (b), 10 % (c) 14N2

in neon, and neat 14N2 (d). Bands due to iridium nitrogen compounds are in-
dicated.

Figure 3. Infrared spectra in the 1150–750 cm@1 region of the reaction prod-
ucts of laser-ablated iridium atoms in neon doped with 10 % 14N2 after depo-
sition (a), after 10 min of 455 nm irradiation (b), with 10 % 15N2 in neon after
deposition (c) after irradiation with 455 nm (d), as well as with 10 % of a
1:1 mixture of 14N2 and 15N2 in neon after deposition (e), and 10 min of irradi-
ation with 455 nm (f). Bands due to iridium nitrogen compounds and some
selected 14/15N isotope patterns are indicated. The sections showing the
Ir(N)2 absorption in the spectra b and d are enhanced by a factor of 5 and
tagged with b’ and d’.
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Ir(N2)

The band observed at 2097.4 cm@1 in neon doped with 0.5 %
14N2 with a weaker matrix site at 2099.8 cm@1 is assigned to the
Ir(N2) complex (Figure 1). This band is unaffected by broadband

irradiation and grows upon annealing, while the sharp matrix

site at 2099.8 cm@1 overtakes the initially stronger band at
2097.4 cm@1. The 15N counterpart exhibits the same behavior

upon irradiation and is located at 2027.6 and 2030.0 cm@1,
giving an isotopic frequency ratio of 1.0344 typical for N@N

stretching modes. In the mixed 14N2 and 15N2 isotopic experi-
ment the band at 2097.4 cm@1 is interfered by a stronger band

associated with Ir(14N2)(15N2). However, due to the sharp, dis-
tinctive band shape of the matrix site at 2099.8 cm@1 after an-

nealing, the weaker Ir(N2) band clearly stands out (Figure 1 e).
The spectrum does not show any band related to a scrambled
14N/15N species in the mixed 14N2 + 15N2 experiment, thus, the

characteristic doublet isotope pattern indicates a carrier bear-
ing a single N2 unit. The corresponding absorption in the

argon matrix is red-shifted by 9.8 cm@1 relative to neon and
the same isotopic ratio is found (Figure S1). Due to the forma-

tion of the higher coordinated species Ir(N2)2, the intensity of

the Ir(N2) absorption band decreases with increasing amount
of N2 and is absent in the neat dinitrogen spectrum. The as-

signments are supported by harmonic frequency calculations
at the DFT and CCSD(T) level of theory. In analogy with RhNN,

DFT and CCSD(T) calculations on Ir(N2) result in a linear C1v

point group symmetry (Figure 6) for the 2D electronic ground

Figure 4. Infrared spectra in the 1150–750 cm@1 region of the reaction prod-
ucts of laser-ablated iridium atoms with 14N2 after deposition (a), annealing
to 35 K (b) and broadband irradiation (c), as well as with 15N2 after deposi-
tion (d), annealing to 35 K (e), broadband irradiation (f) and finally after dep-
osition with a 1:1 mixture of 14N2 and 15N2 (g). Bands due to iridium nitrogen
compounds and some selected 14/15N isotope patterns are indicated. Bands
marked by an asterisk exhibit no isotopic shift and remained unassigned.
The transmission of the bands shown in the sections a’, b’ and e’ are en-
hanced by a factor of 10, 10, and 15, respectively.

Figure 5. Infrared spectra in the 1150–1050 cm@1 and 875–820 cm@1 regions
of the reaction products of laser-ablated iridium atoms with 14N2 (a), 15N2 (b)
as well as a 1:1 mixture of 14N2 and 15N2 (c). Bands due to iridium nitrogen
compounds and some selected 14/15N isotope patterns are indicated. Bands
marked with an asterisk exhibit no isotopic shift and remained unassigned.

Table 2. Infrared absorptions (cm@1) and 14N2/15N2 isotopic ratios obtained
from the reaction of laser-ablated iridium atoms co-deposited with pure
dinitrogen at 4–5 K.

14N2
15N2

14N2 and 15N2
14N2/15N2 ratio Assignment

2327.9 2249.9 2327.9, 2249.9 1.0347 N2 (perturbed)
2271.3 2195.2 [a] 1.0347 Ir(N2)+

2242.8 2168.2 [b] 1.0344 Irx(N2)y

2221.7 2147.6 [b] 1.0345 Irx(N2)

y

2217.5 2143.5 [b] 1.0345 Irx(N2)y

2214.3 2140.5 [b] 1.0345 Irx(N2)y

2151.1 2079.5 2196.4, 2189.6
2151.1, 2101.8
2094.8, 2079.5

1.0344 Ir(NN)2

2150.0 2078.3 [a] 1.0345 Ir(NN)2 (site)
2003.2 1937.6 2003.3, 1992.8

1948.7, 1937.5
1.0339 N3

-

1955.8 1890.7 1955.8, 1912.4
1890.7

1.0344 Ir(N2)2
-

1657.5 1603.3 1657.6, 1649.2
1612.9, 1603.3

1.0338 N3

1652.4 1597.6 [a] 1.0343 N3 (site)
1102.8 1066.9 [a] 1.0336 IrN
1002.2 970.7 1002.2, 970.7 1.0325 IrIrN
857.1 831.2 857.1, 842.6

831.2
1.0312 Ir(N)2

780.2 755.2 780.2, 767.7
755.2

1.0331 IrNNIr

[a] Too weak. [b] Fall into congested area of the spectrum.

Table 3. Infrared absorptions (cm@1) and 14N2/15N2 isotopic ratios obtained
from the reaction of laser-ablated iridium atoms co-deposited with dini-
trogen diluted in argon at 4–5 K.

14N2
15N2

14N2 and 15N2
14N2/15N2 ratio Assignment

2327.1 2249.2 1.0346 N2 (perturbed)
2144.7 2073.7 2187.5, 2144.7

2092.6, 2073.7
1.0342 Ir(N2)2

2138.5 2138.5 CO
2110.6 2040.1 2110.6, 2040.1 1.0346 Irx(N2)
2087.6 2018.2 2018.2 1.0344 Ir(N2)
1004.1 972.7 1004.1, 972.7 1.0323 IrIrN
848.2 Ir(N)2
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state bearing an unpaired electron in an iridium centered de-

generate d molecular orbital, originating from dx2@y2 and dxy iri-
dium atomic orbitals. The lowest quartet state (4A’) is

104 kJ mol@1 higher in energy (Table S1). The deviations be-
tween the experimental N2 band position of Ir(N2) embedded

in Ne and the computed values are 22 and 43 cm@1 for DFT
and CCSD(T), respectively. The larger deviation of the superior

CCSD(T) method is due to the fact that no harmonic contribu-
tions are considered, while the apparently better DFT value
benefits from fortunate error cancelation. The NN stretching
isotopic ratios ñ(14N14N)/ñ(15N15N) obtained by both, the DFT

and CCSD(T) levels of theory are 1.0350, which is in good
agreement with the experimental value of 1.0343.

Ir(N2)++

The N@N stretching band of the cationic species Ir(N2)+ ap-
peared red-shifted by 172 at 2270.3 cm@1 and is observed in all

experiments using N2/Ne mixtures as well as in neat N2, in
which the band is blue-shifted by 1.0 cm@1 (Figure 1). Selective

irradiations using LED light sources of l= 656, 455, 405 and
365 nm did not affect the absorption intensity. However, full
arc irradiation depleted, and annealing of the dinitrogen

matrix to 30 K, destroyed the band entirely. The N@N stretch of
the Ir(15N2)+ isotopologue is located at 2194.8 cm@1, resulting

in an isotopic ratio of 1.0344, typical for modes involving two
nitrogen atoms. As for the neutral species, no additional bands

could be assigned to this species in the 1:1 14N2/15N2 mixed iso-

tope experiment, implying the presence of a single dinitrogen
unit. Computational results at the DFT and CCSD(T) levels of

theory support the assignment further. The calculated harmon-
ic frequencies are at 2212 and 2286 cm@1, respectively. For

[Ir(N2)]+ a 3D electronic ground state was found with one elec-
tron removed from a non-bonding s type molecular orbital.

Compared to the neutral species the electronic ground state
of the cation was computed to be 848 kJ mol@1 higher in

energy.

Ir(N2)2

The band centered at 2154.0 cm@1 with a matrix site at

2158.0 cm@1 obtained in solid neon doped with 0.5 % 14N2 and

shown in Figure 2 remained unaffected by annealing but de-
creased dramatically upon irradiation with LED light of l=

455 nm. Annealing after photolysis increased the intensity of
the initially weaker matrix site at 2158.0 cm@1. The 15N counter-

parts at 2082.4 and 2086.1 cm@1 result in an isotopic ratio of
1.0344. Increasing the amount of N2 in the solid Ne matrices
strongly increases the intensity of the band and it is red-shifted
by 4.0 cm@1 in neat N2 (Figure 2). The mixed 14N2 and 15N2 spec-

trum displays a characteristic pattern for linear Ir(N2)2 consist-
ing of the three antisymmetric N@N stretching modes of
(14N2)Ir(14N2), (14N2)Ir(15N2) and (15N2)Ir(15N2) at 2154.0, 2100.3 and

2082.4 cm@1, respectively. Additionally, the symmetric N@N
stretching mode of the (14N2)Ir(15N2) species becomes IR active

due to lower point group symmetry C1v and is found at
2194.6 cm@1. Figure 1 f shows the 14N/15N isotope pattern of

Ir(N2)2 arising from a 1:1 mixture of 14N2 and 14N2 (10 % in Ne),

shown in a difference spectrum obtained by subtracting the
spectra after and prior to selective photolysis with LED light of

l= 455 nm. In the FIR spectrum shown in Figure S3 a
1:2:1 triplet 14/15N2 isotope pattern of Ir(N2)2 was also observed

at 402.8, 397.4 and 393.1 cm@1 originating from a 1:1 mixture
of 14N2 and 14N2 in solid neon which results in an isotopic ratio

Figure 6. Structures, point group symmetries and electronic ground states
calculated and optimized at the BP86/def2-QZVP (regular font) and CCSD(T)/
aVTZ(-PP) (italic font) levels of theory.

Table 4. Selected reaction enthalpies for the formation of iridium nitro-
gen compounds calculated at the DFT BP86/def2-QZVP level of theory.

Reaction DH [kJ mol@1]

Ir + N2 !Ir(N2) @168
Ir(N2) + N2 !Ir(N2)2 @174
Ir(N2)2 + N2 !Ir(N2)3 @32
Ir(N2)3 + N2 !Ir(N2)4 @15
2 IrN !IrNNIr @96
Ir(N2) + Ir !IrNNIr @169
Ir + N !IrN @612
IrN + N !Ir(N)2 @350
Ir(N)2 + N !Ir(N)3 @243
Ir(N)2 !Ir + N2 @20
Ir(N)3 !IrN + N2 @388
2 Ir !IrIr @422
IrIr + N !IrIrN @508
Ir(N)3 !Ir(N)3 TS 44[a]/41[b]

Ir(N)3 TS !Ir(N)(N2) @460[a]

Ir(N)2 !Ir(N)2 TS 244[a]/247[b]

Ir(N)2 TS !Ir(N2) @375[a]

[a] BP86/ZORA-def2-TZVPP(N)/SARC-ZORA-TZVPP(Ir). [b] M06-L/ZORA-
def2-TZVPP(N)/SARC-ZORA-TZVPP(Ir).
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of 1.0247. Comparing our assignments to the frequencies cal-
culated at the DFT level of theory there is a very good agree-

ment for the antisymmetric N@N stretching mode at
2149 cm@1 and an isotopic ratio of 1.0349. The symmetric N@N

stretching mode in Ir(14N2)(15N2) is calculated to be centered at
2182 cm@1 and the position of the antisymmetric Ir@N stretch-
ing mode at 439 cm@1, leading to an isotopic ratio of 1.0267. In
analogy to the Ir(N2) complex, DFT and CCSD(T) calculations on
Ir(N2)2 find a 2Dg ground state (D1h point group symmetry)
having an unpaired electron located in a degenerate dg molec-
ular orbital. The HOMO!LUMO (1dg!2pu) excitation gives
rise to the lowest quartet state 4Pu, which is 246 kJ mol@1

higher in energy than the electronic ground state.

Ir(N2)2
@@

A strong band observed at 1955.8 cm@1 in neat 14N2 shown in
Figures 2 and S7 decreases completely on annealing and is un-

affected by broadband irradiation. The corresponding absorp-
tion in solid neon doped with 10 % 14N2 at 1956.4 cm@1 lead to

a related 15N isotopologue absorption at 1890.3 cm@1 (Fig-

ure S7). Together with a stronger band at 1912.9 and a weak
band at 1988.1 cm@1 which appeared in the 1:1 14N2/15N2 spec-

trum a 14/15N isotope pattern similar to that of Ir(N2)2 is ob-
served. Therefore, the band is assigned to the anionic complex

Ir(N2)2
@ . The assignment is supported by DFT calculations,

which predict a 1A1 singlet ground state of C2v point group

symmetry and infrared absorptions at 1988, 1940 and
1921 cm@1 for the antisymmetric N@N stretching modes of

Ir(14N2)(14N2)@ , Ir(14N2)(15N2)@ and Ir(15N2)(15N2)@ . The experimental

and calculated isotopic ratios are 1.0344 (in neat N2), 1.0350 (in
solid Ne) and 1.0349 (DFT calc.) and are in very good agree-

ment for the less interacting neon matrix. For a bent structure
of Ir(NN)2

@ and unlike the case of a linear Ir(N2)2, the symmetric

N@N stretching mode is IR active. However, this band is not
observed in the experiment, probably because of its low inten-
sity, which is calculated to be 50 times lower than that of the

antisymmetric mode. In the Ir(14N2)(15N2)@ isotopologue the in-
tensity ratio of the symmetric and antisymmetric modes
change to 1:4, and hence, the symmetric N@N stretching com-
bination can be observed at 2031 cm@1 in the neat 1:1 14N2/
15N2 spectrum. Compared to the neutral complex the anion
Ir(NN)2

@ is 224 kJ mol@1 lower in energy at the DFT level of

theory, which corresponds to the adiabatic electron affinity of
Ir(N2)2.

IrNNIr

Laser-ablated iridium atoms co-deposited with 10 % 14N2 in
neon give raise to a band at 786.5 cm@1 which is unaffected by

annealing to 12 K and vanishes after 10 min of irradiation with

l= 455 nm (Figure 4). The same response was observed for a
band at 761.6 cm@1 under the same conditions using 15N2. The

isotopic triplet observed at 786.5, 774.1 and 761.6 cm@1 in a
1:1 mixture of 14N2 and 15N2 indicates an Ir@N stretching mode

involving two equivalent nitrogen atoms. The intensity pattern
of 1:2:1 suggests the presence of the isotopologue containing

both isotopes, 14n and 15N Based on the very good agreement
of the band positions, isotopic pattern and isotopic ratio of

the antisymmetric Ir@N stretching mode obtained by our quan-
tum-chemical calculations, the band was assigned to IrNNIr.

This dimer could probably be formed by an oxidative coupling
of two IrN molecules (Equation 1):

2 IrN! IrNNIr DH ¼ @96 kJ mol@1 ð1Þ

The observed isotopic ratios in solid neon and solid dinitro-
gen are 1.0327 and 1.0331, which are in very good agreement

with the calculated DFT value of 1.0324. The calculated absorp-
tions are 782, 769 and 757 cm@1 for the Ir14N14NIr, Ir14N15NIr and
Ir15N15NIr isotopologues, respectively. The electronic ground

state is found to be a triplet 3Su
+ , with the two unpaired elec-

trons located at each of the metal centers in degenerated mo-
lecular orbitals of dx2@y2 - and dxy-character, reminiscent of the
Ir(N2) complex. The N@N stretching mode is IR inactive and cal-

culated to be centered at 2081 cm@1 at the DFT level of theory.

IrN

A very weak band at 1102.8 cm@1 which was not observed in

the initially formed solid 14N2 deposit but grew in upon anneal-
ing to 35 K and was destroyed by broadband irradiation, re-

turned on subsequent annealing to 35 K (Figure 4). The corre-
sponding absorption in 14N2 doped neon is blue-shifted to

1111.1 cm@1 and the 15N counterparts were found at 1076.4
and 1066.9 cm@1 in neon and 15N2, respectively, while no band

due to a mixed 14/15N isotopologue occurred in experiments

using a 1:1 mixture of 14N2 and 15N2 (Figure 5). The assignment
of this band to IrN is supported by a previous Fourier trans-

form emission spectroscopic study of Ram and Bernath,[15a] in
which a ground-state fundamental Ir-N stretching frequency of

1113.6 cm@1 for 193Ir14N was reported, revealing reasonable
matrix shifts of @2.5 and @10.8 cm@1 for neon and solid dini-

trogen. For the sake of completeness, DFT and CCSD(T) calcula-

tions were carried out and the results are listed in Table S1.
The annealing behavior of IrN suggests a temperature induced
mobility of N radicals reacting with iridium atoms to IrN (DH =

@612 kJ mol@1).

IrIrN

An intense band at 1002.2 cm@1 in solid 14N2 matrices and their
15N counterparts at 970.7 cm@1 grow in upon annealing to 35 K

and remains unaffected by broadband irradiation (Figure 4).
The much weaker bands located at 1004.4 and 972.8 cm@1 in

solid neon doped with 10 % N2 depicted in Figure 3 show the
same behavior and in experiments using a 14N2/15N2 mixture no

additional band due to a mixed 14/15N isotopologue occurred,

suggesting an Ir@N stretching mode with a single nitrogen
atom involved. With IrN already assigned to a band centered

about 100 cm@1 blue-shifted, the carrier of this unknown band
could be Ir(N)(N2), a dinitrogen complex of IrN, or IrIrN. Calcula-

tions at the DFT level of theory predict a fairly strong N/N
stretching mode for Ir(N)(N2) at 2110 cm@1, much higher than
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the Ir/N stretching mode at 1085 cm@1, however, no such N/
N band could be identified in the spectrum and hence, ruled

out an assignment to Ir(N)(N2). On the other side, infrared ab-
sorptions computed at the DFT level of theory support the as-

signment of the band at 1004.4 in solid neon to IrIrN, with cal-
culated harmonic frequencies of 1054 and 1021 cm@1 for IrIr14N

and IrIr15N, respectively, accounting for an isotopic ratio of
1.0323, which is very close to the experimental ones of 1.0325
in solid dinitrogen and neon. In analogy to IrN, the observed

behavior upon annealing suggests a formation by mobilizing
nitrogen radicals which react with Ir2 units present in the
matrix. This is further supported by a computed reaction en-
thalpy for the formation of IrIrN from N atoms and the iridium

dimer obtained at the DFT level of theory of DH =

@508 kJ mol@1 (Table 4). The electronic ground state of the

bent IrIrN structure in the Cs point group symmetry is a dou-

blet 2A’ state.

Ir(N)2

A very weak band, located at 853.5 cm@1 in solid neon doped
with 0.5 % 14N2 and unaffected by broadband irradiations, pres-
ents a doublet pattern in neon doped with 0.5 % of a 1:1 mix-

ture of 14N2 and 15N2 at 853.5 and 827.7 cm@1 (Figure 3). The
picture changes when pure dinitrogen is used as matrix host:
besides a slight blue-shift of these bands to 857.1 and
831.2 cm@1, an intermediate band at 842.6 cm@1 appears, yield-

ing a triplet pattern with an intensity ratio of about 1:2:1
(Figure 5). The observed triplet pattern is consistent with the

involvement of two equivalent nitrogen atoms in an antisym-

metric Ir@N stretching mode, such as in iridium dinitride, Ir(N)2.
This assignment is supported by the fact that the intermediate

band belonging to the 14NIr15N isotopologue is red-shifted
1.6 cm@1 from the center, indicating a coupling between the

symmetric and the anti-symmetric Ir@N stretching modes,
which in the lower point group symmetry Cs have the same a’
symmetry. The different patterns observed in solid neon and
pure dinitrogen matrices can be explained by different reac-

tion mechanisms leading to Ir(N)2 : While a direct insertion of

iridium atoms into a dinitrogen bond is proposed in nitrogen
doped neon mixtures (Equation 2a), the reaction of IrN with N

atoms preferentially occurred in solid dinitrogen matrices
(Equation 2b).

Irþ N2 ! IrðNÞ2 DH ¼ þ20 kJ mol@1 ð2aÞ

IrNþ N! IrðNÞ2 DH ¼ @612 kJ mol@1 ð2bÞ

While the reaction enthalpy of the direct insertion is slightly
positive on the DFT level of theory, the high temperature of

laser ablated iridium atoms can overcome this barrier and cryo-

genic conditions prevent the spontaneous elimination of a N2

unit. In contrast to osmium, spontaneous insertion into the NN

triple bond at cryogenic conditions is not observed.[4] Harmon-
ic frequencies obtained by calculations on the DFT level of

theory are in very good agreement, resulting in antisymmetric
b2 stretching frequencies of 869, 853 and 842 cm@1 for Ir(14N)2,

Ir(14N)(15N) and Ir(15N)2. The symmetric a1 Ir@14N stretching
mode was not observed and calculated to be located at

1027 cm@1 having an intensity less than 4 % of the antisymmet-
ric one. From the band positions of the antisymmetric stretch-

ing modes in the isotope substitution experiment an estimate
of the upper limit of the N-Ir-N bond angle can be estimated

to 1308,[34] which is in agreement with the calculated angle of
1128 for the C2v (2B1) electronic ground state geometry.

Ir(N)3

No band could be assigned to iridium trinitride, although we
observed nitrogen atom mobility in the formation of Ir(N)2, and

the third addition of a nitrogen atom was calculated to be exo-
thermic (DH =@243 kJ mol@1, Table 4). However, Table S1
shows that the integrated intensity of the IR active Ir@N

stretching absorption in the observable region, the degenerate
e’ mode, is calculated to be 1.4 km mol@1, which is about 3 %

of the calculated integrated intensity of the corresponding
very weak band assigned to Ir(N)2. The amount of iridium trini-

tride formed according to that mechanism would certainly be

very low.

Bonding considerations

Dinitrogen complexes of iridium

The nature of the metal nitrogen bond in selected product

molecules and in Ir(N)3 will be discussed in terms of the rele-

vant vibrational stretching modes as well as by analysis of the
wavefunctions obtained at the BP86/def2-QZVP level of theory.

The coordination chemistry of the dinitrogen molecule is limit-
ed because it is a comparatively poor s-donor, weak p-accept-

or and its lack of dipole moment.[35] The p-donation of the iri-
dium center into the p* molecular orbitals of the dinitrogen

unit results in a weakening, or activation of the dinitrogen

triple bond. The weakening of the N@N bond in dinitrogen
complexes can be quantified experimentally by the red-shift of

the N@N stretching mode in the IR spectrum, comparing the
N@N bond distances and, theoretically, by extracting informa-

tion from the wavefunction. Several neutral PGM dinitrogen
complexes have previously been studied by matrix isolation
spectroscopy.[4–8] Their experimental N@N stretching frequen-
cies embedded in argon are given in Table S2 and provide a

solid basis for discussing the nature of bonding in such homo-
leptic dinitrogen complexes. The red-shift of the N@N stretch-
ing mode of Ir(N2) relative to that in free dinitrogen

(2327.1 cm@1, Table 3) is 240.3 cm@1, which is less than the one
for the group 8 metal dinitride Os(N2) and greater than that for

the group 10 analogue Pt(N2). This trend is consistent with a
decreasing ability of late transition metals to donate electron

density into the p* orbitals of the coordinated N2 moiety due

to less MO overlap caused by larger bond distances and de-
creasing d-orbital energies. The same trend is observed with

the corresponding first row transition metals.[1a]

The electron density at the bond critical point (1b) in a mole-

cule can be taken as measure of the character of a bond and
its bond order.[36] The data presented in Table S3 shows a sig-
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nificant decrease of 1b(NN) going from Ir(N2) (0.622) over Ir(N2)2

(0.592) down to IrNNIr (0.579), indicating a weakening of the

corresponding N@N bond of the dinitrogen ligand within this
series. This is also evident in the minimum structures shown in

Figure 6, where the longest N@N bond lengths within this
series of 115 pm is exhibited in the binuclear complex IrNNIr.

In contrast to the electron density at the bond critical point
(1b), which seems to be mainly affected by s donation from
the N2 ligand to the iridium center, the slightly longer N@N

bond length in Ir(N2) (113 pm) compared to Ir(N2)2 (112 pm), is
consistent with an increasing experimental N@N stretching fre-
quency from Ir(N2) (2087.6 cm@1) to Ir(N2)2 (2144.7 cm@1), and
can most likely be rationalized by a stronger p backdonation

from the iridium center to the N2 ligand bonding in the Ir(N2)
complex. Weakly activated N@N bond lengths are typically less

than 112 pm,[35] placing Ir(N2) and Ir(N2)2 at the upper end of

the scale for what is considered weakly activated. The slightly
stronger N2 activation in Ir(N2) compared to Ir(N2)2 is also sup-

ported by an NBO analysis, which results in NPA bond orders
for the N@N bonds in Ir(N2), Ir(N2)2, and IrNNIr of 2.56, 2.64 and

2.51, respectively, as well as by the shorter calculated Ir@N
bond distance in Ir(N2) of 179 pm compared to 190 pm in

Ir(N2)2 (Table S3).

Comparing the N@N stretching modes of the ions [Ir(N2)]+

and [Ir(N2)2]@ with those of their neutral counterparts, a blue-

shift for the cation and a red-shift for the anion is observed,
which is consistent with the calculated changes in the corre-

sponding N@N bond lengths (Table S3, Figure 6) and with the
notion that oxidation of the metal center leads to a lower abili-

ty of p-back-donation, while reduction leads to an increase.[2c]

In both cases, the addition or subtraction of an electron does
not change the occupation number of the p-system, but leads

to an oxidation or reduction of the iridium center. Compared
to a shift for the C@O stretching frequency in Ir(CO)+ and

Ir(CO)2
@ with respect to neutral Ir(CO) of + 132 and @29 cm@1,

respectively,[37] the frequency shift for the isoelectronic dinitro-

gen complexes is with + 170 and @198 cm@1 significantly

larger. The higher sensitivity of the N@N stretching frequency
upon oxidation or reduction of the metal center compared to
the C@O frequency is another indication for the importance of
p-back-bonding as the most significant contribution to the Ir@
N bond strength.[2c] On the other side, the red-shift of the N@N
and C@O stretching frequencies in the neutral Ir(N2) and Ir(CO)

complexes with respect to the free ligands is with 170 cm@1

(9.8 %) higher in Ir(N2) compared to 132 cm@1 (5.4 %) in Ir(CO).
As pointed out by Pelik#n and Boča,[2c] the larger red-shift for

the N@N stretch does not indicate a stronger p-back-donation
in the Ir(N2) complex, since both interactions, s-donation and

p-acceptance lead to a weakening of the N@N bond, while in
the Ir(CO) complex s-donation leads to an increase and p

back-donation to a decrease in the C@O bond strength. Taking

the better s-donor ability of CO compared to NN into ac-
count,[38] CO must be considered a stronger p-acceptor than

the N2 ligand.
In Figure 7 the frontier molecular orbitals of the p-system

are shown for the neutral, linear dinitrogen complexes Ir(N2),
Ir(N2)2, and IrNNIr. Each of them is comprised of the degenerate

2py and 2pz atomic orbitals of the nitrogen atoms and the 3dxy

and 3dxz atomic orbitals of the iridium atoms involved. For
IrNNIr with 12 p-electrons the first three of four pairs of the

molecular p-orbitals are fully occupied (Figure 7, right). The
first pair essentially forms the p-bonds of the NN unit, the

second pair contains the corresponding N@N anti-bonding mo-
lecular orbitals of the first set, and the third pair of the p-bond-

ing orbitals are Ir@N anti-bonding and N@N bonding. The elec-

tronic ground state of 3Su
+ arises from two unpaired electrons

residing in non-bonding molecular orbitals, essentially formed

by the non-bonding iridium 3dyz atomic orbitals (not shown in
Figure 7). From isotopic triplet observed in a 1:1 mixture of
14N2 and 15N2 for the Ir@N stretching vibration in the IR spec-
trum it has been concluded that IrNNIr is likely formed during

matrix deposition by the coupling of two IrN units. A very simi-

lar behavior was reported for the [N2{Ir(PNP)}2] (PNP =

N(CHCHPtBu2)2) pincer complex, holding the same 12 electron

IrNNIr p-system, which was observed to be formed in solution
at room temperature by coupling of two terminal [IrN(PNP)] ni-

trido complexes.[1c] This coupling reaction can be viewed as
the reverse of splitting a bridging dinitrogen ligand into sepa-
rate nitrido complexes, which recently was investigated for

[NIr(PNP)]2
n+ (n = 0, 1, 2).[39] For these complexes reaction en-

thalpies of the coupling reaction of 2[NIr(PNP)]n+ , with 2n = 0,

1, and 2, are exotherm and calculated to DH =@510, @425
and @382 kJ mol@1 (D3BJ-PBE0(Cosmo (THF))/def2-TZVP//D3BJ-
PBE0/def2-SVP) respectively.[39] In contrast to these results cou-
pling of two IrN complexes, bare of any additional ligands and

under solvent-free conditions in an argon matrix, is significant-
ly less exothermic with DH =@96 kJ mol@1. The lower reaction
enthalpy for the latter coupling reaction can be explained by

the formation of two strong triple bonds in the Ir/N units.

Nitrido complexes of iridium

The diatomic iridium nitride, IrN, was investigated extensively

using emission[14, 15a, b] and optical Zeeman[15e] spectroscopy as
well as high level ab initio methods.[15b] It has a closed shell
1S+ ground state comprising an Ir/N triple bond. Our AIM
analysis assign charges of 0.278 to iridium and @0.278 to nitro-

gen (Table S3), while NBO analysis shows NPA charges of
@0.032 and 0.032 for iridium and nitrogen, respectively, and

Figure 7. Ir(N2), IrNNIr and Ir(N2)2 Kohn–Sham molecular orbitals of their p-
system with an iso surface value of 0.04 a@1 obtained at the BP86/def2-
QZVP level of theory.
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an NPA bond order of 2.82. The NPA charge close to zero and
the low AIM charges imply that the bond nature is mostly co-

valent.
The calculated Ir@N bond lengths of iridium dinitride, Ir(N)2,

in its 2B1 electronic ground state of 170 pm is considerably
larger than the expected ones for a triple bond judged on the

calculated bond lengths in iridium mononitride of 160 pm,
which also corresponds well to the sum of the triple-bond co-
valent radii of iridium and nitrogen of 160 pm.[40] From the
sum of reported double-[41] and triple-bond covalent radii of iri-
dium and nitrogen of 160 and 175 pm, respectively, the bond
order in Ir(N)2 can be estimated to be between a triple and a
double bond, while the computed NPA bond order is 2.06. The

NPA (AIM) charges are significantly higher compared to di-
atomic Ir/N, amounting to 0.588 (0.896) and @0.294 (@0.448)

for iridium and nitrogen, respectively. The higher charges and

lower covalent bond order of the dinitride compared to the
mononitride suggest an Ir=N double bond in the former one,

which is shortened due to a higher ionic character. The valence
molecular orbitals and occupation numbers obtained from SA-

CASSCF(15,12)/cc-pVTZ(-PP) calculations (for details see Com-
putational Details) for the 2B1 electronic ground state are de-

picted in Figure S4. These calculations reveal a lone pair (5a1)

at the iridium center, two s-bonding orbitals (6a1 and 4b2), two
p-bonding orbitals (2b1 and 1a2), and their anti-bonding s*

(8a1 and 6b2) and p* counterparts (3b1 and 2a2). We note that
one unpaired electron resides in the 3b1 p* orbital. Additional-

ly, two essentially doubly occupied non-bonding orbitals (7a1

and 5b2) remain at the nitrogen ligands, and finally, there is a

high-lying, low-occupied non-bonding orbital (9a1) with contri-

butions from the Ir(6s), Ir(5dx2@y2 ), Ir(6pz) and N(2pz) atomic or-
bitals (Figure S4). An effective bond order (EBO) of 1.56 can be

estimated for the Ir@N bond by counting the occupation num-
bers of the bonding- and anti-bonding molecular orbitals, ne-

glecting the slightly bonding characters of the nonbonding or-
bitals 7a1 and 5b2. For the 2B1 electronic ground state the pres-

ence of nitrogen-centered unpaired electrons can be ruled out,

however, an estimation of low-lying electronic states using SA-
CASSCF(15,12)/cc-pVTZ(-PP) calculations show that the lowest
lying quartet state is 84 kJ mol@1 and the lowest lying sextet
state 252 kJ mol@1 higher in energy than the electronic ground
state (Figure S5 and Table S4). The most dominant configura-
tion of the electronic ground state is a1

6 b1
3 b2

4 a2
2 with a

weight of 0.86 (74 %). Other contributions are small and distrib-
uted over the whole expansion space. This electron configura-
tion can be described by the resonance Lewis structure shown

in Scheme 1, in which an integral formal oxidation state
cannot be assigned to the iridium center a priori.

If we resort to MO theory and wavefunction analysis, spin
populations can give insight into which extend the unpaired

electron is localized either on iridium, or at the nitrido ligands.
Mulliken and Loewdin population analysis yield spin popula-
tions of 0.40 and 0.47 at the iridium center, which means the li-

gands do not allow the definition of a clear-cut integral oxida-
tion state. The formal oxidation state lies between + V and

+ VI, with slightly more weight on the side of + V. The nitrido
ligands must be considered as non-innocent.[42]

Iridium trinitride is an intriguing compound since iridium
would formally be considered in the oxidation state + IX,
which so far was experimentally realized only for the cation

[IrO4]+ , and more recently claimed for the experimentally un-
known nitrido compound NIrO3. Another candidate for the oxi-
dation state + IX could be Ir(N)3, provided that all 5d electrons
from the valence shell of iridium can be formally assigned to

the nitrogen ligands and no lone pair remains on the iridium
atom. We have investigated Ir(N)3 at the BP86/def2-QZVP level

of theory and found a regular D3h structure with an Ir@N bond

length of 176 pm in the 1A1’ ground electronic state (Figure 6).
We have further analyzed the occupied molecular orbitals at

the R-BP86/ZORA-def2-TZVPP(N)/SARC-ZORA-TZVPP(Ir) level of
theory and depicted the valence molecular orbitals in Fig-

ure S6. These calculation reveals a degenerate pair of s-bond-
ing orbitals (4e’) as well as a degenerate pair of p-bonding or-

bitals (1e“). In addition, seven ligand-centered lone pairs (4a1’,
2a2’’, 2 V 5e’, MO’s arising from the N(2s) orbitals are not shown
in Figure S6) can be assigned and a metal centered d-orbital is

attributed to the highest occupied MO (HOMO, 5a1’). We note
that the lowest unoccupied MO (LUMO, 1a2’) is a nonbonding

ligand-centered MO. Thus, our analysis shows that the nitrido
ligands in Ir(N)3 behave as non-innocent ligands as well,[42]

meaning that an essentially non-bonding iridium (dz2 ) orbital

(5a1’) is filled by two electrons at the expense of a ligand delo-
calized nonbonding LUMO (1a2’). This bonding situation, which

is consistent with a formal oxidation state of + VII rather than
+ IX for the iridium atom in Ir(N)3, can be approximately de-

scribed by the resonance Lewis structures shown in Scheme 2.
This electronic description is supported by the calculated

AIM and NPA charges shown in Table S3. While the nitrogen

atoms in Ir(N)3 adopt a charge, which is very close to the one
found in Ir(N)2, the charge at the iridium center raised to about

3/2 of those in Ir(N)2.

The most favored decomposition pathway for doublet Ir(N)2

and singlet Ir(N)3 is found to be the elimination of dinitrogen,

which is exothermic by DH =@20 and @388 kJ mol@1 for Ir(N)2

and Ir(N)3, respectively. According to our all-electron R-BP86/

ZORA-def2-TZVPP(N)/SARC-ZORA-TZVPP(Ir) calculation the
lowest energy pathway for dinitrogen elimination proceed by

cleavage of an Ir@N bond and formation a dinitrogen complex
(Figure 8). The nitrido complexes are separated from their dini-

Scheme 1. Lewis structure for the homoleptic diinitrido iridium.

Scheme 2. Lewis resonance structure for the homoleptic trinitrido iridi-
um(VII) complex Ir(N)3.
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trogen coordinated isomers by a barrier of 244 and 44 kJ mol@1

for Ir(N)2 and Ir(N)3, respectively. The corresponding transition

states on the quartet and triplet surfaces of Ir(N)2 and Ir(N)3, re-
spectively, have also been investigated, and found to be

higher in energy with 257 and 114 kJ mol@1 above the respec-

tive minimum structures. According to these results the kinetic
stability with respect to dinitrogen elimination of Ir(N)3 is

rather low, while Ir(N)2 is kinetically stable and the isomeric di-
nitrogen complex Ir(N2) has indeed been detected in the pres-

ent study.

Conclusions

Laser-ablated iridium atoms were allowed to react with dinitro-

gen and nitrogen atoms formed from N2 molecules by plasma
radiation and the products were isolated in solid neon, argon

and nitrogen matrices and identified by their infrared spectra.

The assignments are supported by ab initio and first principle
calculations as well as 14/15N isotope substitution experiments.

The neutral and ionic iridium dinitrogen complexes Ir(N2),
Ir(N2)+ , Ir(N2)2, Ir(N2)2

@ , IrNNIr were formed and assigned by

their characteristic N-N stretching frequencies at 2097.4,
2270.3, 2154.0, 1956.4 and 786.5 cm@1, respectively. In addition,

the nitrido complexes IrN, Ir(N)2 and IrIrN were observed and
assigned to Ir@N stretching bands centered at 1111.1, 853.5

and 1004.4 cm@1, respectively. While Ir(N)2 can be formed by a

photo-rearrangement of the corresponding dinitrogen com-
plex Ir(N2) or from N atoms and IrN, the latter process was de-

duced from 14/15N isotopic experiments. The threefold coordi-
nated iridium trinitride complex Ir(N)3 was not be observed.

The structural and electronic properties of the dinitrogen
ligand in the N2 complexes are discussed with respect to dini-

trogen activation upon complexation. The largest dinitrogen

activation was observed in the neutral, linear binuclear IrNNIr
complex and in the anionic Ir(N2)2

@ . Also, the electronic struc-

tures of the nitrido complexes Ir(N)2 and Ir(N)3 were investigat-
ed by DFT and ab initio calculations. The dinitride Ir(N)2 adopts

a bent structure in a 2B1 electronic ground state with one un-
paired electron in a delocalized p* molecular orbital (3b1) and

an additional lone pair on the iridium center. Ir(N)3 has a D3h

structure in the lowest energy electronic state in which a lone

pair can be attributed to a nonbonding iridium centered 5dz2
orbital (5a1’) and a formal oxidation state for iridium of + VII

rather than + IX can be deduced. The lowest energy decompo-
sition pathway of these nitrido complexes has been found

computationally to proceed via a rearrangement to the isomer-
ic dinitrogen complexes.
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55 – 112.

[3] M.-A. L8gar8, G. B8langer-Chabot, R. D. Dewhurst, E. Welz, I. Krumme-
nacher, B. Engels, H. Braunschweig, Science 2018, 359, 896 – 900.

[4] a) A. Citra, L. Andrews, J. Am. Chem. Soc. 1999, 121, 11567 – 11568; b) A.
Citra, L. Andrews, J. Phys. Chem. A 2000, 104, 1152 – 1161.

[5] a) G. A. Ozin, A. V. Voet, Can. J. Chem. 1973, 51, 3332 – 3343; b) A. Citra,
L. Andrews, J. Phys. Chem. A 1999, 103, 3410 – 3417; c) X. Wang, L. An-
drews, J. Phys. Chem. A 2002, 106, 2457 – 2464.

[6] a) H. Huber, E. P. Kuendig, M. Moskovits, G. A. Ozin, J. Am. Chem. Soc.
1973, 95, 332 – 344; b) W. Klotzbuecher, G. A. Ozin, J. Am. Chem. Soc.
1975, 97, 2672 – 2675; c) W. Schrittenlacher, W. Schroeder, H. H. Roter-
mund, H. Wiggenhauser, R. Grinter, D. M. Kolb, J. Chem. Phys. 1986, 85,
1348 – 1354; d) G. A. Ozin, J. G. Prieto, J. Phys. Chem. 1988, 92, 325 – 337.

[7] M. Zhou, L. Andrews, J. Phys. Chem. A 1998, 102, 9061 – 9071.
[8] a) D. W. Green, J. Thomas, D. M. Gruen, J. Chem. Phys. 1973, 58, 5453 –

5463; b) E. P. Kendig, M. Moskovits, G. A. Ozin, Can. J. Chem. 1973, 51,
2710 – 2721; c) A. Citra, X. Wang, W. D. Bare, L. Andrews, J. Phys. Chem. A
2001, 105, 7799 – 7811.

[9] X. Wang, L. Andrews, R. Lindh, V. Veryazov, B. O. Roos, J. Phys. Chem. A
2008, 112, 8030 – 8037.

[10] a) C. K. Jørgensen, Oxidation Numbers and Oxidation States, Springer,
New York, 1969 ; b) S. Riedel, M. Kaupp, Coord. Chem. Rev. 2009, 253,
606 – 624; c) S. X. Hu, W. L. Li, J. B. Lu, J. L. Bao, H. S. Yu, D. G. Truhlar,
J. K. Gibson, J. MarÅalo, M. Zhou, S. Riedel, W. H. E. Schwarz, J. Li, Angew.
Chem. Int. Ed. 2018, 57, 3242 – 3245; Angew. Chem. 2018, 130, 3297 –
3300.

[11] G. Wang, M. Zhou, J. T. Goettel, G. J. Schrobilgen, J. Su, J. Li, T. Schlçder,
S. Riedel, Nature 2014, 514, 475 – 477.

[12] D. Himmel, C. Knapp, M. Patzschke, S. Riedel, ChemPhysChem 2010, 11,
865 – 869.

[13] a) H. C. Mattraw, N. J. Hawkins, D. R. Carpenter, W. W. Sabol, J. Chem.
Phys. 1955, 23, 985 – 986; b) A. Citra, L. Andrews, J. Phys. Chem. A 1999,

Figure 8. Stationary points on the doublet (singlet) potential energy surface
of the decomposition pathways of Ir(N)2 (Ir(N)3) leading to elimination and
complexation of N2 calculated at the BP86/ZORA-def2-TZVPP(N)/SARC-ZORA-
TZVPP(Ir) level of theory.

Chem. Eur. J. 2020, 26, 7384 – 7394 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim7393

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.201905514

4.3. A Cornucopia of Iridium Nitrogen Compounds Produced from Laser-Ablated

Iridium Atoms and Dinitrogen

81



103, 4182 – 4190; c) Y. Gong, M. Zhou, M. Kaupp, S. Riedel, Angew. Chem.
Int. Ed. 2009, 48, 7879 – 7883; Angew. Chem. 2009, 121, 8019 – 8023.

[14] A. J. Marr, M. E. Flores, T. C. Steimle, J. Chem. Phys. 1996, 104, 8183 –
8196.

[15] a) R. S. Ram, P. F. Bernath, J. Mol. Spectrosc. 1999, 193, 363 – 375; b) R. S.
Ram, J. Li8vin, P. F. Bernath, J. Mol. Spectrosc. 1999, 197, 133 – 146; c) B.
Hong, L. Cheng, M. Y. Wang, Z. J. Wu, Mol. Phys. 2010, 108, 25 – 33;
d) H. F. Pang, A. S. C. Cheung, Chin. J. Chem. Phys. 2009, 22, 157 – 161;
e) T. C. Steimle, A. J. Marr, S. A. Beaton, J. M. Brown, J. Chem. Phys. 1997,
106, 2073 – 2077.

[16] a) R. Yu, Q. Zhan, L. C. de Jonghe, Angew. Chem. Int. Ed. 2007, 46, 1136 –
1140; Angew. Chem. 2007, 119, 1154 – 1158; b) R. Yu, X. F. Zhang, Phys.
Rev. B 2005, 72, 054103; c) Z.-j. Wu, E.-j. Zhao, H.-p. Xiang, X.-f. Hao, X.-j.
Liu, J. Meng, Phys. Rev. B 2007, 76, 054115.

[17] a) J. C. Crowhurst, A. F. Goncharov, B. Sadigh, C. L. Evans, P. G. Morrall,
J. L. Ferreira, A. J. Nelson, Science 2006, 311, 1275 – 1278; b) A. F. Young,
C. Sanloup, E. Gregoryanz, S. Scandolo, R. J. Hemley, H.-k. Mao, Phys.
Rev. Lett. 2006, 96, 155501.

[18] M. Wessel, R. Dronskowski, J. Am. Chem. Soc. 2010, 132, 2421 – 2429.
[19] TURBOMOLE GmbH, TURBOMOLE V7.0.1, 2015.
[20] a) A. D. Becke, Phys. Rev. A 1988, 38, 3098 – 3100; b) J. P. Perdew, Phys.

Rev. B 1986, 33, 8822 – 8824.
[21] a) F. Weigend, F. Furche, R. Ahlrichs, J. Chem. Phys. 2003, 119, 12753 –

12762; b) F. Weigend, R. Ahlrichs, Phys. Chem. Chem. Phys. 2005, 7,
3297 – 3305.

[22] D. Andrae, U. Huermann, M. Dolg, H. Stoll, H. Preu, Theor. Chim. Acta
1990, 77, 123 – 141.

[23] R. A. Kendall, T. H. Dunning, R. J. Harrison, J. Chem. Phys. 1992, 96,
6796 – 6806.

[24] D. Figgen, K. A. Peterson, M. Dolg, H. Stoll, J. Chem. Phys. 2009, 130,
164108.

[25] J. F. Stanton, J. Gauss, L. Cheng, M. E. Harding, D. A. Matthews, P. G.
Szalay, CFOUR, Coupled-Cluster techniques for Computational Chemis-
try, a quantum-chemical program package.

[26] T. H. Dunning, J. Chem. Phys. 1989, 90, 1007 – 1023.
[27] H.-J. Werner, P. J. Knowles, G. Knizia, F. R. Manby, M. Schetz, P. Celani, W.

Gyçrffy, D. Kats, T. Korona, R. Lindh, A. Mitrushenkov, G. Rauhut, K. R.
Shamasundar, T. B. Adler, R. D. Amos, S. J. Bennie, A. Bernhardsson, A.

Berning, D. L. Cooper, M. J. O. Deegan, A. J. Dobbyn, F. Eckert, E. Goll, C.
Hampel, A. Hesselmann, G. Hetzer, T. Hrenar, G. Jansen, C. Kçppl, S. J. R.
Lee, Y. Liu, A. W. Lloyd, Q. Ma, R. A. Mata, A. J. May, S. J. McNicholas, W.
Meyer, T. F. Miller III, M. E. Mura, A. Nicklass, D. P. O’Neill, P. Palmieri, D.
Peng, K. Pfleger, R. Pitzer, M. Reiher, T. Shiozaki, H. Stoll, A. J. Stone, R.
Tarroni, T. Thorsteinsson, M. Wang, M. Welborn, MOLPRO, version
2019.1, a package of ab initio programs.

[28] a) E. van Lenthe, E. J. Baerends, J. G. Snijders, J. Chem. Phys. 1993, 99,
4597 – 4610; b) C. van Wellen, J. Chem. Phys. 1998, 109, 392 – 399.

[29] D. A. Pantazis, X.-Y. Chen, C. R. Landis, F. Neese, J. Chem. Theory Comput.
2008, 4, 908 – 919.

[30] a) F. Neese, WIREs Comput. Mol. Sci. 2012, 2, 73 – 78; b) F. Neese, WIREs
Comput. Mol. Sci. 2018, 8, e1327.

[31] Y. Zhao, D. G. Truhlar, J. Chem. Phys. 2006, 125, 194101.
[32] E. D. Glendening, J. K. Badenhoop, A. E. Reed, J. E. Carpenter, J. A. Boh-

mann, C. M. Morales, P. Karafiloglou, C. R. Landis, F. Weinhold, NBO 7.0 ;
Theoretical Chemistry Institute, University of Wisconsin, Madison, WI,
2018.

[33] T. Lu, F. Chen, J. Comput. Chem. 2012, 33, 580 – 592.
[34] M. Allavena, R. Rysnik, D. White, V. Calder, D. E. Mann, J. Chem. Phys.

1969, 50, 3399 – 3410.
[35] M. D. Fryzuk, S. A. Johnson, Coord. Chem. Rev. 2000, 200 – 202, 379 – 409.
[36] a) P. Popelier, Atoms in Molecules : An introduction, Prentice Hall, Harlow,

2000 ; b) The Chemical Bond (Eds. : G. Frenking, S. Shaik), Wiley-VCH,
Weinheim, 2014.

[37] M. Zhou, L. Andrews, J. Phys. Chem. A 1999, 103, 7773 – 7784.
[38] H. H. Jaff8, M. Orchin, Tetrahedron 1960, 10, 212 – 214.
[39] J. Abbenseth, M. Finger, C. Wertele, M. Kasanmascheff, S. Schneider,

Inorg. Chem. Front. 2016, 3, 469 – 477.
[40] P. Pyykkç, S. Riedel, M. Patzschke, Chem. Eur. J. 2005, 11, 3511 – 3520.
[41] P. Pyykkç, M. Atsumi, Chem. Eur. J. 2009, 15, 12770 – 12779.
[42] C. K. Jørgensen, Coord. Chem. Rev. 1966, 1, 164 – 178.

Manuscript received: December 6, 2019

Accepted manuscript online: January 17, 2020

Version of record online: April 30, 2020

Chem. Eur. J. 2020, 26, 7384 – 7394 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim7394

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.201905514

4. Publications

82



5. Conclusion and Outlook

5.1. Conclusion

The reaction products of laser-ablated late transition metals of groups 8 and 9 with NF3

comprise the fluoroimido difluorides FNMF2, M = Co, and Rh, the nitrido trifluorides

NMF3, M = Fe, Ru, Rh, Os, Ir, and the nitrido tetrafluorides NMF4, M = Ru and Os. By

reacting laser-ablated iridium atoms with N2 the binary iridium nitrido complexes IrN

and Ir(N)2 along with the dinuclear IrIrN and dinitrogen complexes of iridium were

obtained, while Ir(N)3 was not observed. The product molecules embedded in solid

inert gas matrices were characterized by IR spectroscopy, accompanied by thorough

quantum-chemical calculations.

The unusual σ and π metal-nitrogen bonds in FNMF2 (M = Co, Rh) are formed by

the interaction of M(dz²,xz)-orbitals with the N(pz,x)-orbitals leading to strongly bent

F N M units. Compared to FNRhF2, the metal-nitrogen bond in FNCoF2 is signifi-

cantly weakened and bears imidyl/nitrene character, evident by the considerable ni-

trogen centered spin density.

Formal metal oxidation state of VI and M N bond orders of 3 were determined

for all NMF3 compounds. With the exception of NFeF3 and the magnetically bistable

NOsF3, all characterized NMF3 species possess low-spin configurations. Except for the

iron congener, all NMF3 complexes exhibit a (pseudo) Jahn–Teller distorted structure

with d2 (group 8 metals) and d3 (group 9 metals) configurations. Compared to the

group 6 nitrido trifluorides, the stretching frequencies of the metal-nitrogen triple

bond are slightly increased in the group 8 and 9 NMF3 compounds, with NFeF3 again

being an exception, due to the partial oxidation of its nitrido ligand.

IR spectroscopic evidence for the formation of the C4v symmetric spin doublet

NMVIIF4 (M = Ru, Os) species is presented. The electron configuration of these com-

plexes corresponds to those of the known NRuCl –
4 and NOsCl –

4 anions with one elec-

tron removed from the doubly occupied metal centered dx²−y² orbital.

The novel rhodium(VI) and iridium(VI) nitrido trifluorides represent rare examples

of terminal group 9 nitrido complexes in the unprecedented formal oxidation state VI.

Moreover, it has been shown that the metal-nitrogen multiple bonds in NFeF3, FNCoF2

and Ir(N2) cannot be well described by an oxidation state formalism in which the more

electronegative nitrogen atom adopts an OS of −III. The calculated spin densities of

FNCoF2 and Ir(N2) clearly show significant ligand radical character by means of spin

polarization and spin delocalization, respectively. Molecular Ir(N)3 was found not to

contain Ir(IX), but rather Ir(VII) with a metal localized (dz²)2 configuration.
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5. Conclusion and Outlook

5.2. Outlook

While the reaction of laser-ablated cobalt atoms and NF3 did not lead to the NCoF3

species, lower nitrido fluorides might be stable. The reaction of cobalt with NF could

lead to NCoF, an elusive terminal cobalt-nitrido species.

Fe
26

Co
27

44

Ru
45

Rh

77

Ir
76

Os

Ni
28

46

Pd

Cu
29

47

Ag

79

Au
78

Pt

F2NMF

FNMF2

NMF3

???

Figure 5.1. Reaction products obtained from NF3 and laser-ablated group 8 (this
work), group 9 (this work) as well as group 11 atoms.[272]

Figure 5.1 clearly shows that the obvious missing link in the series of known molec-

ular compounds with F3MN stoichiometry are the group 10 metals. Imido and ni-

trido group 10 complexes are very rare. From Figure 5.1 it can be speculated that

the F3MN molecules of group 10 could include all possible products of the reaction

cascade shown in Reaction 6.

M + NF3 F2NMF FNMF2 NMF3 {6}
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Experimental and Computational Details 

Experimental Details 

14NF3 and 15NF3 (synthesis described elsewhere[1]) were premixed 1:1000 with neon 

(99.999 %, Linde) in a stainless-steel cylinder. The mixing vessel was connected to a 

stainless-steel vacuum line connected to a self-made matrix chamber by a stainless-

steel capillary. The gas mixture was then co-deposited for 100 min with laser-ablated 

iron, ruthenium or osmium atoms onto a gold plated copper mirror and cooled to 5 K 

by using a closed-cycle helium cryostat (Sumitomo Heavy Industries, RDK–205D) 

inside the vacuum chamber. For the laser-ablation, the 1064 nm fundamental of a 

Nd:YAG laser (Continuum, Minilite II, 10 Hz repetition rate, 35–50 mJ pulse–1) was 

focused onto a rotating metal target. Infrared spectra were recorded on a Bruker 

Vertex 80v with evacuated optical path at 0.1 or 0.5 cm–1 resolution in the region 4000–

430 cm−1 by using a liquid-nitrogen-cooled mercury cadmium telluride (MCT) detector. 

Computational Details 

Density functional theory (DFT) calculations are performed using the TURBOMOLE 

7.0.1 program package[2] employing the GGA, meta-GGA or hybrid exchange-

correlation density functionals BP86,[3] M06-L[4] and B3LYP,[5] respectively, with the 

polarized quadruple- basis set def2-QZVP[6] which applies the Stuttgart-Dresden 

effective core potential for ruthenium and osmium.[7] The Coupled Cluster Single 

Double and perturbative Triple excitations (CCSD(T)) calculations are carried out in 

the spin unrestricted ROHF-UCCSD(T) open-shell coupled cluster formalism[8] using 

default frozen core settings as implemented in the Molpro 2019 software package.[9] 

The same software was used for all complete active space self-consistent field 

(CASSCF)[10] and n-electron valence state perturbation theory (NEVPT2)[11] 
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calculations. Unless stated otherwise, all CCSD(T) calculations were combined with 

the augmented triple- basis sets aug-cc-pVTZ (for short: aVTZ) for nitrogen, fluorine, 

iron[12] and aug-cc-pVTZ-PP (for short: aVTZ-PP) for ruthenium and osmium.[13] Only 

the valence electrons [N,F: 2p 2s, M: (n-1)d ns] are correlated in the CCSD(T) and 

NEVPT2 dynamic correlation procedure when the (aug)-cc-pVNZ(-PP/-DK)[12a,12c,13] 

[for short: (a)VNZ(-PP/-DK)] basis sets are used. Whereas the metal based (n-1)s (n-

1)p orbitals were included when the aug-cc-pwCVNZ(-PP/-DK)[12a,12c,13] [for short: 

awCVNZ(-PP/-DK), N = cardinal number D, T, Q or 5] basis sets are used. The active 

space for the state-specific complete active-space (SS-CASSCF) reference 

wavefunctions is chosen to consist of 8 electrons in 8 orbitals covering the Fe≡N three 

bonding, three antibonding and the two metal centered molecular orbitals. Larger 

active spaces including the Fe(4s) or Fe–F bonding molecular orbitals of (8,9) (14,11) 

and (14,12) were also applied. However, the larger active space did either not improve 

the wavefunction [(8,9)], or the optimization process led to wavefunctions which did 

not contain the desired molecular orbitals in the active space [(14,11), (14,12)]. 

NEVPT2 calculations for NFeF3 were carried out with relativistic corrections using the 

second order Douglas-Kroll-Hess Hamiltonian.[14] Three diagnostic criteria, T1, D1 and 

the %TAEe[(T)] from CCSD(T) calculations were examined for all NMF3 compounds 

under consideration. Except NFeF3, all values shown in Table S7 are well within the 

limits of T1  0.05, D1  0.15 and %TAE  10 for 3d transition metal (TM) containing 

species[15] and T1 < 0.045, D1 < 0.120 and %TAE < 10 for 4d TM containing species.[16] 

The NOsF3 1A’/ 3A” minimum energy crossing point (MECP) was calculated at the 

UB3LYP/def2-TZVP[6b] and UHF-UCCSD(T)/cc-pVTZ(Os: cc-pVTZ-PP) level of theory 

using SurfCrossOpt as implemented in ORCA 4.2.0.[17] Harmonic vibrational 

frequency calculations were carried out for optimized structures analytically (BP86, 
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B3LYP, M06-L) or numerically (CCSD(T) and NEVPT2, step size of numerical 

differentiation: 0.01 a.u.) The NFeF3, NRuF3 and NOsF3 APES scans were carried out 

with the same active space as described above in Cs point group symmetry. For NFeF3 

9 electronic states (3  1A’, 2  1A”, 2  3A’ and 2  3A”), for NRuF3 and NOsF3 8 

electronic states (2  1A’, 1  2A”, 2  3A’ and 3  3A”) were averaged with equal weights 

with subsequent NEVPT2 treatment of all states individually. The Atoms in Molecules 

(AIM) charges[18] (Tables S8 and S12) were calculated using Multiwfn 3.6.[19] The 

NLMO/NPA Bond Orders,[20] Natural Charges (NPA)[20] and Wiberg Bond Indices[21] 

(Tables S8 and S12) were calculated using the NBO 7.0 software.[22] All rendered 

figures showing molecular structures and orbitals were obtained using the vmd 1.9.2 

program.[23] 

Detailed Assignments 

By comparing spectra of the reaction products of different metal targets, metal 

dependent bands were identified. Further simplification was achieved by taking into 

account band positions of molecular binary fluorides MFn, which were obtained by 

recording complementary spectra of the reaction products of metal atoms with 

elementary fluorine under the same conditions described above for the reaction with 

NF3. For each experiment those bands were selected which are absent in the spectra 

obtained with other metal targets and which could not be assigned to the binary metal 

fluorides NFn. Only this set of selected bands can be considered for the assignment 

of any novel species formed in this particular experiment. Their further assignment is 

based on the observed 14/15N isotope shift and on their similar behavior in different 

experiments, such as e.g. in annealing or photolysis experiments. Only a few bands 

A.1. High-Spin Iron(VI), Low-Spin Ruthenium(VI), and Magnetically Bistable of

Osmium(VI): Molecular Group 8 Nitrido Trifluorides NMF3

111



5 
 

from this selected set of bands could not be assigned to a NMFn (n = 3, 4) species. 

They remained unassigned and were labelled e.g. with a diamond in each spectrum. 

Photolysis experiments were conducted using LED light of λ = 730, 656, 617, 590, 

528, 470, 455 and 273 nm and subsequently ArF excimer laser light of λ = 193 nm. 

NFeF3 

The formation of molecular NFeF3 (C3v) is proved by the assignment of all stretching 

vibrations marked A, B and C at 946.4, 766.8 and 658.8 cm−1 in the IR spectrum 

obtained after co-depositing laser-ablated iron and NF3 in excess neon shown in 

Figure S1 (see also Table S3). The FeF3 stretching modes split into a degenerate e 

and an a1 component at 766.8 and 658.8 cm−1, respectively. The latter shows a small 

14/15N isotopic shift of −1.1 cm−1. The corresponding bands for the group 6 NCrF3 

congener of C3v point group symmetry (798 cm−1 (e), 709 cm−1 (a1))[24] are located 

about 30 cm−1 and 50 cm−1, respectively, higher than those assigned to NFeF3. This 

redshift is the result of a weakening of the M-F bonds due to the partial e2 occupation 

of the Fe centered orbitals that are slightly antibonding with respect to these bonds. 

This is further supported by the computed, slightly elongated Fe-F bond distances 

(Cr−F: 170 pm, Fe−F: 172 pm). The vibrational e-type mode of NFeF3 exhibits a small 

splitting in two components (766.8 cm−1 and 766.7 cm−1) with different intensities, 

which indicates that the degeneracy is moderately lifted, most likely due to different 

orientations of the NFeF3 molecule within the matrix cavity. The Fe−N stretch at 

946.4 cm−1, marked A in Figure S1, shows a 14/15N isotopic shift of −23.7 cm−1 (isotopic 

ratio of 1.0257). The band position of the previously reported cationic complex 

[(TIMENR)FeIV(N)]BPh4 (R = xylyl, mesityl)[25] is with 1008 cm−1 higher, but (within 

given precision) exhibits the same isotopic ratio. Quantum-chemical calculations at the 

NEVPT2 level overestimate the N-Fe band position, but the predicted isotopic ratio of 
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1.0256 is very close to the experimentally observed value of 1.0257. Known bands at 

744.7/744.7, 752.6 and 785.1 cm−1 were assigned to the molecular binary iron 

fluorides 56FeF3, 56FeF2 and 54FeF2, respectively.[26] 

NRuF3 and NRuF4 

The spectra recorded after co-depositing laser-ablated ruthenium and NF3 in excess 

of neon (Figure S2), clearly revealed the presence of two different nitrido ruthenium 

complexes, finally assigned to NRuF3 (Cs) and NRuF4 (C4v). Their characteristic Ru≡N 

stretching bands are labeled A (1105.4 cm−1, NRuF3) and A’ (1098.5 cm−1, NRuF4) in 

Figure S2. These bands show the same 14/15N isotopic ratio of 1.0305 (Table S3). Their 

isotopic pattern due to seven naturally occurring, stable ruthenium isotopes obtained 

from spectra recorded at 0.1 cm−1 are listed in Table S4 and compared in Figure S4 

with the predicted pattern. For the A’ band the 96/104Ru isotopic ratio were not 

experimentally determined, because of a low natural abundance (5.52 %) of the 

N96RuF4 isotopologue. NRuF4 is likely formed by the exothermic addition of a fluorine 

atom to NRuF3 (see Table S1). 

The RuF3 stretching modes of Cs symmetric NRuF3 split into three modes. The strong 

antisymmetric F–Ru–F appears at 668.5 cm−1 (labeled B in Figure S2) and likely 

overlaps with the nearby weaker F’–Ru band. A control experiment in which laser-

ablated Ru was deposited with F2 instead of NF3 revealed that also a band associated 

with a ruthenium fluoride might contribute to the strong B absorption. The symmetric 

F–Ru–F mode is attributed to the band labelled C at 635.8 cm−1. From the RuF4 

stretching modes of NRuF4 only the strongest band, the degenerate e-type mode 

could safely be assigned to the band labeled B’ in Figure S2 centered at 700.0 cm−1. 

The much weaker predicted RuF4 a1 band was not detected, probably because it is 

either too weak or overlapped by another band. The high-resolution spectrum shown 
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in Figure S5 reveals a distinct ruthenium isotopic pattern for all these three assigned 

Ru−F stretching modes (Tables S5 and S6). The band positions and isotopic pattern 

observed for NRuF4 can be compared well with those reported for ORuF4 isolated in 

solid nitrogen.[27] The reported 102Ru≡O stretching mode (1059.5 cm−1) is red-shifted 

by about 39 cm−1 with respect to (102Ru≡N) (1098.5 cm−1, Table S3), while the RuF4 

e-type mode is blue-shifted by about 10 cm−1. Considering the greater mass of oxygen 

and the more interacting nitrogen matrix, the small red-shift suggests very similar 

bonding in both species. In fact, the bond order of Ru≡O in ORuF4 is predicted to be 

three as well.[28] 

A few Ru−F stretching bands remained unassigned. The 96/104Ru isotopic ratio of the 

band labeled by a plus sign at 651.9 cm−1 in Figure S2 exhibits a characteristic 

ruthenium isotopic pattern expected for a mononuclear Ru complex, and the two 

bands labeled with a pound sign at 606.5 and 616.5 cm−1 show a different isotopic 

pattern, probably caused by a Ru dimer complex. 

NOsF3 and NOsF4 

The metal-nitrogen stretching region of the spectra obtained by co-depositing of laser-

ablated osmium and 14NF3 contains one band labeled A in Figure S3 at 1140.1 cm−1, 

while the spectra obtained using isotopic label 15NF3 contains two N−Os stretching 

bands. The first band at 1104.6 cm−1 is caused by the 15N isotopologue of A and shows 

a 14/15N isotopic shift of −35.5 cm−1 and a 14/15N isotopic ratio of 1.03214. By applying 

the isotopic ratio obtained for A to the second band at 1086.0 cm−1, we obtain 

1120.9 cm−1 as an estimated value for the 14N isotopologue of the second band 

labeled A’ in Figure S3. This band is overlapped by the stronger band associated with 

the 14NF radical. Both bands are assigned to NOsF3 in two electronic states. Band A 
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is assigned to the Os≡N stretching mode of NOsF3 in the 1A’ ground state, and band 

A’ to NOsF3 in a near-by excited 3A” electronic state. The Os−F stretching bands 

assigned to NOsF3 (1A’) are labeled B, C and D in Figure S3 and are at 686.0, with a 

matrix site at 686.6 cm−1, at 641.3 with a weaker matrix site at 640.1 cm−1 and at 

632.3 cm−1, respectively. Bands B and D are assigned to the symmetric and 

antisymmetric F–Os–F stretching mode, respectively, and C to the F’–Os stretching 

mode. Bands labeled B’, C’ and D’ at 675.8 cm−1 (with a matrix site at 677.0 cm−1), 

660.5 cm−1 (matrix site at 658.9 cm−1), and 607.4 cm−1, respectively, are assigned to 

NOsF3 (3A”). Finally, the band labeled A” at 689.6 cm−1 is tentatively assigned to the 

OsF4 e-type mode of NOsF4 in C4v symmetry. The N−Os stretching band and the 

remaining Os−F stretching bands of NOsF4 are predicted with significantly lower 

intensity and were not detected. The intensity of the bands assigned to NOsF3 and 

NOsF4 did not change in annealing and photolysis experiments. All assignments and 

isotopic shifts are in excellent agreement with values obtained at the CCSD(T) level 

of theory summarized in Table S3. 

Supplemental Computational Results 

NFeF3 

The B3LYP hybrid functional was found to perform worst when comparing the Fe–N 

bond length and stretching frequency with results from other single-reference methods 

(DFT and CCSD(T)) or multi-reference NEVPT2 calculations (Table S2). To obtain 

reliable structural and vibrational data for NFeF3 by taking dynamical, non-dynamical 

and core-valence correlation effects, as well as scalar relativistic effects into account 

the NEVPT2/CASSCF(8,8)/aVTZ-DK(Fe: awCVTZ-DK) method was employed. The 
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rearrangement of the iron fluoroimino intermediate, FN=FeF2, to the high-valent iron 

nitrido trifluoride N≡FeF3 is predicted to be exothermic by only −7 kJ mol−1 at the 

B3LYP level (Table S1), while the GGA and meta-GGA functionals BP86 and M06-L 

predict more exothermic reaction enthalpies of −78 and −74 kJ mol−1, respectively. 

The latter predictions agree better with the NEVPT2 results (Table S2). CASSCF(8,8) 

calculations reveal that the leading configuration of NFeF3 is 22211*0*0*0, 

which contributes only 60 % to the 3A2 ground state. The small ligand field splitting, i. 

e. the low energy gap between the non-bonding 3d(Fe,)-MOs and the antibonding 

MOs indicates a poor overlap between the 3d(Fe) orbitals with the N3− ligand 

orbitals,[29] and leads to a significant population of Fe≡N antibonding * and * orbitals 

(Figure S6). The effective bond order[30] (EBO) of the individual bonds is 0.8 () and 

0.7 (), a total of 2.2, or an integer BO of 3. The NLMO bond order of 2.30 and the 

Wiberg bond index of 2.52 obtained from analyzing the DFT wavefunction (Table S8) 

further support the assignment of a Fe≡N triple bond. The short calculated Fe≡N bond 

length of 153 pm is within the range of reported crystallographic data for iron 

complexes with triply bonded nitride ligands of 153 pm ([(TIMENR)FeIV(N)]BPh4, R = 

xylyl, mesityl),[25] 151 pm ([PhB(tBuIm)3FeIV(N)])[31] and 150–151 pm 

([PhB(tBuIm)3FeV(N)]BarF24)[31], or 157 pm ([(Me3cyac)FeVI(N)](PF6)2, derived from 

EXAFS data)[32]. 
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Supporting Figures 

 

 

Figure S1. IR spectra of laser ablated iron co-deposited with 0.1 % 15NF3 in Ne (a), after 10 min 

irradiation using LED light of  = 656±10 nm (b), 47010 nm (c), 273±10 nm (d), as well as a 193 

nm excimer laser radiation (e), and successive annealing to T = 10 K (f). Experiment using 0.1 % 

14NF3 in Ne (g). Bands labeled A, B and C are assigned to NFeF3 (see Table S3). Band A is by a 

factor of five in spectrum g. Known bands of binary iron fluorides[26] are indicated, and an unassigned 

band showing no14/15N isotopic shift is marked with an asterisk. Note that NFeF3 is unaffected by 

annealing to 10 K or the selective LED radiations, but this band slightly gains intensity upon irradiation 

with LED light with  = 656 nm and lose intensity when irradiated with laser light of  = 193 nm. 
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Figure S2. IR spectra of laser ablated ruthenium co-deposited with 0.1 % 14NF3 in Ne (a), after 

annealing to 10 K (b), and broadband photolysis (c). Co-deposition of Ru with 0.1 % 15NF3 in Ne (d). 

Bands labeled A – C are attributed to NRuF3 and A’ and B’ are due to NRuF4. Unknown product 

bands are labeled by a pound and plus sign, respectively. The bands associated with 14NF, 14NF2 

and 14NF3 are marked with squares, circles and asterisks, respectively.[33] 

Note that the 96/104Ru isotopic ratio of the band labeled by a plus sign at 651.9 cm−1 

exhibits a characteristic ruthenium isotopic pattern expected for a mononuclear Ru 

complex, while the two bands labeled with a pound sign at 606.5 and 616.5 cm−1 

show a different isotopic pattern, probably caused by a Ru dimer complex. 
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Figure S3. IR spectra of laser ablated osmium co-deposited with 0.1 % 14NF3 in Ne (a), after 

annealing to 10 K (b), and broadband photolysis (c). Co-deposition of Os with 0.1 % 15NF3 in Ne (d). 

Bands labeled A–D are attributed to NOsF3 and A’–D’ to NOsF3 (3A”). Bands of binary osmium 

fluorides are marked with star symbols. The bands associated with 14NF, 14NF2 and 14NF3 are marked 

with squares, circles and asterisks, respectively.[33] 
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Figure S4. Infrared absorption spectrum of laser ablated ruthenium with 0.1 % NF3 displaying the N-

Ru stretching bands of NRuF3 and NRuF4 in a spectral resolution of 0.1 cm−1. The pattern is caused 

by the seven naturally occurring, stable ruthenium isotopes (see Table S4). 
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Figure S5. Infrared absorption spectrum of laser ablated ruthenium with 0.1 % NF3 displaying the 

RuF stretching bands of NRuF3 and NRuF4 in a spectral resolution of 0.1 cm−1. The pattern is caused 

by the seven naturally occurring, stable ruthenium isotopes (see Tables S5 and S6). 
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Figure S6. Active space natural molecular orbital plot at  = 0.1 e Bohr−3, irreproducible 

representations, occupation numbers and orbital energies (hartree) of NFeF3 (3A2), NRuF3 (1A’), 

NOsF3 (1A’) and NOsF3 (3A”) calculated at the CASSCF(8,8)/aug-cc-pVTZ(-PP) level of theory at the 

A. Supporting Information of Publications

122



16 
 

CCSD(T)/aug-cc-pVTZ-(-PP) (M = Ru, Os) or NEVPT2/aug-cc-pwCVTZ-DK (M = Fe) optimized 

ground state structures. For the singlet states of NRhF3 and NOsF3 a state-averaging procedure 

(Molpro: “states,2;weight,0.9,0.1”) was applied to include the desired orbitals into the active space. 

Two columns are shown for each species: In the right column the molecules are shown in the xz 

plane, whereas they are shown in the yz plane in the left column. The molecular orbitals for each 

species are ordered according to those of NFeF3 as reference. 

 

 

Figure S7. Singly occupied molecular orbital (SOMO) plot of NRuF4 at  = 0.1 e Bohr−3 obtained at 

the ROHF/aug-cc-pVTZ(Ru: aug-cc-pVTZ-PP) level of theory. 
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Figure S8. Plot of the metal centered e-type natural molecular orbitals of NMF3 at  = 0.1 e Bohr−3, 

irreproducible representations, occupation numbers and orbital energies (hartree) of NFeF3 (3A2), 

NRuF3 (1A’), NOsF3 (1A’) and NOsF3 (3A”) calculated at the CASSCF(8,8)/aug-cc-pVTZ(-PP) level of 

theory at the CCSD(T)/aug-cc-pVTZ-(-PP) (M = Ru, Os) or NEVPT2/aug-cc-pwCVTZ-DK (M = Fe) 

optimized ground state structures. For the singlet states of NRhF3 and NOsF3 a state-averaging 

procedure (Molpro: “states,2;weight,0.9,0.1”) was applied to include the desired orbitals into the 

active space. 
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Figure S9. Dihedral angle  between the F’–M–N -plane and a F–M–N plane. 
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Supplementary Tables 

Table S1. Experimental Fe−N distances (Å) and stretching fundamentals (cm−1) of representative 

high-valent iron nitride complexes. 

Complex Fe−N distances (Å) Fe−14N stretch (cm−1) 

[FeVN(OEP)] [a]  876 (RR) 

[FeVN(TPP)] [a]  876 (RR) 

[FeVN(TTPPP)] [b]  876 (RR) 

[FeV(N)(Me2Py2TACN)]2+ [c]  866 (IRPD) 

[FeV(N)(MePy2TACN)](PF6)2 [34] 1.64(1) (EXAFS) 855 (IRPD) 

[FeV(N)(cyclam-ac)]+ [d] 1.61(1) (EXAFS) 864 (NRVS) 

[FeVI(N)(Me3cyclam-ac)]2+ [32] 1.57(2) (EXAFS)  

   

[FeIV(N)(PhB(CH2PiPr2)3] [35] 1.51–1.55 (EXAFS) 1034 

[FeIV(N)(P3
B)]+ [e] 1.54(2) (EXAFS)  

[FeIV(N)(PhB(tBuIm)3)] [36] [f]  1.532(5) (X-Ray)  

[FeIV(N)(PhB(tBuIm)3)] [37] 1.512(1) (X-Ray) 1028 (RR) 

[FeV(N)(PhB(tBuIm)3)]+ [31] 1.506(2)/1.502(2) (X-Ray)  

[FeIV(N)(TIMENMes)]+ [g] [25] 1.526(2) (X-Ray) 1008 

[FeIV(N)(TIMMNMes)]+ [38] 1.513(3) (X-Ray)  

FeV(N)(TIMMNMes)]2+ [38] 1.529(1) (X-Ray)  

[a]: RR: Resonance Raman (OEP2−: octaethylporphinato dianion, TPP2−: tetraphenylporphinato 

dianion).[39] (M=N) of stable nitridomanganese(V) porphyrins and nitridochromium(V) porphyrins 

were observed at 1049–1052 cm−1 for the former[40] and at 1017 cm−1 for the latter.[41] 

[b]: RR: Resonance Raman (TTPPP2− = tetrakis-(2,4,6-triphenylphenyl)porphyrinato dianion).[42]  

[c]: (Me2Py2tacn): 1-(di(pyridin-2-yl) methyl)-4,7-dimethyl-1,4,7-triazacyclononane, IRPD: infrared 
photodissociation;[34b] 

[d]: NRVS: nuclear resonant vibrational spectroscopy.[43] 

[e]: P3
B:= tris(o-diisopropylphosphinophenyl)borane.[44] 

[f]: PhB(tBuIm)3)− = phenyltris(3-tert-butylimidazol-2-ylidene. 

[g]: TIMENMes = tris[2-(3-mesityl-imidazol-2-ylidene)ethyl]-amine. 

[h]: TIMMNMes  = tris-[2-(3-mesityl-imidazol-2-ylidene)methyl]-amine. 
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Table S2. Selected reaction enthalpies at T = 0 for MNFn compounds (n = 1–3 for M = Fe and n = 1–

4 for M = Ru, Os) obtained at the B3LYP, BP86 and M06-L (Fe only) levels of theory.[a] 

Reaction 
H0 [kJ mol−1] 

B3LYP BP86 M06-L 

Fe + NF3  → F2NFeF (3A’) −331 −391 −351 

F2NFeF (3A’)  → FNFeF2 (3A’’) −239 −246 −267 

FNFeF2 (2A’’)  → NFeF3 (C3v, 3A2) [a] −4 −78 −74 

NFeF3 (3A2 – C3v) → NFeF2 (2A2) + F 277 327 324 

NFeF3 (3A2 – C3v) → NFeF2 (2A2) + ½ F2 204 224 250 

NFeF3 (3A2 – C3v) → NFeF (1A’) + F2 597 592 604 

NFeF3 (3A2 – C3v) + F → NFeF2 (2A2) + F2 131 121 177 

Ru + NF3  → F2NRuF (3A’’) −386 −439 - 

F2NRuF (3A’’)  → FNRuF2 (3A’’) −238 −258 - 

FNRuF2 (3A’’)  → NRuF3 (C3v, 3A2) −153 −162 - 

FNRuF2 (3A’’)  → NRuF3 (1A’) −143 −146 - 

NRuF3 (1A’) + F  → NRuF4 (C4v, 2B2) −305 −371 - 

NRuF3 (3A’’)  → NRuF2 (C2v, 2A2) + F 286 332 - 

NRuF3 (3A’’)  → NRuF2 (C2v, 2A2) + ½ F 213 232 - 

NRuF3 (3A’’)  → NRuF (1A’) + F2 535 577 - 

NRuF3 (3A’’) + F  → NRuF2 (C2v, 2A2) + F2 140 129 - 

Os + NF3  → F2NOsF (C2v, 3A1) −413 −474 - 

F2NOsF (3A1 - C2v) → FNOsF2 (3A’’) −295 −299 - 

FNOsF2 (3A’’)  → NOsF3 (1A’) −196 −193 - 

FNOsF2 (3A’’)  → NOsF3 (3A’’) −206 −208 - 

NOsF3 (3A’’)  → NOsF2 (3A’’) + F 288 330 - 

NOsF3 (3A’’)  → NOsF2 (3A’’) + ½ F 215 227 - 

NOsF3 (3A’’)  → NOsF (1A’) + F2 674 686 - 

NOsF3 (3A’’) + F  → NOsF2 (C2v, 2A1) + F2 142 124 - 

[a] Unless stated otherwise, complexes were optimized in Cs point group symmetry.  
[b] ROB3LYP/def2-QZVP: −31 kJ mol−1, CCSD(T)/aug-cc-pVTZ-DK: −66 kJ mol 
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Table S3. Comparison of the computed N–Fe stretching frequency ((Fe–N) in cm−1) and bond length 

(r(Fe–N) in pm) in NFeF3 obtained at spin unrestricted and restricted open-shell DFT, CCSD(T) and 

NEVPT2 levels of theory. 

Method (Fe–N) r(N–Fe) SC / T1 / C0
2 [a] 

UB3LYP 421 163.8 1.343 

UM06-L 785 154.5 0.556 

UBP86 1096 151.1 0.070 

ROB3LYP [b] 1192 148.0 - 

CCSD(T) 757 161.2 0.101 

NEVPT2 1028 153.3 0.599 

[a] Diagnostics of multi-reference character: SC (spin contamination) for 
unrestricted DFT methods UB3LYP, UM06-L and UBP86, T1 diagnostic for 
CCSD(T) and the weight of the leading configuration C0

2 of the CASSCF wave 
function. [b] Calculated using Molpro 2019. 
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Table S4. Calculated and experimental vibrational wavenumbers ((14N) in cm−1) and 14/15N isotopic shifts ( in parentheses) for NFeF3, NRuF3, NRuF4, NOsF3 

and NOsF4. 

Exp. [a] BP86 [b] B3LYP [b] CCSD(T) [b] Assignment 

NFeF3 (C3v, 3A2) [c] 

946.4 (−23.7) 1096 (−28) [34] 421 (−12) [21] 1028 (−26) [-] [d] NFe str., a1 

766.8 (0) / 766.7 (0) 691 (0) [2  100] 701 [2  146] 737(0) [-] [d] FeF3 str., e 

658.8 (−1.1) 650 (−1) [40] 683 (1) [33] 689 (−2) [-] [d] FeF3 str., a1 

N102RuF3 (Cs, 1A’)  

1105.4 (−32.7)  1150 (−34) [40] 1202 (−35) [43] 1085 (−32) [-] NRu str., a’ 

[e] 651 (0) [46] 669 (0) [54] 682 (0) [-] F’-Ru str., a’ 

668.5 (0) 641 (0) [150] 661 (0) [171] 678 (0) [-] antisym. F-Ru-F str., a” 

635.8 (0) 618 (0) [48] 634 (0) [58] 649 (0) [-] sym. F-Ru-F str., a’ 

N102RuF4 (C4v, 2B1) 

1098.5 (−32.5) 1060 (−31) [16] 1175 (−35) [15] 1080 (−32) [-] NRu str., a1 

700.1 (0) 675 (0) [2  162] 694 (0) [2  196] 711 (0) [-] RuF4 stretch, e 

- [e] 645 (0) [22] 670 (0) [27] 681 (0) [-] RuF4 stretch, a1 

- [f] 576 (0) [0] 588 (0) [0] 598 (0) [-]] RuF4 stretch, b2 

NOsF3 (Cs, 1A’) 

1140.1 (−35.5) 1148 (−36) [23] 1196 (−38) [28] 1152 (−36) [-] NOs str., a’ 

686.0 / 686.6 (0) 657 (0) [98] 671 (0) [94] 689 (0) [-] OsF2 sym. str., a’ 

641.3 / 640.0 (0) 637 (0) [45] 647 (0) [75] 664 (0) [-] OsF’ sym. str., a’ 

632.3 (0) 609 (0) [51] 629 (0) [59] 652 (0) [-] OsF2 antisym. str., a” 

NOsF3 (Cs, 3A”) 
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1086.0 (-) [f] 1089 (-35) [27] 1130 (-37) [31] 1095 (-36) [-] 15NOs str, a’ 

675.8 / 677.0 646 (0) [134] 657 (0) [153] 675 (0) [-] OsF2 antisym. str., a” 

660.5 / 658.9 (0) 637 (0) [36] 652 (0) [50] 668 (0) [-] OsF2 sym. str., a’ 

607.4 (0.0) 581 (0) [66] 594 (0) [75] 614 (0) [-] OsF’ sym. str., a’ 

NOsF4 (C4v, 2B1) 

- [g] 1140 (−36) [13] 1192 (−37) [13] 1145 (−36) [-] NOs str., a1 

- [g] 664 (0) [25] 687 (0) [31] 706 (0) [-] OsF4 stretch, a1 

689.9 (0) 658 (0) [2  152] 674 (0) [2  176] 693 (0) [-] OsF4 stretch, e 

- [h] 605 (0) [0] 617 (0) [0] 635 (0) [-] OsF4 stretch, b2 

[a] Neon matrix; matrix sites are separated by a slash. [b] Intensities in km mol−1 in square brackets. [c] M06-L/def2-QZVP: 785 a1 (−11) [12], 703 e (0) [200], 

617 a1 (−1) [40]. [d] NEVPT2/aug-cc-pwCVTZ-DK; [f] (15N−Os) in cm−1, see text. [e] Band is likely hidden by the stronger antisymmetric F-Ru-F stretching 
mode (a’’). [g] Too weak or overlapped. [h] Not IR active. 
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Table S5. The experimental isotopic pattern of the N-Ru stretching band of NRuF3 caused by the 

seven naturally occurring, stable ruthenium isotopes. 

Isotopologue (NRu), a’ (FRuF) antisym., a’’ (RuF’), a’ 

N96RuF3 1109.57 673.32 637.93 

N98RuF3 1108.25 too weak too weak 

N99RuF3 1107.46 670.80 636.83 

N100RuF3 1106.83 669.96 636.43 

N101RuF3 1105.97 669.12 636.05 

N102RuF3 1105.40 668.48 635.84 

N104RuF3 1104.10 666.94 635.16 

 

 

Table 6. The experimental isotopic pattern of the N-Ru stretching band of NRuF4 caused by the 

seven naturally occurring, stable ruthenium isotopes. 

Isotopologue (NRu), a’ 

N96RuF4 705.85 

N98RuF4 703.73 

N99RuF4 702.87 

N100RuF4 701.89 

N101RuF4 700.89 

N102RuF4 700.01 

N104RuF4 698.25 
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Table S7. Comparison of the experimental and calculated 96/104Ru isotopic ratios of the bands 

assigned to NRuF3 and NRuF4. 

 Frequency [cm−1] [a] 96/104Ru Isotopic Ratio 

 Exp. Exp. B3LYP CCSD(T) 

NRuF3     

(NRu), a’ 1105.40 1.00495 1.00495 1.00497 

(FRuF),antisym.a’’ 668.48 1.00956 1.00940 1.00963 

(RuF’),a’ 635.84 1.00361 1.00414 1.00378 

NRuF4     

(NRu), a’ 1098.53 - [b] 1.00509 1.00507 

(NRu), a’ 700.01 1.01088 1.01097 1.01093 

Unknown Product 606.52 1.00289 - - 

[a] Band position of isotopologue containing the most abundant ruthenium isotope 
102Ru; [b] Intensity too low to safely assign the NRu96F4 band (see Figure S5) 

 

Table S8. CCSD(T) diagnostics to estimate the presence of multi-reference character of NMF3 (M = 
Fe, Ru, Os). 

Compound T1 D1 %TAE 

NFeF3 (3A2) 0.1013 0.4353 14.2 

NRuF3 (1A’) 0.0356 0.1166 7.7 

NRuF3 (3A’’) 0.0296 0.0922 7.8 

NOsF3 (1A’) 0.0280 0.0915 6.8 

NOsF3 (3A”) 0.0290 0.0839 6.6 
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Table S9. AIM charges, NPA charges, NLMO bond orders (totals by atom) and Wiberg bond indices (totals by atom) for all experimentally detected NMF3 

and NMF4 species calculated at the DFT (M06-L for M = Fe and B3LYP for M = Ru, Os) levels of theory. 

 NFeF3 (3A2) NRuF3 (1A1) NOsF3 (1A’) NOsF3 (3A”) NRuF4 (2B2) NOsF4 (2B2) 

 N Fe N Ru N Os N Os N Ru N Os 

 M06-L B3LYP 

AIM Charge −0.25 1.90 −0.35 2.04 −0.49 2.21 −0.51 2.25 −0.25 2.38 −0.40 2.66 

NPA 
Charge 

0.05 1.41 −0.03 1.55 −0.21 1.72 −0.26 1.80 0.08 1.69 −0.11 1.99 

NLMO B.O. 2.30 3.21 2.62 3.64 2.77 3.84 2.80 3.80 2.28 4.30 2.54 4.48 

Wiberg B.I. 2.52 3.29 3.04 4.28 3.03 4.47 2.86 3.98 3.05 4.61 3.04 4.76 
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Table S10. Electronic energies (hartree) and energy differences (kJ mol−1) of singlet and triplet NRuF3 calculated at the ROHF/UCCSD(T) level of theory with 

basis sets up to quintuple zeta quality, as well as CBS extrapolations. The single point energies were calculated at the minima obtained at the CCSD(T)/aug-

cc-pVTZ(-PP) levels. 

Basis set 
NRuF3 (Cs, 1A’) NRuF3 (C3v, 3A2) 

ET−S 
Reference E. Correlation E. Total Energy Reference E. Correlation E. Total Energy 

aVDZ(-PP) −446.504523 −1.181185 −447.685709 −446.507003 −1.181062 −447.688064 −6.2 

aVTZ(-PP) −446.600941 −1.422827 −448.023769 −446.602085 −1.420950 −448.023035 1.9 

aQZ(-PP) −446.627712 −1.506839 −448.134551 −446.628722 −1.504153 −448.132875 4.4 

aV5Z(-PP) −446.634844 −1.538137 −448.172981 −446.635786 −1.534972 −448.170758 5.8 

CBS [a] −446.634844 −1.570975 −448.205819 −446.635786 −1.567306 −448.203092 7.2 

CBS [b] −445.634844 −1.556720 −447.191564 −445.635786 −1.553102 −447.188889 7.0 

apwCVDZ(−PP) −446.511415 −1.500142 −448.011557 −446.513189 −1.501410 −448.014598 −8.0 

apwCVTZ(−PP) −446.603800 −1.818958 −448.422758 −446.604814 −1.818014 −448.422827 −0.2 

apwCVQZ(−PP) −446.628602 −1.928322 −448.556924 −446.629599 −1.926530 −448.556129 2.1 

apwCV5Z(−PP) −446.635065 −1.970985 −448.606050 −446.635995 −1.968682 −448.604677 3.6 

CBS [a] −446.635065 −2.015746 −448.650811 −446.635995 −2.012907 −448.648902 5.0 

CBS [b] −445.635065 −1.998272 −447.633337 −445.635995 −1.995455 −447.631450 5.0 

[a] Two-point extrapolation of the QZ and 5Z CCSD(T) correlation energies via 𝐸𝑛 = 𝐸CBS +
𝐴

(𝑛+1)3
, where n is the cardinal number of the basis set (4 = QZ 

and 5 = 5Z) and A is a fitting parameter.[13b,45] [b] Exponential three point extrapolation of the TZ, QZ and 5Z CCSD(T) correlation energies via 𝐸𝑛 = 𝐸𝐶𝐵𝑆 +
𝐵𝑒−𝛼𝑛, where n is the cardinal number of the basis set (3 = TZ, 4 = QZ and 5 = 5Z), and  and B are fitting parameters.[46] 
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Table S11. Electronic energies (hartree) and energy differences (kJ mol−1) of singlet and triplet NOsF3 calculated at the ROHF/ UCCSD(T) level of theory with 

basis sets up to quintuple zeta quality, as well as CBS extrapolations. The single point energies were calculated at the minima obtained at the 

CCSD(T)/aug−cc−pVTZ(−PP) level of theory. 

Basis set 
NOsF3 (Cs, 1A‘) NOsF3 (Cs, 3A“) 

ET−S 
Reference E. Correlation E. Total Energy Reference E. Correlation E. Total Energy 

aVDZ(−PP) −442.857904 −1.147078 −444.004982 −442.871032 −1.137832 −444.008864 −10.2 

aVTZ(−PP) −442.957181 −1.384106 −444.341287 −442.969238 −1.373362 −444.342600 −3.4 

aVQZ(−PP) −442.983445 −1.466771 −444.450217 −442.995504 −1.455350 −444.450854 −1.7 

aV5Z(−PP) −442.990207 −1.497605 −444.487811 −443.002211 −1.485787 −444.487998 −0.5 

CBS [a] −442.990207 −1.529955 −444.520161 −443.002211 −1.517720 −444.519931 0.6 

CBS [b] −442.990207 −1.515947 −444.506153 −443.002211 −1.503757 −444.505968 0.5 

awCVDZ(−PP) −442.864299 −1.406781 −444.271080 −442.877117 −1.398780 −444.275898 −12.6 

apwCVTZ(−PP) −442.959193 −1.726200 −444.685394 −442.971236 −1.716295 −444.687530 −5.6 

apwCVQZ(−PP) −442.983945 −1.834221 −444.818166 −442.995976 −1.823596 −444.819572 −3.7 

apwCV5Z(−PP) −442.990330 −1.876415 −444.866746 −443.002320 −1.865356 −444.867676 −2.4 

CBS [a] −442.990330 −1.920685 −444.911016 −443.002320 −1.909169 −444.911490 −1.2 

CBS [b] −441.990330 −1.903463 −443.893793 −442.002320 −1.891963 −443.894284 −1.3 

[a] Two-point extrapolation of the QZ and 5Z CCSD(T) correlation energies via 𝐸𝑛 = 𝐸CBS +
𝐴

(𝑛+1)3
, where n is the cardinal number of the basis set (4 = QZ and 5 

= 5Z) and A is a fitting parameter.[13a,45]; [b] Exponential three point extrapolation of the TZ, QZ and 5Z CCSD(T) correlation energies via 𝐸𝑛 = 𝐸𝐶𝐵𝑆 + 𝐵𝑒−𝛼𝑛, where 

n is the cardinal number of the basis set (3 = TZ, 4 = QZ and 5 = 5Z), and  and B are fitting parameters.[46] 
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Table S12. Total electronic energies (Eel) in hartree and electronic energy differences (Eel) in 
kJ mol−1 of different points at the 1A’ and 3A” energy potential surfaces (PES) of NOsF3 obtained at 
the B3LYP/def2-QZVP and UCCSD(T)/cc-pVTZ(-PP) level of theory. 

 B3LYP/def2-QZVP CCSD(T)/cc-pVTZ(-PP) 

 Eel [hartree] Eel 
[kJ mol−1] 

Eel [hartree] Eel 
[kJ mol−1] 

1A’ Minimum −445.014761 0 -444.559950 0 

1A’ MECP −445.009614 13.5 -444.569336 24.6 

3A” Minimum −445.018544 0 -444.559951 0 

3A” MECP −445.009649 23.4 -444.568806 23.2 

 

 

Table S13. AIM charges, NPA charges, NLMO bond orders (totals by atom) and Wiberg bond indices 

(totals by atom) for NMF2 species calculated the B3LYP (M = Ru, Os) and M06-L (M = Fe) levels of 

theory. 

 NFeF2 (2A2) NRuF2 (2A2) NOsF2 (2A2) 

 N Fe N Ru N Os 

AIM Charge −0.35 1.53 −0.40 1.62 −0.50 1.72 

NPA Charge −0.03 1.10 −0.12 1.25 −0.22 1.28 

NLMO B.O. 2.62 3.30 2.82 3.40 2.63 3.49 

Wiberg B.I. 2.79 3.32 3.02 3.61 3.00 3.80 
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Table S14. Adiabatic Potential Energy Surfaces of NFeF3 (Figure 6a) obtained at the SA-CASSCF(8,8)/NEVPT2/cc-pVTZ-DK,Fe=cc-pwCVTZ-DK level. RMN, 

RMF1, A1, RMF2, A2 and D1 are the MN bond length, MF’ bond length, the NMF’ bond angle, the MF bond length, the NMF angle and the F’MNF dihedral 

angle (see Figure 5). Energies in hartree, bond lengths in Å and angles in degree. 

RMN RMF1 A1 RMF2 A2 D1 a1A’ b1A’ c1A’ a1A“ b1A“ a3A’ b3A’ a3A“ b3A“ 

1.51107 1.68807 96.60307 1.69638 113.74074 93.66276 -1626.076795 -1625.973598 -1625.975589 -1626.031556 -1626.001221 -1626.004367 -1625.976403 -1626.073821 -1626.024558 

1.51269 1.69049 97.44400 1.69821 113.35754 95.54399 -1626.078618 -1625.978474 -1625.983043 -1626.036292 -1626.004008 -1626.008436 -1625.978687 -1626.079081 -1626.027246 

1.51430 1.69291 98.28493 1.70003 112.97435 97.42522 -1626.079862 -1625.984452 -1625.988535 -1626.040546 -1626.006392 -1626.012018 -1625.980464 -1626.083914 -1626.029461 

1.51592 1.69533 99.12586 1.70186 112.59116 99.30645 -1626.080560 -1625.991012 -1625.992605 -1626.044352 -1626.008383 -1626.015114 -1625.981835 -1626.088341 -1626.031225 

1.51753 1.69775 99.96678 1.70368 112.20797 101.18768 -1626.080702 -1625.997867 -1625.995653 -1626.047761 -1626.009997 -1626.017722 -1625.982965 -1626.092401 -1626.032555 

1.51915 1.70017 100.80771 1.70551 111.82478 103.06891 -1626.080297 -1626.004749 -1625.997961 -1626.050816 -1626.011264 -1626.019926 -1625.984398 -1626.096105 -1626.033523 

1.52076 1.70259 101.64864 1.70733 111.44159 104.95015 -1626.079392 -1626.011629 -1625.999712 -1626.053544 -1626.012290 -1626.021798 -1625.987494 -1626.099465 -1626.034236 

1.52237 1.70501 102.48956 1.70916 111.05840 106.83138 -1626.077985 -1626.018207 -1626.000773 -1626.055843 -1626.012819 -1626.023110 -1625.992245 -1626.102384 -1626.034436 

1.52399 1.70742 103.33049 1.71099 110.67520 108.71261 -1626.076178 -1626.024287 -1626.001137 -1626.057719 -1626.012711 -1626.023783 -1625.996882 -1626.104874 -1626.034000 

1.52560 1.70984 104.17142 1.71281 110.29201 110.59384 -1626.074017 -1626.029955 -1626.000939 -1626.059241 -1626.012092 -1626.023940 -1626.001113 -1626.106989 -1626.033062 

1.52722 1.71226 105.01235 1.71464 109.90882 112.47507 -1626.071530 -1626.035239 -1626.000206 -1626.060441 -1626.011023 -1626.023614 -1626.004951 -1626.108748 -1626.031693 

1.52883 1.71468 105.85327 1.71646 109.52563 114.35630 -1626.068803 -1626.040051 -1625.998972 -1626.061324 -1626.009548 -1626.022866 -1626.008361 -1626.110148 -1626.029937 

1.53045 1.71710 106.69420 1.71829 109.14244 116.23754 -1626.066001 -1626.044234 -1625.997225 -1626.061897 -1626.007743 -1626.021783 -1626.011267 -1626.111187 -1626.027851 

1.53206 1.71952 107.53513 1.72011 108.75925 118.11877 -1626.063495 -1626.047453 -1625.994885 -1626.062172 -1626.005836 -1626.020568 -1626.013504 -1626.111872 -1626.025615 

1.53367 1.72194 108.37606 1.72194 108.37606 120.00000 -1626.063184 -1626.048127 -1625.993172 -1626.062202 -1626.005314 -1626.019965 -1626.014059 -1626.112008 -1626.025016 

1.53180 1.72030 109.58665 1.71943 107.88987 121.21794 -1626.063184 -1626.048127 -1625.993172 -1626.062202 -1626.005314 -1626.019965 -1626.014059 -1626.112008 -1626.025016 

1.52992 1.71866 110.79725 1.71692 107.40368 122.43588 -1626.064964 -1626.046198 -1625.994284 -1626.062023 -1626.006522 -1626.020447 -1626.012793 -1626.111608 -1626.026343 

1.52804 1.71701 112.00784 1.71441 106.91749 123.65382 -1626.067020 -1626.043548 -1625.995043 -1626.061621 -1626.007799 -1626.020925 -1626.011076 -1626.110977 -1626.027648 

1.52617 1.71537 113.21843 1.71190 106.43130 124.87176 -1626.069094 -1626.040372 -1625.995496 -1626.060971 -1626.008905 -1626.021288 -1626.008945 -1626.110096 -1626.028748 

1.52429 1.71373 114.42903 1.70939 105.94511 126.08970 -1626.071045 -1626.036766 -1625.995654 -1626.060051 -1626.009757 -1626.021450 -1626.006437 -1626.108939 -1626.029581 

1.52241 1.71209 115.63962 1.70688 105.45892 127.30764 -1626.072790 -1626.032777 -1625.995507 -1626.058841 -1626.010306 -1626.021357 -1626.003568 -1626.107486 -1626.030108 

1.52054 1.71045 116.85022 1.70437 104.97273 128.52558 -1626.074269 -1626.028424 -1625.995036 -1626.057315 -1626.010518 -1626.020968 -1626.000342 -1626.105713 -1626.030297 

1.51866 1.70881 118.06081 1.70186 104.48654 129.74352 -1626.075427 -1626.023713 -1625.994221 -1626.055449 -1626.010353 -1626.020251 -1625.996756 -1626.103592 -1626.030111 

1.51678 1.70717 119.27141 1.69936 104.00035 130.96146 -1626.076212 -1626.018620 -1625.993024 -1626.053208 -1626.009782 -1626.019170 -1625.992793 -1626.101090 -1626.029515 

1.51491 1.70552 120.48200 1.69685 103.51416 132.17940 -1626.076600 -1626.013096 -1625.991389 -1626.050558 -1626.008762 -1626.017676 -1625.988424 -1626.098169 -1626.028465 

1.51303 1.70388 121.69259 1.69434 103.02797 133.39734 -1626.076552 -1626.007069 -1625.989272 -1626.047435 -1626.007221 -1626.015744 -1625.983661 -1626.094758 -1626.026914 

1.51115 1.70224 122.90319 1.69183 102.54178 134.61528 -1626.076028 -1626.000483 -1625.986583 -1626.043795 -1626.005066 -1626.013258 -1625.978619 -1626.090828 -1626.024733 

1.50928 1.70060 124.11378 1.68932 102.05560 135.83322 -1626.074946 -1625.993227 -1625.983227 -1626.039529 -1626.002198 -1626.010153 -1625.973712 -1626.086257 -1626.021843 

A.1. High-Spin Iron(VI), Low-Spin Ruthenium(VI), and Magnetically Bistable of

Osmium(VI): Molecular Group 8 Nitrido Trifluorides NMF3
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1.50740 1.69896 125.32438 1.68681 101.56941 137.05116 -1626.073190 -1625.985329 -1625.979147 -1626.034567 -1625.998621 -1626.006411 -1625.969433 -1626.080964 -1626.018246 

 

Table S15. Adiabatic Potential Energy Surfaces of NRuF3 (Figure 6b) obtained at the SA-CASSCF(8,8)/NEVPT2/cc-pVTZ-DK level. RMN, RMF1, A1, RMF2, 

A2 and D1 are the RuN bond length, the RuF’ bond length, the NRuF’ bond angle, the RuF bond length, the NRuF angle and the F’RuNF dihedral angle (see 

Figure 5). Energies in hartree, bond lengths in Å and angles in degree. 

RMN RMF1 A1 RMF2 A2 D1 a1A’ b1A’ a1A“ a3A’ b3A’ a3A“ b3A“ c3A“ 

1.59151 1.85257 95.41620 1.86341 115.28640 88.32920 -4882.060830 -4881.919104 -4882.001768 -4881.946690 -4881.904183 -4882.025083 -4881.978223 -4881.898661 

1.59184 1.85406 96.74090 1.86412 115.19180 90.59140 -4882.063281 -4881.927828 -4882.007362 -4881.950836 -4881.907225 -4882.030515 -4881.980059 -4881.902092 

1.59217 1.85554 98.06560 1.86483 115.09720 92.85360 -4882.064930 -4881.936563 -4882.012431 -4881.954416 -4881.910018 -4882.035459 -4881.981343 -4881.904791 

1.59250 1.85703 99.39030 1.86554 115.00260 95.11580 -4882.065785 -4881.945321 -4882.017006 -4881.957554 -4881.913016 -4882.039932 -4881.982242 -4881.906766 

1.59283 1.85851 100.71500 1.86625 114.90800 97.37800 -4882.065948 -4881.954229 -4882.021143 -4881.960331 -4881.917505 -4882.043993 -4881.982894 -4881.908147 

1.59316 1.86000 102.03970 1.86696 114.81340 99.64020 -4882.065243 -4881.962909 -4882.024801 -4881.962711 -4881.923836 -4882.047585 -4881.983073 -4881.909153 

1.59349 1.86148 103.36440 1.86767 114.71880 101.90240 -4882.063576 -4881.971538 -4882.027830 -4881.965039 -4881.930240 -4882.050568 -4881.982740 -4881.912829 

1.59382 1.86297 104.68910 1.86838 114.62420 104.16460 -4882.061164 -4881.979752 -4882.030308 -4881.965973 -4881.935116 -4882.053056 -4881.981220 -4881.919763 

1.59415 1.86445 106.01380 1.86909 114.52960 106.42680 -4882.058350 -4881.987697 -4882.032477 -4881.966045 -4881.939294 -4882.055282 -4881.979006 -4881.926101 

1.59448 1.86594 107.33850 1.86981 114.43500 108.68900 -4882.055075 -4881.995371 -4882.034292 -4881.965532 -4881.943044 -4882.057184 -4881.976239 -4881.932024 

1.59481 1.86742 108.66320 1.87052 114.34040 110.95120 -4882.051400 -4882.002705 -4882.035754 -4881.964493 -4881.946352 -4882.058757 -4881.972942 -4881.937513 

1.59514 1.86891 109.98790 1.87123 114.24580 113.21340 -4882.047434 -4882.009588 -4882.036883 -4881.962960 -4881.949154 -4882.060016 -4881.969112 -4881.942530 

1.59547 1.87039 111.31260 1.87194 114.15120 115.47560 -4882.043341 -4882.015751 -4882.037643 -4881.961051 -4881.951376 -4882.060916 -4881.964789 -4881.947065 

1.59580 1.87188 112.63730 1.87265 114.05660 117.73780 -4882.039674 -4882.020575 -4882.038027 -4881.958945 -4881.952788 -4882.061446 -4881.960020 -4881.950950 

1.59613 1.87336 113.96200 1.87336 113.96200 120.00000 -4882.038031 -4882.022576 -4882.038031 -4881.957291 -4881.952738 -4882.061597 -4881.956156 -4881.952738 

1.59616 1.87272 115.15450 1.87203 113.00220 121.52860 -4882.039341 -4882.021286 -4882.037853 -4881.958248 -4881.953192 -4882.061513 -4881.959073 -4881.951226 

1.59619 1.87209 116.34700 1.87071 112.04240 123.05720 -4882.042154 -4882.017919 -4882.037346 -4881.959443 -4881.952792 -4882.061118 -4881.962961 -4881.948019 

1.59622 1.87145 117.53950 1.86938 111.08260 124.58580 -4882.045400 -4882.013381 -4882.036498 -4881.960665 -4881.951713 -4882.060398 -4881.966539 -4881.944360 

1.59625 1.87082 118.73200 1.86805 110.12280 126.11440 -4882.048579 -4882.008109 -4882.035288 -4881.961729 -4881.950112 -4882.059325 -4881.969743 -4881.940369 

1.59629 1.87018 119.92450 1.86673 109.16300 127.64300 -4882.051534 -4882.002324 -4882.033737 -4881.962509 -4881.948018 -4882.057921 -4881.972504 -4881.936048 

1.59632 1.86954 121.11700 1.86540 108.20320 129.17160 -4882.054152 -4881.996096 -4882.031811 -4881.962954 -4881.945474 -4882.056146 -4881.974817 -4881.931403 

1.59635 1.86891 122.30950 1.86407 107.24340 130.70020 -4882.056359 -4881.989462 -4882.029484 -4881.963027 -4881.942479 -4882.053972 -4881.976643 -4881.926432 

1.59638 1.86827 123.50200 1.86274 106.28360 132.22880 -4882.058091 -4881.982418 -4882.026722 -4881.962686 -4881.939021 -4882.051360 -4881.977949 -4881.921111 

1.59641 1.86764 124.69450 1.86142 105.32380 133.75740 -4882.059291 -4881.974942 -4882.023485 -4881.961883 -4881.935066 -4882.048268 -4881.978682 -4881.915395 

1.59644 1.86700 125.88700 1.86009 104.36400 135.28600 -4882.059890 -4881.967004 -4882.019724 -4881.960558 -4881.930556 -4882.044647 -4881.978771 -4881.909206 

1.59647 1.86636 127.07950 1.85876 103.40420 136.81460 -4882.060206 -4881.958638 -4882.015695 -4881.956846 -4881.924397 -4882.040850 -4881.977388 -4881.901885 
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1.59650 1.86573 128.27200 1.85744 102.44440 138.34320 -4882.059239 -4881.949526 -4882.010592 -4881.954053 -4881.918519 -4882.035860 -4881.975800 -4881.899549 

1.59653 1.86509 129.46450 1.85611 101.48460 139.87180 -4882.057316 -4881.939663 -4882.004643 -4881.950406 -4881.911835 -4882.030006 -4881.973208 -4881.896354 

1.59656 1.86446 130.65700 1.85478 100.52480 141.40040 -4882.054242 -4881.928833 -4881.997654 -4881.945699 -4881.904182 -4882.023089 -4881.969400 -4881.892112 

 

Table S16. Adiabatic Potential Energy Surfaces of NOsF3 (Figure 6c) obtained at the SA-CASSCF(8,8)/NEVPT2/cc-pVTZ-DK level. RMN, RMF1, A1, RMF2, 

A2 and D1 are the OsN bond length, the OsF’ bond length, the NOsF’ bond angle, the OsF bond length, the NOsF angle and the F’OsNF dihedral angle (see 

Figure 5). Energies in hartree, bond lengths in Å and angles in degree. 

RMN RMF1 A1 RMF2 A2 D1 a1A’ b1A’ a1A“ a3A’ b3A’ a3A“ b3A“ c3A“ 

1.62159 1.86334 96.09113 1.88474 116.01434 87.62533 -17592.580260 -17592.449170 -17592.529650 -17592.449780 -17592.417240 -17592.554670 -17592.486310 -17592.413990 

1.62198 1.86548 97.45957 1.88536 115.95969 89.93780 -17592.582700 -17592.457310 -17592.534790 -17592.453820 -17592.420870 -17592.559420 -17592.488040 -17592.417530 

1.62237 1.86763 98.82800 1.88597 115.90504 92.25028 -17592.584250 -17592.465260 -17592.539280 -17592.457280 -17592.424210 -17592.563530 -17592.489150 -17592.420110 

1.62276 1.86977 100.19644 1.88659 115.85039 94.56276 -17592.585000 -17592.473110 -17592.543190 -17592.460220 -17592.427650 -17592.567070 -17592.489740 -17592.421870 

1.62315 1.87192 101.56487 1.88721 115.79574 96.87523 -17592.584910 -17592.480770 -17592.546470 -17592.462620 -17592.431470 -17592.570030 -17592.489750 -17592.422830 

1.62354 1.87406 102.93331 1.88782 115.74108 99.18771 -17592.584080 -17592.488190 -17592.549220 -17592.464530 -17592.435580 -17592.572480 -17592.489130 -17592.423240 

1.62393 1.87621 104.30174 1.88844 115.68643 101.50019 -17592.582430 -17592.495450 -17592.551460 -17592.465920 -17592.439490 -17592.574480 -17592.487830 -17592.423430 

1.62432 1.87835 105.67018 1.88905 115.63178 103.81266 -17592.579870 -17592.502660 -17592.553130 -17592.467470 -17592.443470 -17592.575970 -17592.486110 -17592.426950 

1.62471 1.88050 107.03862 1.88967 115.57713 106.12514 -17592.576830 -17592.509450 -17592.554340 -17592.467540 -17592.446370 -17592.577080 -17592.483350 -17592.431900 

1.62510 1.88264 108.40705 1.89029 115.52248 108.43762 -17592.573390 -17592.516010 -17592.555250 -17592.466890 -17592.448770 -17592.577950 -17592.479940 -17592.436490 

1.62548 1.88479 109.77549 1.89090 115.46783 110.75009 -17592.569640 -17592.522400 -17592.555930 -17592.465800 -17592.450890 -17592.578670 -17592.476070 -17592.440890 

1.62587 1.88693 111.14392 1.89152 115.41318 113.06257 -17592.565580 -17592.528480 -17592.556340 -17592.464240 -17592.452620 -17592.579180 -17592.471640 -17592.445000 

1.62626 1.88908 112.51236 1.89213 115.35853 115.37505 -17592.561460 -17592.534090 -17592.556540 -17592.462330 -17592.453950 -17592.579550 -17592.466750 -17592.448830 

1.62665 1.89122 113.88079 1.89275 115.30388 117.68752 -17592.557830 -17592.538600 -17592.556500 -17592.460230 -17592.454630 -17592.579730 -17592.461340 -17592.452290 

1.62704 1.89337 115.24923 1.89337 115.24923 120.00000 -17592.556225 -17592.540465 -17592.556225 -17592.458417 -17592.454196 -17592.579724 -17592.456442 -17592.454196 

1.62701 1.89019 115.49010 1.89204 114.22360 121.90130 -17592.557870 -17592.539180 -17592.556030 -17592.460830 -17592.456170 -17592.579760 -17592.461280 -17592.453320 

1.62699 1.88702 115.73098 1.89072 113.19798 123.80260 -17592.561240 -17592.535720 -17592.555580 -17592.463620 -17592.457110 -17592.579600 -17592.466790 -17592.450920 

1.62696 1.88384 115.97186 1.88939 112.17236 125.70390 -17592.565200 -17592.530960 -17592.554810 -17592.466440 -17592.457210 -17592.579160 -17592.471930 -17592.448000 

1.62694 1.88067 116.21274 1.88807 111.14674 127.60520 -17592.569270 -17592.525430 -17592.553770 -17592.469040 -17592.456690 -17592.578470 -17592.476700 -17592.444620 

1.62691 1.87749 116.45361 1.88674 110.12111 129.50650 -17592.573230 -17592.519290 -17592.552400 -17592.471300 -17592.455610 -17592.577490 -17592.481060 -17592.440770 

1.62688 1.87432 116.69449 1.88542 109.09549 131.40780 -17592.576930 -17592.512540 -17592.550640 -17592.473060 -17592.453910 -17592.576130 -17592.484920 -17592.436360 

1.62686 1.87114 116.93537 1.88409 108.06987 133.30910 -17592.580230 -17592.505170 -17592.548400 -17592.474250 -17592.451530 -17592.574280 -17592.488190 -17592.431350 

1.62683 1.86797 117.17625 1.88277 107.04425 135.21040 -17592.582950 -17592.497110 -17592.545540 -17592.474700 -17592.448370 -17592.571810 -17592.490690 -17592.425630 

1.62681 1.86479 117.41712 1.88144 106.01862 137.11170 -17592.584940 -17592.488290 -17592.541950 -17592.474270 -17592.444290 -17592.568570 -17592.492270 -17592.419080 

A.1. High-Spin Iron(VI), Low-Spin Ruthenium(VI), and Magnetically Bistable of

Osmium(VI): Molecular Group 8 Nitrido Trifluorides NMF3
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1.62678 1.86162 117.65800 1.88012 104.99300 139.01300 -17592.586340 -17592.478320 -17592.537570 -17592.471120 -17592.438100 -17592.564610 -17592.492080 -17592.414940 

1.62675 1.85845 117.89888 1.87880 103.96738 140.91430 -17592.585880 -17592.466980 -17592.531570 -17592.467980 -17592.431460 -17592.558900 -17592.490900 -17592.412790 

1.62673 1.85527 118.13975 1.87747 102.94175 142.81560 -17592.583560 -17592.453830 -17592.523750 -17592.462960 -17592.423070 -17592.551350 -17592.487710 -17592.408990 

1.62670 1.85210 118.38063 1.87615 101.91613 144.71690 -17592.578580 -17592.438120 -17592.513360 -17592.455300 -17592.412390 -17592.541150 -17592.481690 -17592.402700 

1.62668 1.84892 118.62151 1.87482 100.89051 146.61820 -17592.570020 -17592.418830 -17592.499410 -17592.444100 -17592.399110 -17592.527350 -17592.471860 -17592.392960 

 

Table S17. Adiabatic Potential Energy Surfaces of NOsF3 (Figure 6d) obtained at the SA-CASSCF(8,8)/NEVPT2/cc-pVTZ-DK level. RMN, RMF1, A1, RMF2, 

A2 and D1 are the OsN bond length, the OsF’ bond length, the NOsF’ bond angle, the OsF bond length, the NOsF angle and the F’OsNF dihedral angle (see 

Figure 5). Energies in hartree, bond lengths in Å and angles in degree. 

RMN RMF1 A1 RMF2 A2 D1 a1A’ b1A’ a1A“ a3A’ b3A’ a3A“ b3A“ c3A“ 

1.64110 1.89256 126.92771 1.86221 101.49391 93.35660 -17592.559350 -17592.525640 -17592.559190 -17592.471240 -17592.438640 -17592.583180 -17592.468440 -17592.450060 

1.64009 1.89262 126.09353 1.86443 102.47643 95.25970 -17592.561810 -17592.527380 -17592.561130 -17592.473220 -17592.439580 -17592.584840 -17592.470890 -17592.451570 

1.63909 1.89267 125.25935 1.86666 103.45895 97.16280 -17592.563550 -17592.528950 -17592.562500 -17592.474700 -17592.440770 -17592.585940 -17592.472820 -17592.453000 

1.63808 1.89273 124.42518 1.86888 104.44148 99.06590 -17592.564670 -17592.530360 -17592.563340 -17592.475760 -17592.443380 -17592.586520 -17592.474360 -17592.454430 

1.63708 1.89279 123.59100 1.87111 105.42400 100.96900 -17592.565210 -17592.531570 -17592.563670 -17592.476250 -17592.446500 -17592.586620 -17592.475240 -17592.455550 

1.63608 1.89285 122.75682 1.87334 106.40652 102.87210 -17592.565150 -17592.532530 -17592.563490 -17592.476020 -17592.448600 -17592.586220 -17592.475280 -17592.456190 

1.63507 1.89291 121.92265 1.87556 107.38905 104.77520 -17592.564620 -17592.533390 -17592.562930 -17592.475230 -17592.450090 -17592.585470 -17592.474640 -17592.456530 

1.63407 1.89296 121.08847 1.87779 108.37157 106.67830 -17592.563790 -17592.534170 -17592.562140 -17592.474020 -17592.451170 -17592.584540 -17592.473470 -17592.456610 

1.63306 1.89302 120.25429 1.88001 109.35409 108.58140 -17592.562710 -17592.534890 -17592.561130 -17592.472380 -17592.451980 -17592.583460 -17592.471800 -17592.456480 

1.63206 1.89308 119.42011 1.88224 110.33661 110.48450 -17592.561490 -17592.535780 -17592.560100 -17592.470460 -17592.452730 -17592.582440 -17592.469800 -17592.456310 

1.63106 1.89314 118.58594 1.88446 111.31914 112.38760 -17592.560100 -17592.536780 -17592.559060 -17592.468220 -17592.453370 -17592.581480 -17592.467410 -17592.456080 

1.63005 1.89319 117.75176 1.88669 112.30166 114.29070 -17592.558720 -17592.537980 -17592.558160 -17592.465780 -17592.453990 -17592.580750 -17592.464760 -17592.455880 

1.62905 1.89325 116.91758 1.88891 113.28418 116.19380 -17592.557410 -17592.539170 -17592.557360 -17592.463140 -17592.454480 -17592.580200 -17592.461850 -17592.455650 

1.62804 1.89331 116.08340 1.89114 114.26670 118.09690 -17592.556500 -17592.540170 -17592.556760 -17592.460550 -17592.454770 -17592.579910 -17592.458850 -17592.455360 

1.62704 1.89337 115.24923 1.89337 115.24923 120.00000 -17592.556225 -17592.540465 -17592.556225 -17592.458417 -17592.454196 -17592.579724 -17592.456442 -17592.454196 

1.62701 1.89019 115.49010 1.89204 114.22360 121.90130 -17592.557870 -17592.539180 -17592.556030 -17592.460830 -17592.456170 -17592.579760 -17592.461280 -17592.453320 

1.62699 1.88702 115.73098 1.89072 113.19798 123.80260 -17592.561240 -17592.535720 -17592.555580 -17592.463620 -17592.457110 -17592.579600 -17592.466790 -17592.450920 

1.62696 1.88384 115.97186 1.88939 112.17236 125.70390 -17592.565200 -17592.530960 -17592.554810 -17592.466440 -17592.457210 -17592.579160 -17592.471930 -17592.448000 

1.62694 1.88067 116.21274 1.88807 111.14674 127.60520 -17592.569270 -17592.525430 -17592.553770 -17592.469040 -17592.456690 -17592.578470 -17592.476700 -17592.444620 

1.62691 1.87749 116.45361 1.88674 110.12111 129.50650 -17592.573230 -17592.519290 -17592.552400 -17592.471300 -17592.455610 -17592.577490 -17592.481060 -17592.440770 

1.62688 1.87432 116.69449 1.88542 109.09549 131.40780 -17592.576930 -17592.512540 -17592.550640 -17592.473060 -17592.453910 -17592.576130 -17592.484920 -17592.436360 

1.62686 1.87114 116.93537 1.88409 108.06987 133.30910 -17592.580230 -17592.505170 -17592.548400 -17592.474250 -17592.451530 -17592.574280 -17592.488190 -17592.431350 
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1.62683 1.86797 117.17625 1.88277 107.04425 135.21040 -17592.582950 -17592.497110 -17592.545540 -17592.474700 -17592.448370 -17592.571810 -17592.490690 -17592.425630 

1.62681 1.86479 117.41712 1.88144 106.01862 137.11170 -17592.584940 -17592.488290 -17592.541950 -17592.474270 -17592.444290 -17592.568570 -17592.492270 -17592.419080 

1.62678 1.86162 117.65800 1.88012 104.99300 139.01300 -17592.586340 -17592.478320 -17592.537570 -17592.471120 -17592.438100 -17592.564610 -17592.492080 -17592.414940 

1.62675 1.85845 117.89888 1.87880 103.96738 140.91430 -17592.585880 -17592.466980 -17592.531570 -17592.467980 -17592.431460 -17592.558900 -17592.490900 -17592.412790 

1.62673 1.85527 118.13975 1.87747 102.94175 142.81560 -17592.583560 -17592.453830 -17592.523750 -17592.462960 -17592.423070 -17592.551350 -17592.487710 -17592.408990 

1.62670 1.85210 118.38063 1.87615 101.91613 144.71690 -17592.578580 -17592.438120 -17592.513360 -17592.455300 -17592.412390 -17592.541150 -17592.481690 -17592.402700 

1.62668 1.84892 118.62151 1.87482 100.89051 146.61820 -17592.570020 -17592.418830 -17592.499410 -17592.444100 -17592.399110 -17592.527350 -17592.471860 -17592.392960 
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Calculated molecular structures and vibrational data 

The following table list computed z-matrices (structures), total energies, and vibrational data of optimized structures in Cs point group 

symmetry (unless stated otherwise) and with positive HOMO-LUMO (closed shell) or SOMO-LUMO (open shell) gap. 

F2NFeF (3A’) 

B3LYP/def2-QZVP 

Cartesian coordinates 5 
Energy = -1617.885680869 
N     0.0200174   -0.7334605    0.0000000  
F    -0.9471905   -1.7059422    0.0000000  
F     1.1888999   -1.4511922    0.0000000  
Fe   -0.0918882    1.0591772    0.0000000  
F    -0.1698386    2.8314177    0.0000000 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"             29.43        15.41477       YES     YES 
     8        a'             96.55        15.17501       YES     YES 
     9        a'            210.30        18.55117       YES     YES 
    10        a"            255.91         5.75702       YES     YES 
    11        a'            329.10         0.32272       YES     YES 
    12        a'            565.22         1.26244       YES     YES 
    13        a'            673.12       164.84817       YES     YES 
    14        a'            874.71       155.17964       YES     YES 
    15        a'           1034.82       301.48996       YES     YES 
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BP86/def2-QZVP 

Cartesian coordinates 5 
Energy = -1618.346313239 
N     0.0373682   -0.6538728    0.0000000  
F    -0.9620967   -1.6760250    0.0000000  
F     1.1954484   -1.4730200    0.0000000  
Fe   -0.0814740    1.0256217    0.0000000  
F    -0.1892459    2.7772961    0.0000000 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"             37.00        12.39328       YES     YES 
     8        a'             95.16         4.31188       YES     YES 
     9        a'            275.14         3.66558       YES     YES 
    10        a'            366.42         6.90198       YES     YES 
    11        a"            376.58         6.09699       YES     YES 
    12        a'            424.33       218.11955       YES     YES 
    13        a'            547.90         6.99519       YES     YES 
    14        a'            682.11       290.25040       YES     YES 
    15        a'            841.43       184.03013       YES     YES 

M06-L/def2-QZVP 

Cartesian coordinates 5 
Energy = -1617.979179046 
N     0.0337354   -0.6779314    0.0000000  
F    -0.9400297   -1.6687692    0.0000000  
F     1.1742336   -1.4749600    0.0000000  
Fe   -0.0719128    1.0349806    0.0000000  
F    -0.1960266    2.7866800    0.0000000 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            108.20         7.66625       YES     YES 
     8        a"            195.66        15.13882       YES     YES 
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     9        a'            296.83         8.38855       YES     YES 
    10        a'            360.44         0.92347       YES     YES 
    11        a"            380.05         6.25535       YES     YES 
    12        a'            531.21       209.24993       YES     YES 
    13        a'            583.00        10.87019       YES     YES 
    14        a'            700.12       232.26580       YES     YES 
    15        a'            906.00       387.39380       YES     YES 

FNFeF2 (3A”) 

B3LYP/def2-QZVP 

Cartesian coordinates 5 
Energy = -1617.975573816 
Fe    0.6712147    0.2301833    0.0000000  
F     0.9771787    0.5558377    1.6952085  
F     0.9771787    0.5558377   -1.6952085  
N    -0.7181742   -0.9790599    0.0000000  
F    -1.9073979   -0.3627989    0.0000000 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"             73.65         0.03279       YES     YES 
     8        a'            139.35        26.98295       YES     YES 
     9        a'            147.12        24.98256       YES     YES 
    10        a'            217.52         3.56907       YES     YES 
    11        a"            223.66         0.34654       YES     YES 
    12        a'            432.33        13.07446       YES     YES 
    13        a'            614.25        67.29753       YES     YES 
    14        a"            743.72       216.77241       YES     YES 
    15        a'           1024.90       271.91027       YES     YES 

BP86/def2-QZVP 

Cartesian coordinates 5 
Energy = -1618.440612378 
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Fe    0.5963808    0.0784963    0.0000000  
F     1.0303946    0.6221026    1.5915390  
F     1.0303946    0.6221026   -1.5915390  
N    -0.6884254   -0.9300658    0.0000000  
F    -1.9687445   -0.3926356    0.0000000 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"            107.16         0.30397       YES     YES 
     8        a'            126.35        17.17554       YES     YES 
     9        a'            140.31        14.06378       YES     YES 
    10        a'            265.84         0.42271       YES     YES 
    11        a"            329.58         0.01683       YES     YES 
    12        a'            611.04        20.89920       YES     YES 
    13        a'            696.69       158.89399       YES     YES 
    14        a"            742.40       152.63765       YES     YES 
    15        a'            841.16       191.76773       YES     YES 

M06-L/def2-QZVP 

Cartesian coordinates 5 
Energy = -1618.080219914 
N    -0.6009009   -1.0148392    0.0000000  
F     0.3518498   -1.9608345    0.0000000  
Fe   -0.1143908    0.6270698    0.0000000  
F     0.1817210    1.1743019   -1.6278403  
F     0.1817210    1.1743019    1.6278403 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"             90.71         0.17636       YES     YES 
     8        a'            128.27        13.60551       YES     YES 
     9        a'            147.87        21.23656       YES     YES 
    10        a'            274.73         4.08887       YES     YES 
    11        a"            289.45         0.34049       YES     YES 
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    12        a'            512.70         9.27683       YES     YES 
    13        a'            651.82        73.46579       YES     YES 
    14        a"            747.45       187.87762       YES     YES 
    15        a'            959.46       328.98704       YES     YES 

Vibrational data (15N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"             90.64         0.17226       YES     YES 
     8        a'            128.13        13.57629       YES     YES 
     9        a'            147.84        21.22452       YES     YES 
    10        a'            272.85         4.03667       YES     YES 
    11        a"            282.25         0.35791       YES     YES 
    12        a'            498.93         8.32778       YES     YES 
    13        a'            651.02        74.65331       YES     YES 
    14        a"            747.44       187.86737       YES     YES 
    15        a'            941.70       313.72487       YES     YES 

NFeF3 (C3v – 3A2) 

B3LYP/def2-QZVP 

Cartesian coordinates 5 
Energy = -1617.976610363 
Fe   -0.0000000    0.0000000    0.0079618  
N     0.0000000    0.0000000   -1.6302797  
F     0.8342270   -1.4449235    0.5388982  
F     0.8342270    1.4449235    0.5388982  
F    -1.6684539    0.0000000    0.5388982 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        e             155.22         5.27661       YES     YES 
     8        e             155.22         5.27661       YES     YES 
     9        a1            187.18         8.83064       YES     YES 
    10        e             232.67         3.91819       YES     YES 
    11        e             232.67         3.91819       YES     YES 
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    12        a1            421.35        21.22831       YES     YES 
    13        a1            682.58        33.50537       YES     YES 
    14        e             701.25       146.02441       YES     YES 
    15        e             701.25       146.02441       YES     YES 

Vibrational data (15N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        e             154.46         4.98055       YES     YES 
     8        e             154.46         4.98055       YES     YES 
     9        a1            187.15         8.85413       YES     YES 
    10        e             229.23         4.26499       YES     YES 
    11        e             229.23         4.26499       YES     YES 
    12        a1            409.09        19.60704       YES     YES 
    13        a1            682.11        34.23770       YES     YES 
    14        e             701.25       146.02183       YES     YES 
    15        e             701.25       146.02183       YES     YES 

ROB3LYP/def2-QZVP (calculation in Cs using Molpro) 

Cartesian coordinates     5 
 RKS-SCF000/DEF2-QZVP  ENERGY=-1617.96164679 
 N          0.0038072789       -1.5899360016        0.0000000000 
 Fe         0.0008517711       -0.1103621721        0.0000000000 
 F          1.6106905567        0.5217013431        0.0000000000 
 F         -0.8080562228        0.5168697998       -1.3940348323 
 F         -0.8080562228        0.5168697998        1.3940348323 

Vibrational data (14N)                               1 A         2 A         3 A         4 A         5 A   
 Wavenumbers [cm-1]          174.99      175.46      246.80      326.86      327.00 
 Intensities [km/mol]          3.79        3.73        7.88        1.40        1.37 
 Intensities [relative]        3.03        2.98        6.30        1.12        1.09 
     
                              6 A         7 A         8 A         9 A   
 Wavenumbers [cm-1]          679.42      715.22      715.76     1191.56 
 Intensities [km/mol]         51.67      124.61      124.98       51.54 
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 Intensities [relative]       41.34       99.70      100.00       41.24 

BP86/def2-QZVP 

Cartesian coordinates 5 
Energy = -1618.471358935 
Fe   -0.0000000    0.0000000   -0.0870506  
N     0.0000000    0.0000000   -1.5977653  
F     0.8079015   -1.3993265    0.5597309  
F     0.8079015    1.3993265    0.5597309  
F    -1.6158030    0.0000000    0.5597309 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        e             167.39         2.87179       YES     YES 
     8        e             167.39         2.87179       YES     YES 
     9        a1            239.69         5.49977       YES     YES 
    10        e             309.72         1.28113       YES     YES 
    11        e             309.72         1.28113       YES     YES 
    12        a1            650.45        39.90483       YES     YES 
    13        e             691.28       100.10245       YES     YES 
    14        e             691.28       100.10245       YES     YES 
    15        a1           1096.45        33.93383       YES     YES 

Vibrational data (15N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        e             167.13         2.80366       YES     YES 
     8        e             167.13         2.80366       YES     YES 
     9        a1            239.10         5.46806       YES     YES 
    10        e             304.02         1.39198       YES     YES 
    11        e             304.02         1.39198       YES     YES 
    12        a1            649.45        39.11997       YES     YES 
    13        e             691.27       100.10346       YES     YES 
    14        e             691.27       100.10346       YES     YES 
    15        a1           1067.95        34.07242       YES     YES 

A. Supporting Information of Publications

148



42 
 

M06-L/def2-QZVP 

Cartesian coordinates 5 
Energy = -1618.108613779 
N    -0.0000000    0.0000000   -1.6162454  
Fe    0.0000000    0.0000000   -0.0709558  
F    -0.8100550    1.4030564    0.5625015  
F    -0.8100550   -1.4030564    0.5625015  
F     1.6201100    0.0000000    0.5625015 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        e             167.17         3.24683       YES     YES 
     8        e             167.17         3.24683       YES     YES 
     9        a1            226.92         5.48559       YES     YES 
    10        e             281.36         3.86380       YES     YES 
    11        e             281.36         3.86380       YES     YES 
    12        a1            617.34        42.84699       YES     YES 
    13        e             703.25       126.64097       YES     YES 
    14        e             703.25       126.64097       YES     YES 
    15        a1            784.68        11.78418       YES     YES 

Vibrational data (15N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        e             166.73         3.09705       YES     YES 
     8        e             166.73         3.09705       YES     YES 
     9        a1            226.58         5.49940       YES     YES 
    10        e             276.50         4.10189       YES     YES 
    11        e             276.50         4.10189       YES     YES 
    12        a1            608.24        39.09826       YES     YES 
    13        e             703.25       126.64091       YES     YES 
    14        e             703.25       126.64091       YES     YES 
    15        a1            773.68        15.13882       YES     YES 

CCSD(T)/aug-cc-pVTZ (calculation in Cs) 
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Cartesian coordinates     5 
 UCCSD(T)/AUG-CC-PVTZ  ENERGY=-1616.58884135 
 N         -0.0000000000       -1.6558196996        0.0000000000 
 Fe        -0.0000000000       -0.0441039939        0.0000000000 
 F          1.6861214269        0.4501368796        0.0000000000 
 F         -0.8430607134        0.4501368796       -1.4602239896 
 F         -0.8430607134        0.4501368796        1.4602239896 

Vibrational data (14N)                               1 A`        2 A``       3 A`        4 A``       5 A`  
 Wavenumbers [cm-1]           87.62      132.56      184.09      225.79      231.05 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                              6 A`        7 A``       8 A`        9 A`  
 Wavenumbers [cm-1]          537.56      718.94      720.08      757.29 
 Intensities [km/mol]          0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00 

Vibrational data (15N)                               1 A`        2 A``       3 A`        4 A``       5 A`  
 Wavenumbers [cm-1]           87.66      132.40      183.78      221.65      226.62 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                              6 A`        7 A``       8 A`        9 A`  
 Wavenumbers [cm-1]          528.75      718.93      720.03      747.74 
 Intensities [km/mol]          0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00 

CCSD(T)/aug-cc-pVTZ(Fe: aug-cc-pVTZ-PP) (calculation in Cs) 

Cartesian coordinates     5 
 UCCSD(T)/USERDEF  ENERGY=-1625.76907210 
 Fe         0.0000327714        0.0000000000        0.0052274647 
 N          0.0000103441        0.0000000000       -1.5776279214 
 F          0.8343780343       -1.4450891256        0.5222495883 
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 F          0.8343780343        1.4450891256        0.5222495883 
 F         -1.6687991842        0.0000000000        0.5222780802 

Vibrational data (14N)                               1 A         2 A         3 A         4 A         5 A   
 Wavenumbers [cm-1]           60.63       67.35      185.20      242.61      253.84 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                              6 A         7 A         8 A         9 A   
 Wavenumbers [cm-1]          563.67      751.03      752.58      791.12 
 Intensities [km/mol]          0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00 

Vibrational data (15N)                               1 A         2 A         3 A         4 A         5 A   
 Wavenumbers [cm-1]           61.02       67.00      185.01      238.71      249.60 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                              6 A         7 A         8 A         9 A   
 Wavenumbers [cm-1]          555.79      751.01      752.58      779.51 
 Intensities [km/mol]          0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00 

NEVPT2/aug-cc-pVTZ-DK(Fe: aug-cc-pwCVTZ-DK) 

Cartesian coordinates     5 
 NEVPT2/AUG-CC-PVTZ-DK,FE=AUG-CC-PWCVTZ-DK  ENERGY=-1626.14489052 
 N         -0.0000000000       -1.5990266515        0.0000000000 
 Fe        -0.0000000000       -0.0653517671        0.0000000000 
 F          1.6341336229        0.4774937965       -0.0000000000 
 F         -0.8170668115        0.4774937965       -1.4152012306 
 F         -0.8170668115        0.4774937965        1.4152012306 

Vibrational data (14N)                               1 A``       2 A`        3 A`        4 A`        5 A`` 
 Wavenumbers [cm-1]          185.48      198.28      235.04      287.16      288.62 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
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 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                              6 A`        7 A`        8 A``       9 A`  
 Wavenumbers [cm-1]          689.00      735.27      737.02     1028.10 
 Intensities [km/mol]          0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00 

Vibrational data (15N)                               1 A``       2 A`        3 A`        4 A`        5 A`` 
 Wavenumbers [cm-1]          184.89      197.82      234.44      282.06      283.63 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                              6 A`        7 A`        8 A``       9 A`  
 Wavenumbers [cm-1]          686.96      735.27      737.02     1002.48 
 Intensities [km/mol]          0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00 

NFeF3 (1A’) (Minimum) 

BP86/def2-QZVP 

Cartesian coordinates Energy = -1618.444955695 
Fe   -0.1689715   -0.1012646    0.0000000  
N     0.0640009   -1.5823645    0.0000000  
F    -0.6719125    0.5632119   -1.5170175  
F    -0.6719125    0.5632119    1.5170175  
F     1.4487958    0.5572052    0.0000000 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"            139.05        10.76696       YES     YES 
     8        a'            176.29         2.38009       YES     YES 
     9        a"            243.03         0.92703       YES     YES 
    10        a'            252.96         5.65554       YES     YES 
    11        a'            341.25         3.41039       YES     YES 
    12        a'            658.86        36.50823       YES     YES 

A. Supporting Information of Publications

152



46 
 

    13        a'            681.41        49.59544       YES     YES 
    14        a"            716.89       138.83798       YES     YES 
    15        a'           1140.00        36.98015       YES     YES 

NEVPT2/cc-pVTZ-DK(Fe: cc-pwCVTZ-DK) 

Cartesian coordinates     5 
 NEVPT2/CC-PVTZ-DK,FE=CC-PWCVTZ-DK  ENERGY=-1625.64312761 
 N          0.0000000000        1.5197704505       -0.4497517400 
 Fe         0.0000000000        0.0305775786       -0.1575755234 
 F          0.0000000000        0.0409493994        1.5408424945 
 F         -1.5405046256       -0.6556641550       -0.3679087035 
 F          1.5405046256       -0.6556641550       -0.3679087035 

NFeF3 (1A’) (Saddle Point) 

BP86/def2-QZVP 

Cartesian coordinates 5 
Energy = -1618.385851291 
Fe    0.1370322   -0.0946389    0.0000000  
N    -0.0030579   -1.5891218    0.0000000  
F     1.6890360    0.6580319    0.0000000  
F    -0.9115051    0.5128644   -1.2485916  
F    -0.9115051    0.5128644    1.2485916 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     1        a"           -137.76         0.00000       YES     YES 
     8        a'            186.96         2.88662       YES     YES 
     9        a"            231.33         2.45155       YES     YES 
    10        a'            264.67         3.86482       YES     YES 
    11        a'            345.09         0.44466       YES     YES 
    12        a'            654.67        37.76467       YES     YES 
    13        a"            659.70        70.04001       YES     YES 
    14        a'            723.86        96.82317       YES     YES 
    15        a'           1137.00        38.14481       YES     YES 
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NEVPT2/aug-cc-pVTZ-DK(Fe: aug-cc-pwCVTZ-DK) 

Cartesian coordinates     5 
 NEVPT2/AUG-CC-PVTZ-DK,FE=AUG-CC-PWCVTZ-DK  ENERGY=-1625.67617024 
 N          0.0000000000        1.5680654701       -0.2682192113 
 Fe         0.0000000000        0.0965028169        0.0915728716 
 F          0.0000000000       -0.3948210436        1.7247955065 
 F         -1.2226253765       -0.5517856743       -0.8903622078 
 F          1.2226253765       -0.5517856743       -0.8903622078 

Vibrational data (14N)                               1 A         2 A         3 A         4 A         5 A   
 Wavenumbers [cm-1]          203.81      257.26      283.08      357.88      709.22 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                              6 A         7 A         8 A   
 Wavenumbers [cm-1]          750.53      802.85     1075.06 
 Intensities [km/mol]          0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00 
 
Normal Modes of imaginary frequencies 
 
                                  1 
 Wavenumbers [cm-1]          184.60 
 Intensities [km/mol]          0.00 
 Intensities [relative]        0.00 

Vibrational data (15N)                               1 A         2 A         3 A         4 A         5 A   
 Wavenumbers [cm-1]          202.78      253.36      282.35      352.12      707.97 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                              6 A         7 A         8 A   
 Wavenumbers [cm-1]          750.48      802.84     1047.17 
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 Intensities [km/mol]          0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00 
 
                                  1 
 Wavenumbers [cm-1]          183.99 
 Intensities [km/mol]          0.00 
 Intensities [relative]        0.00 

NFeF2 (2A2 – C2v) 

BP86/def2-QZVP 

Cartesian coordinates 4 
Energy = -1518.570495693 
Fe    0.0000000    0.0000000   -0.0226156  
N     0.0000000    0.0000000   -1.5257077  
F    -1.5299908    0.0000000    0.7741617  
F     1.5299908    0.0000000    0.7741617 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        b2            182.27        15.07020       YES     YES 
     8        a1            184.10         6.20329       YES     YES 
     9        b1            288.27         0.77438       YES     YES 
    10        a1            654.78        46.58282       YES     YES 
    11        b1            751.39       126.02097       YES     YES 
    12        a1           1104.72        48.10863       YES     YES 

NFeF2 (4A”) 

B3LYP/def2-QZVP 

Cartesian coordinates 4 
Energy = -1518.119228568 
Fe    0.0278021    0.0773987    0.0000000  
N    -0.5077336   -1.4284634    0.0000000  
F     0.2399658    0.6755324    1.6257462  
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F     0.2399658    0.6755324   -1.6257462 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            145.26        46.55205       YES     YES 
     8        a'            176.76        14.75617       YES     YES 
     9        a"            268.15         0.39399       YES     YES 
    10        a'            628.29        36.09440       YES     YES 
    11        a'            756.21        21.54315       YES     YES 
    12        a"            763.68       179.24321       YES     YES 

BP86/def2-QZVP 

Cartesian coordinates 4 
Energy = -1518.550298159 
Fe    0.0166550    0.0535941    0.0000000  
N    -0.5042037   -1.4207936    0.0000000  
F     0.2437743    0.6835998    1.6045511  
F     0.2437743    0.6835998   -1.6045511 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            124.87        33.26064       YES     YES 
     8        a'            193.76         6.56351       YES     YES 
     9        a"            295.52         0.14397       YES     YES 
    10        a'            637.14        36.05705       YES     YES 
    11        a"            757.36       139.60363       YES     YES 
    12        a'            976.46        24.15930       YES     YES 

M06-L/def2-QZVP 

Cartesian coordinates 4 
Energy = -1518.218305422 
Fe    0.0210806    0.0597000    0.0000000  
N    -0.5082336   -1.4302536    0.0000000  
F     0.2435765    0.6852768    1.6070787  
F     0.2435765    0.6852768   -1.6070787 
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Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            154.58        39.31281       YES     YES 
     8        a'            182.44        10.64684       YES     YES 
     9        a"            283.39         0.59237       YES     YES 
    10        a'            644.96        38.30042       YES     YES 
    11        a"            773.87       161.72457       YES     YES 
    12        a'            859.04        23.34863       YES     YES 

NFeF (1A’) 

B3LYP/def2-QZVP 

Cartesian coordinates 3 
Energy = -1418.196942249 
N    -0.8352737    1.2834060    0.0000000  
Fe   -0.2283230   -0.0402701    0.0000000  
F     1.0635968   -1.2431359    0.0000000 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            110.26        36.90356       YES     YES 
     8        a'            659.63       125.43469       YES     YES 
     9        a'           1255.90       147.67327       YES     YES 

BP86/def2-QZVP 

Cartesian coordinates 3 
Energy = -1418.614447922 
N    -0.7194815    1.3410679    0.0000000  
Fe   -0.3383297   -0.1457525    0.0000000  
F     1.0578112   -1.1953155    0.0000000 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            166.18        10.02727       YES     YES 
     8        a'            672.08        81.59539       YES     YES 
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     9        a'           1023.03        91.37623       YES     YES 

M06-L/def2-QZVP 

Cartesian coordinates 3 
Energy = -1418.264492520 
N    -0.6880505    1.2722872    0.0000000  
Fe   -0.3869861   -0.1672201    0.0000000  
F     1.0750366   -1.1050671    0.0000000 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            155.21        14.64147       YES     YES 
     8        a'            679.16       108.90657       YES     YES 
     9        a'           1200.36        92.81648       YES     YES 

NRuF3 (1A’) 

B3LYP/def2-QZVP 

Cartesian coordinates 5 
Energy = -449.2125490913 
Ru   -0.2295315   -0.1671942    0.0000000  
N     0.2078405   -1.6762571    0.0000000  
F     1.4156439    0.7112763    0.0000000  
F    -0.6969764    0.5660875   -1.6557313  
F    -0.6969764    0.5660875    1.6557313 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"            140.48        11.58363       YES     YES 
     8        a'            145.40         4.18558       YES     YES 
     9        a"            221.42         1.28794       YES     YES 
    10        a'            224.40         7.85554       YES     YES 
    11        a'            326.12         6.61481       YES     YES 
    12        a'            633.58        57.94256       YES     YES 
    13        a"            660.55       170.88815       YES     YES 
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    14        a'            669.35        53.63524       YES     YES 
    15        a'           1201.63        42.63381       YES     YES 

Vibrational data (15N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"            140.06        11.68921       YES     YES 
     8        a'            145.22         4.09724       YES     YES 
     9        a"            217.00         1.12343       YES     YES 
    10        a'            224.23         7.81067       YES     YES 
    11        a'            319.83         6.73314       YES     YES 
    12        a'            633.48        57.78115       YES     YES 
    13        a"            660.55       170.86323       YES     YES 
    14        a'            669.27        53.47856       YES     YES 
    15        a'           1166.20        41.31606       YES     YES 

BP86/def2-QZVP 

Cartesian coordinates 5 
Energy = -449.5409092607 
Ru   -0.2254464   -0.1681867    0.0000000  
N     0.2076329   -1.6993337    0.0000000  
F     1.4202437    0.7209890    0.0000000  
F    -0.7012151    0.5732657   -1.6574811  
F    -0.7012151    0.5732657    1.6574811 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"            115.45        12.37316       YES     YES 
     8        a'            140.86         2.87881       YES     YES 
     9        a"            210.51         1.49515       YES     YES 
    10        a'            218.62         6.01410       YES     YES 
    11        a'            315.87         5.48997       YES     YES 
    12        a'            617.82        48.43595       YES     YES 
    13        a"            640.58       149.89386       YES     YES 
    14        a'            651.14        45.50603       YES     YES 
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    15        a'           1150.27        40.07358       YES     YES 

Vibrational data (15N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"            115.12        12.43546       YES     YES 
     8        a'            140.69         2.81783       YES     YES 
     9        a"            206.32         1.32536       YES     YES 
    10        a'            218.45         5.98200       YES     YES 
    11        a'            309.78         5.54414       YES     YES 
    12        a'            617.70        48.26582       YES     YES 
    13        a"            640.58       149.87678       YES     YES 
    14        a'            651.07        45.37272       YES     YES 
    15        a'           1116.38        38.76958       YES     YES 

CCSD(T)/aug-cc-pVTZ(-PP) 

Cartesian coordinates     5 
 UCCSD(T)/USERDEF  ENERGY=-448.02376908 
 Ru        -0.2482196139       -0.1415726171        0.0000000000 
 N          0.2058519177       -1.6683109472        0.0000000000 
 F          1.4036142992        0.7101998411        0.0000000000 
 F         -0.6806233015        0.5498418616       -1.6786455388 
 F         -0.6806233015        0.5498418616        1.6786455388 

Vibrational data (14N)                               1 A         2 A         3 A         4 A         5 A   
 Wavenumbers [cm-1]          153.51      158.33      225.86      226.88      321.89 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                              6 A         7 A         8 A         9 A   
 Wavenumbers [cm-1]          648.82      677.96      681.64     1084.72 
 Intensities [km/mol]          0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00 
 

Vibrational data (15N)                               1 A         2 A         3 A         4 A         5 A   
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 Wavenumbers [cm-1]          153.34      157.57      222.51      225.67      315.86 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                              6 A         7 A         8 A         9 A   
 Wavenumbers [cm-1]          648.71      677.96      681.56     1052.62 
 Intensities [km/mol]          0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00 
 

NRuF3 (1A’) (Saddle point) 

B3LYP/def2-QZVP 

Cartesian coordinates 5 
Energy = -449.2092804041 
Ru    0.1926203   -0.1308375    0.0000000  
N     0.0261138   -1.6957358    0.0000000  
F     1.8046906    0.8160869    0.0000000  
F    -1.0117123    0.5052432   -1.2757559  
F    -1.0117123    0.5052432    1.2757559 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     1        a"           -136.27         0.00000       YES     YES 
     8        a'            158.95         6.85409       YES     YES 
     9        a"            193.35         1.11396       YES     YES 
    10        a'            243.31         3.40732       YES     YES 
    11        a'            334.22         1.79481       YES     YES 
    12        a'            638.29        97.80838       YES     YES 
    13        a"            640.84        77.73013       YES     YES 
    14        a'            683.23        91.14722       YES     YES 
    15        a'           1193.73        47.60703       YES     YES 

BP86/def2-QZVP 

Cartesian coordinates 5 
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Energy = -449.5385900192 
Ru    0.1889815   -0.1344266    0.0000000  
N    -0.0290101   -1.7134782    0.0000000  
F     1.8479076    0.7343642    0.0000000  
F    -1.0039395    0.5567703   -1.2679319  
F    -1.0039395    0.5567703    1.2679319 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     1        a"           -113.31         0.00000       YES     YES 
     8        a'            151.50         5.18453       YES     YES 
     9        a"            186.13         1.62067       YES     YES 
    10        a'            240.19         2.30781       YES     YES 
    11        a'            324.04         1.57113       YES     YES 
    12        a'            622.14        74.33507       YES     YES 
    13        a"            623.64        66.46453       YES     YES 
    14        a'            665.90        82.85495       YES     YES 
    15        a'           1141.27        42.70175       YES     YES 

CCSD(T)/aug-cc-pVTZ(-PP) 

Cartesian coordinates     5 
 UCCSD(T)/AUG-CC-PVTZ,RU=AUG-CC-PVTZ-PP  ENERGY=-448.01978832 
 Ru         0.1989302016       -0.1071433142        0.0000000000 
 N          0.0200330139       -1.6935334021        0.0000000000 
 F          1.8246345469        0.8108776158        0.0000000000 
 F         -1.0217988312        0.4948995503       -1.2677897058 
 F         -1.0217988312        0.4948995503        1.2677897058 

Vibrational data (14N)                               1 A         2 A         3 A         4 A         5 A   
 Wavenumbers [cm-1]          157.02      194.48      245.22      324.61      648.05 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                              6 A         7 A         8 A   
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 Wavenumbers [cm-1]          657.45      695.12     1070.31 
 Intensities [km/mol]          0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00 
 
                                  1 
 Wavenumbers [cm-1]          137.00 
 Intensities [km/mol]          0.00 
 Intensities [relative]        0.00 

Vibrational data (15N)                               1 A         2 A         3 A         4 A         5 A   
 Wavenumbers [cm-1]          156.65      191.66      244.55      318.53      647.86 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                              6 A         7 A         8 A   
 Wavenumbers [cm-1]          657.43      695.09     1038.47 
 Intensities [km/mol]          0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00 
 
                                  1 
 Wavenumbers [cm-1]          136.16 
 Intensities [km/mol]          0.00 
 Intensities [relative]        0.00 

NRuF3 (3A2 – C3v) 

B3LYP/def2-QZVP 

Cartesian coordinates 5 
Energy = -449.2162041256 
Ru    0.0000000    0.0000000   -0.1583439  
N    -0.0000000    0.0000000   -1.7354498  
F    -1.7027133    0.0000000    0.6320504  
F     0.8513567   -1.4745930    0.6320504  
F     0.8513567    1.4745930    0.6320504 
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Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        e             115.55         3.84713       YES     YES 
     8        e             115.55         3.84713       YES     YES 
     9        a1            195.70         8.77212       YES     YES 
    10        e             282.64         3.45947       YES     YES 
    11        e             282.64         3.45947       YES     YES 
    12        e             627.89       113.45195       YES     YES 
    13        e             627.89       113.45195       YES     YES 
    14        a1            641.71        72.39758       YES     YES 
    15        a1           1186.13        57.91788       YES     YES 

Vibrational data (15N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        e             115.45         3.78791       YES     YES 
     8        e             115.45         3.78791       YES     YES 
     9        a1            195.49         8.74429       YES     YES 
    10        e             276.80         3.57756       YES     YES 
    11        e             276.80         3.57756       YES     YES 
    12        e             627.88       113.42613       YES     YES 
    13        e             627.88       113.42613       YES     YES 
    14        a1            641.54        71.98906       YES     YES 
    15        a1           1151.02        56.04822       YES     YES 

BP86/def2-QZVP 

Cartesian coordinates 5 
Energy = -449.5464924977 
Ru    0.0000000    0.0000000   -0.1597160  
N     0.0000000    0.0000000   -1.7574356  
F    -1.7057368    0.0000000    0.6398363  
F     0.8528684   -1.4772114    0.6398363  
F     0.8528684    1.4772114    0.6398363 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
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#                         cm**(-1)        km/mol         IR     RAMAN 
     7        e             102.92         3.14908       YES     YES 
     8        e             102.92         3.14908       YES     YES 
     9        a1            190.87         6.58499       YES     YES 
    10        e             274.09         2.42345       YES     YES 
    11        e             274.09         2.42345       YES     YES 
    12        e             612.41        92.78843       YES     YES 
    13        e             612.41        92.78843       YES     YES 
    14        a1            623.13        57.24195       YES     YES 
    15        a1           1131.95        51.81268       YES     YES 

Vibrational data (15N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        e             102.84         3.10901       YES     YES 
     8        e             102.84         3.10901       YES     YES 
     9        a1            190.66         6.56295       YES     YES 
    10        e             268.43         2.50503       YES     YES 
    11        e             268.43         2.50503       YES     YES 
    12        e             612.40        92.76469       YES     YES 
    13        e             612.40        92.76469       YES     YES 
    14        a1            622.96        56.88692       YES     YES 
    15        a1           1098.43        50.06846       YES     YES 

CCSD(T)/aug-cc-pVTZ(-PP) (calculation in Cs) 

Cartesian coordinates     5 
 UCCSD(T)/USERDEF  ENERGY=-448.02302842 
 Ru         0.0000056843        0.0000000000       -0.1368111874 
 N          0.0000083347        0.0000000000       -1.7329376335 
 F         -1.7119195925        0.0000000000        0.6240451861 
 F          0.8559527867       -1.4825466742        0.6240304674 
 F          0.8559527867        1.4825466742        0.6240304674 

Vibrational data (14N)                               1 A         2 A         3 A         4 A         5 A   
 Wavenumbers [cm-1]           95.39       95.46      183.05      264.88      267.59 
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 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                              6 A         7 A         8 A         9 A   
 Wavenumbers [cm-1]          638.89      639.04      650.91     1121.62 
 Intensities [km/mol]          0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00 

Vibrational data (15N)                               1 A         2 A         3 A         4 A         5 A   
 Wavenumbers [cm-1]           95.26       95.36      182.88      259.60      262.24 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                              6 A         7 A         8 A         9 A   
 Wavenumbers [cm-1]          638.89      639.03      650.65     1088.43 
 Intensities [km/mol]          0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00 

FNRuF2 (3A”) 

B3LYP/def2-QZVP 

Cartesian coordinates 5 
Energy = -449.1573313462 
Ru   -0.4310211    0.4631061    0.0000000  
N     0.0458104   -1.1766224    0.0000000  
F     1.4275960   -1.4284082    0.0000000  
F    -0.5211927    1.0709622   -1.7581990  
F    -0.5211927    1.0709622    1.7581990 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"            115.51         0.96486       YES     YES 
     8        a'            132.78        15.96700       YES     YES 
     9        a'            149.10         7.02535       YES     YES 
    10        a'            250.27         0.22400       YES     YES 
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    11        a"            336.67         0.04722       YES     YES 
    12        a'            614.84        70.22821       YES     YES 
    13        a"            674.82       197.22465       YES     YES 
    14        a'            722.98       197.44424       YES     YES 
    15        a'            857.38       107.19311       YES     YES 

Vibrational data (15N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"            115.50         0.96403       YES     YES 
     8        a'            132.72        15.93472       YES     YES 
     9        a'            148.93         7.05612       YES     YES 
    10        a'            247.82         0.22187       YES     YES 
    11        a"            327.78         0.03526       YES     YES 
    12        a'            614.58        70.42724       YES     YES 
    13        a"            674.77       197.23201       YES     YES 
    14        a'            711.24       184.78323       YES     YES 
    15        a'            833.26       107.86564       YES     YES 

BP86/def2-QZVP 

Cartesian coordinates 5 
Energy = -449.4844274026 
Ru   -0.4264655    0.4724047    0.0000000  
N     0.0267719   -1.1687116    0.0000000  
F     1.4542388   -1.4447396    0.0000000  
F    -0.5272726    1.0705233   -1.7612453  
F    -0.5272726    1.0705233    1.7612453 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"            115.38         0.79904       YES     YES 
     8        a'            129.02        11.53677       YES     YES 
     9        a'            150.83         4.98091       YES     YES 
    10        a'            228.62         0.53805       YES     YES 
    11        a"            332.38         0.17070       YES     YES 
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    12        a'            607.72       150.98231       YES     YES 
    13        a'            620.36       189.35179       YES     YES 
    14        a"            669.89       165.83574       YES     YES 
    15        a'            833.66        18.85258       YES     YES 

F2NRuF (3A”) 

B3LYP/def2-QZVP 

Cartesian coordinates 5 
Energy = -449.0673348158 
N     0.6062182    0.4784034    0.0000000  
F     1.4938959    0.3814864    1.0732974  
F     1.4938959    0.3814864   -1.0732974  
Ru   -1.1285816    0.0390172    0.0000000  
F    -2.4654284   -1.2803935    0.0000000 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'             71.79         9.50790       YES     YES 
     8        a"            130.98         3.59864       YES     YES 
     9        a"            273.92         2.10363       YES     YES 
    10        a'            352.34        10.41625       YES     YES 
    11        a'            468.62         1.17255       YES     YES 
    12        a'            590.89         6.35660       YES     YES 
    13        a'            627.83       165.07653       YES     YES 
    14        a"            720.57       170.25053       YES     YES 
    15        a'            937.89       348.98867       YES     YES 

BP86/def2-QZVP 

Cartesian coordinates 5 
Energy = -449.3864616213 
N     0.5871947    0.4382405    0.0000000  
F     1.5243100    0.4232248    1.0886925  
F     1.5243100    0.4232248   -1.0886925  
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Ru   -1.1010054   -0.0354701    0.0000000  
F    -2.5348091   -1.2492200    0.0000000 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'             64.81         7.04519       YES     YES 
     8        a"            120.26         2.53828       YES     YES 
     9        a"            287.67         0.47676       YES     YES 
    10        a'            362.44        10.22412       YES     YES 
    11        a'            462.12         0.30631       YES     YES 
    12        a"            471.55       198.75532       YES     YES 
    13        a'            560.04        22.35746       YES     YES 
    14        a'            626.23       187.74773       YES     YES 
    15        a'            888.59       369.83161       YES     YES 

NRuF2 (2A1 – C2v) 

B3LYP/def2-QZVP 

Cartesian coordinates 4 
Energy = -349.3592709467 
Ru    0.0000000    0.0000000   -0.1130509  
F    -1.5983451    0.0000000    0.8968725  
F     1.5983451    0.0000000    0.8968725  
N     0.0000000    0.0000000   -1.6806942 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a1            150.84         8.35183       YES     YES 
     8        b2            217.85        21.92131       YES     YES 
     9        b1            226.33         6.66585       YES     YES 
    10        a1            620.25        80.24791       YES     YES 
    11        b1            633.64       155.17322       YES     YES 
    12        a1           1199.95        70.91294       YES     YES 

Vibrational data (15N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
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     7        a1            150.73         8.33534       YES     YES 
     8        b2            215.25        22.06547       YES     YES 
     9        b1            221.21         6.55719       YES     YES 
    10        a1            620.09        79.84818       YES     YES 
    11        b1            633.64       155.13306       YES     YES 
    12        a1           1164.42        68.31747       YES     YES 

BP86def2-QZVP 

Cartesian coordinates 4 
Energy = -349.6429345337 
Ru    0.0000000    0.0000000   -0.0421047  
F    -1.6500875    0.0000000    0.8370439  
F     1.6500875    0.0000000    0.8370439  
N     0.0000000    0.0000000   -1.6319831 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        b2            140.34        10.07492       YES     YES 
     8        a1            140.63         6.59108       YES     YES 
     9        b1            257.58         2.09602       YES     YES 
    10        a1            609.43        56.61426       YES     YES 
    11        b1            657.86       118.56348       YES     YES 
    12        a1           1150.82        44.61683       YES     YES 

Vibrational data (15N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        b2            138.93        10.15924       YES     YES 
     8        a1            140.52         6.57738       YES     YES 
     9        b1            251.74         2.06585       YES     YES 
    10        a1            609.36        56.42520       YES     YES 
    11        b1            657.86       118.53145       YES     YES 
    12        a1           1116.64        42.83396       YES     YES 

NRuF (1A’) 
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B3LYP/def2-QZVP 

Cartesian coordinates 3 
Energy = -249.4681749998 
N    -0.7636745    1.4649454    0.0000000  
Ru   -0.2472823   -0.0038843    0.0000000  
F     1.0109568   -1.4610611    0.0000000 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            111.36        24.92755       YES     YES 
     8        a'            592.14       139.29947       YES     YES 
     9        a'           1225.59       106.87720       YES     YES 

Vibrational data (15N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            109.42        24.87606       YES     YES 
     8        a'            591.96       138.74045       YES     YES 
     9        a'           1189.16       102.52694       YES     YES 

BP86/def2-QZVP 

Cartesian coordinates 3 
Energy = -249.6962748053 
N    -0.7416205    1.4724700    0.0000000  
Ru   -0.2775501   -0.0310340    0.0000000  
F     1.0191706   -1.4414360    0.0000000 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            119.54        21.68419       YES     YES 
     8        a'            591.60       121.27984       YES     YES 
     9        a'           1180.20        93.30420       YES     YES 

Vibrational data (15N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            117.46        21.59550       YES     YES 
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     8        a'            591.43       120.75909       YES     YES 
     9        a'           1145.15        89.53202       YES     YES 

NRuF4 (2B2 – C4v) 

B3LYP/def2-QZVP 

Cartesian coordinates 6 
Energy = -549.0738622897 
N     0.0000000    0.0000000    1.6292002  
Ru   -0.0000000    0.0000000    0.0483234  
F     1.2672066    1.2672066   -0.4193785  
F     1.2672066   -1.2672066   -0.4193785  
F    -1.2672066    1.2672066   -0.4193785  
F    -1.2672066   -1.2672066   -0.4193785 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        b2            122.87         0.00000       NO      YES 
     8        e             253.21         7.53124       YES     YES 
     9        e             253.21         7.53124       YES     YES 
    10        a1            263.84         7.62219       YES     YES 
    11        b1            304.78         0.00000       NO      YES 
    12        e             340.05         2.61182       YES     YES 
    13        e             340.05         2.61182       YES     YES 
    14        b2            587.60         0.00000       NO      YES 
    15        a1            669.52        26.83520       YES     YES 
    16        e             694.19       196.38844       YES     YES 
    17        e             694.19       196.38844       YES     YES 
    18        a1           1175.13        14.54667       YES     YES 

Vibrational data (15N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        b2            122.87         0.00000       NO      YES 
     8        e             252.22         7.19231       YES     YES 
     9        e             252.22         7.19231       YES     YES 
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    10        a1            263.40         7.58592       YES     YES 
    11        b1            304.78         0.00000       NO      YES 
    12        e             333.31         2.97490       YES     YES 
    13        e             333.31         2.97490       YES     YES 
    14        b2            587.60         0.00000       NO      YES 
    15        a1            669.41        26.70163       YES     YES 
    16        e             694.19       196.38607       YES     YES 
    17        e             694.19       196.38607       YES     YES 
    18        a1           1140.62        14.26550       YES     YES 

BP86/def2-QZVP 

Cartesian coordinates 6 
Energy = -549.4590996103 
N     0.0000000    0.0000000    1.6539447  
Ru    0.0000000    0.0000000    0.0516735  
F     1.2720273    1.2720273   -0.4264021  
F     1.2720273   -1.2720273   -0.4264021  
F    -1.2720273    1.2720273   -0.4264021  
F    -1.2720273   -1.2720273   -0.4264021 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        b2            122.62         0.00000       NO      YES 
     8        e             248.84         5.37346       YES     YES 
     9        e             248.84         5.37346       YES     YES 
    10        a1            259.75         5.50449       YES     YES 
    11        b1            296.81         0.00000       NO      YES 
    12        e             332.36         2.55471       YES     YES 
    13        e             332.36         2.55471       YES     YES 
    14        b2            576.15         0.00000       NO      YES 
    15        a1            644.78        21.65410       YES     YES 
    16        e             675.41       161.85084       YES     YES 
    17        e             675.41       161.85084       YES     YES 
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    18        a1           1125.73        16.00755       YES     YES 

Vibrational data (15N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        b2            122.62         0.00000       NO      YES 
     8        e             247.73         5.08819       YES     YES 
     9        e             247.73         5.08819       YES     YES 
    10        a1            259.31         5.47530       YES     YES 
    11        b1            296.81         0.00000       NO      YES 
    12        e             325.99         2.85933       YES     YES 
    13        e             325.99         2.85933       YES     YES 
    14        b2            576.15         0.00000       NO      YES 
    15        a1            644.68        21.53607       YES     YES 
    16        e             675.40       161.84468       YES     YES 
    17        e             675.40       161.84468       YES     YES 
    18        a1           1092.65        15.59090       YES     YES 

CCSD(T)/aug-cc-pVTZ(-PP) (Calculation in C2v) 

Cartesian coordinates     6 
 UCCSD(T)/AUG-CC-PVTZ,RU=AUG-CC-PVTZ-PP  ENERGY=-547.76517712 
 N          0.0000000000       -0.0000000000       -1.6602280654 
 Ru         0.0000000000       -0.0000000000       -0.0536568805 
 F          1.7941816843        0.0000000000        0.3773661575 
 F          0.0000000000        1.7941816843        0.3773661575 
 F          0.0000000000       -1.7941816843        0.3773661575 
 F         -1.7941816843        0.0000000000        0.3773661575 

Vibrational data (14N)                               1 A1        2 B2        3 B1        4 A1        5 A2  
 Wavenumbers [cm-1]          112.61      248.28      248.28      254.69      296.69 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
            
                              6 B1        7 B2        8 A1        9 A1       10 B1  
 Wavenumbers [cm-1]          325.44      325.44      597.59      680.82      710.95 
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 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                             11 B2       12 A1  
 Wavenumbers [cm-1]          710.95     1082.23 
 Intensities [km/mol]          0.00        0.00 
 Intensities [relative]        0.00        0.00 

Vibrational data (15N)                               1 A1        2 B2        3 B1        4 A1        5 A2  
 Wavenumbers [cm-1]          112.61      247.21      247.21      254.28      296.69 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                              6 B1        7 B2        8 A1        9 A1       10 B1  
 Wavenumbers [cm-1]          319.13      319.13      597.59      680.66      710.95 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                             11 B2       12 A1  
 Wavenumbers [cm-1]          710.95     1050.30 
 Intensities [km/mol]          0.00        0.00 
 Intensities [relative]        0.00        0.00 

NOsF3 (1A’) 

B3LYP/def2-QZVP 

Cartesian coordinates 5 
Energy = -445.0147611427 
Os    0.2118695   -0.0804130    0.0000000  
N     0.0469604   -1.6903823    0.0000000  
F     1.9374225    0.6457335    0.0000000  
F    -1.0981262    0.5625309   -1.2042000  
F    -1.0981262    0.5625309    1.2042000 
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Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"             94.77         8.70859       YES     YES 
     8        a'            157.51         6.34168       YES     YES 
     9        a"            160.81         4.22783       YES     YES 
    10        a'            288.31         0.56612       YES     YES 
    11        a'            337.45         2.25736       YES     YES 
    12        a"            629.21        59.32085       YES     YES 
    13        a'            647.17        75.32060       YES     YES 
    14        a'            671.00        93.68788       YES     YES 
    15        a'           1195.66        28.31092       YES     YES 

Vibrational data (15N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"             94.48         8.83694       YES     YES 
     8        a'            157.28         6.28614       YES     YES 
     9        a"            158.01         3.95685       YES     YES 
    10        a'            286.64         0.48555       YES     YES 
    11        a'            331.46         2.35944       YES     YES 
    12        a"            629.21        59.31508       YES     YES 
    13        a'            647.12        75.41929       YES     YES 
    14        a'            670.97        93.51862       YES     YES 
    15        a'           1158.16        26.83453       YES     YES 

BP86/def2-QZVP 

Cartesian coordinates 5 
Energy = -445.3601994103 
Os    0.2150175   -0.0647964    0.0000000  
N     0.0695934   -1.6932890    0.0000000  
F     1.9547202    0.6231321    0.0000000  
F    -1.1196656    0.5674766   -1.1923435  
F    -1.1196656    0.5674766    1.1923435 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
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#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"            112.01         2.37649       YES     YES 
     8        a"            155.22         5.56160       YES     YES 
     9        a'            159.91         4.14987       YES     YES 
    10        a'            293.90         0.15989       YES     YES 
    11        a'            333.82         1.69314       YES     YES 
    12        a"            609.15        51.02886       YES     YES 
    13        a'            637.49        44.75508       YES     YES 
    14        a'            657.02        98.08169       YES     YES 
    15        a'           1147.52        23.00545       YES     YES 

Vibrational data (15N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"            111.99         2.41526       YES     YES 
     8        a"            152.14         5.40744       YES     YES 
     9        a'            159.70         4.11446       YES     YES 
    10        a'            291.39         0.12015       YES     YES 
    11        a'            328.76         1.73281       YES     YES 
    12        a"            609.15        51.01597       YES     YES 
    13        a'            637.46        44.82327       YES     YES 
    14        a'            656.97        97.95313       YES     YES 
    15        a'           1111.53        21.78340       YES     YES 

M06-L/def2-QZVP 

Cartesian coordinates 5 
Energy = -445.1765263734 
Os    0.2145163   -0.0798466    0.0000000  
N     0.0565914   -1.6873005    0.0000000  
F     1.9441265    0.6368152    0.0000000  
F    -1.1076171    0.5651660   -1.1920648  
F    -1.1076171    0.5651660    1.1920648  

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
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     7        a"            100.00         6.01765       YES     YES 
     8        a'            155.50         5.99784       YES     YES 
     9        a"            159.38         4.77145       YES     YES 
    10        a'            293.35         0.39749       YES     YES 
    11        a'            340.07         2.23387       YES     YES 
    12        a"            619.62        59.45138       YES     YES 
    13        a'            645.31        61.07871       YES     YES 
    14        a'            664.75       105.02581       YES     YES 
    15        a'           1181.99        31.64593       YES     YES 

CCSD(T)/aug-cc-pVTZ(-PP) 

Cartesian coordinates     5 
 UCCSD(T)/USERDEF  ENERGY=-444.34128605 
 Os         0.2133133067       -0.0635978523        0.0000000000 
 N          0.0512604172       -1.6822834377        0.0000000000 
 F          1.9400930901        0.6320088256        0.0000000000 
 F         -1.1023334070        0.5569362323       -1.1911669081 
 F         -1.1023334070        0.5569362323        1.1911669081 

Vibrational data (14N)                               1 A         2 A         3 A         4 A         5 A   
 Wavenumbers [cm-1]          112.70      166.65      168.27      301.10      344.93 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                              6 A         7 A         8 A         9 A   
 Wavenumbers [cm-1]          651.65      664.02      688.84     1152.17 
 Intensities [km/mol]          0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00 

Vibrational data (15N)                               1 A         2 A         3 A         4 A         5 A   
 Wavenumbers [cm-1]          112.07      163.73      168.05      297.61      340.65 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
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                              6 A         7 A         8 A         9 A   
 Wavenumbers [cm-1]          651.65      663.97      688.82     1115.88 
 Intensities [km/mol]          0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00 

NOsF3 (1A’) (Saddle point) 

BP86/def2-QZVP 

Cartesian coordinates Energy = -445.3553333122 
Os   -0.2507953   -0.1540708    0.0000000  
N     0.1022617   -1.7472001    0.0000000  
F     1.4637138    0.6406218    0.0000000  
F    -0.6575901    0.6303245   -1.6883909  
F    -0.6575901    0.6303245    1.6883909 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     1        a"           -129.53         0.00000       YES     YES 
     8        a'            135.96         2.06117       YES     YES 
     9        a"            201.33         3.07315       YES     YES 
    10        a'            207.33         5.44236       YES     YES 
    11        a'            300.99         5.27951       YES     YES 
    12        a"            609.17       148.33817       YES     YES 
    13        a'            621.49        42.30664       YES     YES 
    14        a'            652.62        42.12874       YES     YES 
    15        a'           1154.60        31.18101       YES     YES 

B3LYP/def2-QZVP 

Cartesian coordinates Energy = -445.0120434426 
Os   -0.2421890   -0.1723479    0.0000000  
N     0.2159030   -1.7216683    0.0000000  
F     1.4148021    0.7269237    0.0000000  
F    -0.6942581    0.5835462   -1.6829258  
F    -0.6942581    0.5835462    1.6829258 
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Vibrational data (14N)      1        a"           -100.05         0.00000       YES     YES 
     8        a'            139.78         3.13320       YES     YES 
     9        a"            208.92         3.21573       YES     YES 
    10        a'            212.48         7.24448       YES     YES 
    11        a'            309.71         6.69390       YES     YES 
    12        a"            626.19       163.79036       YES     YES 
    13        a'            635.76        49.07285       YES     YES 
    14        a'            668.62        51.00883       YES     YES 
    15        a'           1201.15        34.46664       YES     YES 

CCSD(T)/aug-cc-pVTZ(-PP) 

Cartesian coordinates UCCSD(T)/AUG-CC-PVTZ,OS=AUG-CC-PVTZ-PP  ENERGY=-444.33811776 
 N          0.0000000000       -1.3511107882       -1.0090462066 
 Os         0.0000000000       -0.1134113509        0.0407080910 
 F          0.0000000000        1.3622588249       -1.1131922331 
 F         -1.6888413563        0.3846297047        0.7247873218 
 F          1.6888413563        0.3846297047        0.7247873218 

NOsF3 (3A”) 

B3LYP/def2-QZVP 

Cartesian coordinates 5 
Energy = -445.0185439098 
Os    0.1752333   -0.0877040    0.0000000  
N     0.2353676   -1.7152545    0.0000000  
F     0.5222079    0.4522222    1.7690544  
F     0.5222079    0.4522222   -1.7690544  
F    -1.4550167    0.8985142    0.0000000 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            121.68         2.86186       YES     YES 
     8        a"            211.12         3.47256       YES     YES 
     9        a'            216.97         6.47895       YES     YES 
    10        a'            238.88         5.17383       YES     YES 
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    11        a"            310.07         2.06572       YES     YES 
    12        a'            594.21        74.59639       YES     YES 
    13        a'            651.66        49.64608       YES     YES 
    14        a"            657.25       152.55974       YES     YES 
    15        a'           1166.29        31.11246       YES     YES 

Vibrational data (15N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            121.54         2.78571       YES     YES 
     8        a"            211.11         3.45139       YES     YES 
     9        a'            216.65         6.49066       YES     YES 
    10        a'            234.53         5.28788       YES     YES 
    11        a"            302.52         2.09521       YES     YES 
    12        a'            594.21        74.58419       YES     YES 
    13        a'            651.66        49.61697       YES     YES 
    14        a"            657.24       152.52776       YES     YES 
    15        a'           1129.68        29.51928       YES     YES 

BP86/def2-QZVP 

Cartesian coordinates 5 
Energy = -445.3658941028 
Os    0.1866027   -0.0820812    0.0000000  
N     0.2450010   -1.7255596    0.0000000  
F     0.5084003    0.4482530    1.7808904  
F     0.5084003    0.4482530   -1.7808904  
F    -1.4484044    0.9111347    0.0000000 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            126.25         1.76509       YES     YES 
     8        a"            209.42         2.65201       YES     YES 
     9        a'            215.15         4.56824       YES     YES 
    10        a'            231.58         3.37872       YES     YES 
    11        a"            305.16         1.41612       YES     YES 
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    12        a'            580.58        66.22472       YES     YES 
    13        a'            636.82        36.43085       YES     YES 
    14        a"            646.36       134.21937       YES     YES 
    15        a'           1123.96        26.74544       YES     YES 

Vibrational data (15N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            126.09         1.71050       YES     YES 
     8        a"            209.41         2.63670       YES     YES 
     9        a'            214.73         4.54806       YES     YES 
    10        a'            227.52         3.49313       YES     YES 
    11        a"            297.75         1.43473       YES     YES 
    12        a'            580.58        66.21191       YES     YES 
    13        a'            636.81        36.40334       YES     YES 
    14        a"            646.35       134.19472       YES     YES 
    15        a'           1088.69        25.37391       YES     YES 

M06-L/def2-QZVP 

Cartesian coordinates 5 
Energy = -445.1809264953 
Os    0.1778569   -0.0953509    0.0000000  
N     0.2392572   -1.7201596    0.0000000  
F     0.5167217    0.4557327    1.7693005  
F     0.5167217    0.4557327   -1.7693005  
F    -1.4505574    0.9040451    0.0000000 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            121.82         2.74791       YES     YES 
     8        a"            210.42         3.48920       YES     YES 
     9        a'            217.48         5.82187       YES     YES 
    10        a'            241.72         4.56685       YES     YES 
    11        a"            308.95         2.18357       YES     YES 
    12        a'            586.67        75.10479       YES     YES 
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    13        a'            642.62        47.16880       YES     YES 
    14        a"            649.20       149.83021       YES     YES 
    15        a'           1156.15        35.21212       YES     YES 

CCSD(T)/aug-cc-pVTZ(-PP) 

Cartesian coordinates     5 
 UCCSD(T)/USERDEF  ENERGY=-444.34259854 
 Os         0.1812594542       -0.0736561393        0.0000000000 
 N          0.2488686836       -1.7093349032        0.0000000000 
 F          0.5036103700        0.4377248947        1.7707750462 
 F          0.5036103700        0.4377248947       -1.7707750462 
 F         -1.4373488777        0.9075413532        0.0000000000 

Vibrational data (14N)                               1 A         2 A         3 A         4 A         5 A   
 Wavenumbers [cm-1]          125.96      216.50      219.56      234.60      306.28 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                              6 A         7 A         8 A         9 A   
 Wavenumbers [cm-1]          614.29      667.96      674.85     1130.27 
 Intensities [km/mol]          0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00 

Vibrational data (15N)                               1 A         2 A         3 A         4 A         5 A   
 Wavenumbers [cm-1]          125.78      216.49      219.03      230.65      298.80 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                              6 A         7 A         8 A         9 A   
 Wavenumbers [cm-1]          614.28      667.95      674.85     1094.66 
 Intensities [km/mol]          0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00 

NOsF3 (MECP) 
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B3LYP/def2-QZVP (ORCA) 

Cartesian coordinates 5 
Coordinates from ORCA-job MECP 
  N   0.13198978036287      0.00000526875099     -0.00575459635524 
  Os  0.04917238912738      0.00001354020650      1.61364554078717 
  F   1.71184455120966     -0.00002338926068      2.50530705438433 
  F   -1.20445929676235      1.28424962439923      2.24264876284551 
  F   -1.20442742393756     -1.28424504409605      2.24266923833822 

UHF-UCCSD(T)/cc-pVTZ(-PP) (ORCA) 

Cartesian coordinates 5 
Coordinates from ORCA-job MECP 
  N   0.15480699413023      0.00007522168397     -0.00683259186786 
  Os  0.02655123263285      0.00016243535483      1.61155399004442 
  F   1.68159726368437     -0.00028342202728      2.49138947348428 
  F   -1.18961672184577      1.29534592125077      2.25107131342794 
  F   -1.18921876860169     -1.29530015626229      2.25133381491120 

NOsF2 (2A2 – C2v) 

B3LYP/def2-QZVP 

Cartesian coordinates 4 
Energy = -345.1647128739 
Os    0.0000000    0.0000000    0.0356313  
N     0.0000000    0.0000000   -1.5815500  
F    -1.7176708    0.0000000    0.7729593  
F     1.7176708    0.0000000    0.7729593 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a1            163.60         3.84836       YES     YES 
     8        b2            187.24         6.72869       YES     YES 
     9        b1            278.30         2.05675       YES     YES 
    10        a1            654.30        47.50580       YES     YES 
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    11        b1            674.71       138.66862       YES     YES 
    12        a1           1200.12        28.52014       YES     YES 

Vibrational data (15N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a1            163.55         3.84302       YES     YES 
     8        b2            185.48         6.73376       YES     YES 
     9        b1            271.59         2.00318       YES     YES 
    10        a1            654.30        47.50381       YES     YES 
    11        b1            674.68       138.59675       YES     YES 
    12        a1           1162.49        26.90051       YES     YES 

BP86/def2-QZVP 

Cartesian coordinates 4 
Energy = -345.4642229991 
Os    0.0000000    0.0000000    0.0478155  
N     0.0000000    0.0000000   -1.5830297  
F    -1.7256455    0.0000000    0.7676071  
F     1.7256455    0.0000000    0.7676071 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a1            163.96         2.18989       YES     YES 
     8        b2            182.37         3.90329       YES     YES 
     9        b1            272.81         1.32351       YES     YES 
    10        a1            649.62        37.51229       YES     YES 
    11        b1            666.18       123.61120       YES     YES 
    12        a1           1163.02        22.46874       YES     YES 

Vibrational data (15N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a1            163.90         2.18644       YES     YES 
     8        b2            180.72         3.89814       YES     YES 
     9        b1            266.26         1.28252       YES     YES 
    10        a1            649.62        37.50428       YES     YES 
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    11        b1            666.17       123.56246       YES     YES 
    12        a1           1126.56        21.19565       YES     YES 

NOsF (1A’) 

B3LYP/def2-QZVP 

Cartesian coordinates 3 
Energy = -245.2177683460 
Os    0.6196501    0.1325370    0.0000000  
N    -0.3723913    1.3957486    0.0000000  
F    -0.2472497   -1.5280737    0.0000000 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            216.43         0.10046       YES     YES 
     8        a'            631.23       119.38082       YES     YES 
     9        a'           1213.91        30.43792       YES     YES 

BP86/def2-QZVP 

Cartesian coordinates 3 
Energy = -245.4741075501 
Os    0.6327018    0.1269969    0.0000000  
N    -0.3809407    1.3900265    0.0000000  
F    -0.2517520   -1.5168115    0.0000000 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            235.06         0.65575       YES     YES 
     8        a'            641.07        92.50010       YES     YES 
     9        a'           1175.54        22.81104       YES     YES 

NOsF4 (2B2 – C4v) 

B3LYP/def2-QZVP 

Cartesian coordinates 6 
Energy = -544.9144073546 

A. Supporting Information of Publications

186



80 
 

N     0.0000000    0.0000000    1.6700056  
Os    0.0000000    0.0000000    0.0489409  
F     1.2796581    1.2796581   -0.4297366  
F     1.2796581   -1.2796581   -0.4297366  
F    -1.2796581    1.2796581   -0.4297366  
F    -1.2796581   -1.2796581   -0.4297366 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        b2            134.10         0.00000       NO      YES 
     8        a1            243.58         6.63961       YES     YES 
     9        e             249.79         7.27783       YES     YES 
    10        e             249.79         7.27783       YES     YES 
    11        b1            286.20         0.00000       NO      YES 
    12        e             329.56         3.51230       YES     YES 
    13        e             329.56         3.51230       YES     YES 
    14        b2            617.24         0.00000       NO      YES 
    15        e             674.32       176.38993       YES     YES 
    16        e             674.32       176.38993       YES     YES 
    17        a1            686.84        30.78787       YES     YES 
    18        a1           1192.42        13.28492       YES     YES 

Vibrational data (15N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        b2            134.10         0.00000       NO      YES 
     8        a1            243.41         6.62360       YES     YES 
     9        e             249.23         6.98264       YES     YES 
    10        e             249.23         6.98264       YES     YES 
    11        b1            286.20         0.00000       NO      YES 
    12        e             322.21         3.83251       YES     YES 
    13        e             322.21         3.83251       YES     YES 
    14        b2            617.24         0.00000       NO      YES 
    15        e             674.32       176.37856       YES     YES 
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    16        e             674.32       176.37856       YES     YES 
    17        a1            686.83        30.74941       YES     YES 
    18        a1           1155.11        12.72822       YES     YES 

BP86/def2-QZVP 

Cartesian coordinates 6 
Energy = -545.3097556915 
N     0.0000000    0.0000000    1.6877557  
Os    0.0000000    0.0000000    0.0483698  
F     1.2848923    1.2848923   -0.4340314  
F     1.2848923   -1.2848923   -0.4340314  
F    -1.2848923    1.2848923   -0.4340314  
F    -1.2848923   -1.2848923   -0.4340314 

Vibrational data (14N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        b2            132.82         0.00000       NO      YES 
     8        a1            238.77         4.67881       YES     YES 
     9        e             244.56         5.50861       YES     YES 
    10        e             244.56         5.50861       YES     YES 
    11        b1            276.83         0.00000       NO      YES 
    12        e             320.81         3.08158       YES     YES 
    13        e             320.81         3.08158       YES     YES 
    14        b2            605.23         0.00000       NO      YES 
    15        e             658.05       152.20696       YES     YES 
    16        e             658.05       152.20696       YES     YES 
    17        a1            664.36        24.75087       YES     YES 
    18        a1           1140.46        12.94366       YES     YES 

Vibrational data (15N) #  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        b2            132.82         0.00000       NO      YES 
     8        a1            238.61         4.66642       YES     YES 
     9        e             243.96         5.26204       YES     YES 
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    10        e             243.96         5.26204       YES     YES 
    11        b1            276.83         0.00000       NO      YES 
    12        e             313.74         3.33965       YES     YES 
    13        e             313.74         3.33965       YES     YES 
    14        b2            605.23         0.00000       NO      YES 
    15        e             658.05       152.19752       YES     YES 
    16        e             658.05       152.19752       YES     YES 
    17        a1            664.35        24.72035       YES     YES 
    18        a1           1104.76        12.35962       YES     YES 

CCSD(T)/aug-cc-pVTZ(-PP) 

Cartesian coordinates     6 
 UCCSD(T)/AUG-CC-PVTZ,OS=AUG-CC-PVTZ-PP  ENERGY=-544.12920372 
 N         -0.0000000000       -0.0000000000       -1.6729194364 
 Os        -0.0000000000       -0.0000000000       -0.0422087884 
 F          1.8021400214        0.0000000000        0.4139846943 
 F          0.0000000000        1.8021400214        0.4139846943 
 F          0.0000000000       -1.8021400214        0.4139846943 
 F         -1.8021400214        0.0000000000        0.4139846943 

Vibrational data (14N)                               1 A1        2 A1        3 B1        4 B2        5 A2  
 Wavenumbers [cm-1]          136.22      241.61      249.87      249.87      283.34 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                              6 B2        7 B1        8 A1        9 B1       10 B2  
 Wavenumbers [cm-1]          323.23      323.23      635.02      693.20      693.20 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                             11 A1       12 A1  
 Wavenumbers [cm-1]          705.63     1145.42 
 Intensities [km/mol]          0.00        0.00 
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 Intensities [relative]        0.00        0.00 

Vibrational data (15N)                               1 A1        2 A1        3 B1        4 B2        5 A2  
 Wavenumbers [cm-1]          136.22      241.45      249.21      249.21      283.34 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                              6 B2        7 B1        8 A1        9 B1       10 B2  
 Wavenumbers [cm-1]          316.15      316.15      635.02      693.20      693.20 
 Intensities [km/mol]          0.00        0.00        0.00        0.00        0.00 
 Intensities [relative]        0.00        0.00        0.00        0.00        0.00 
 
                             11 A1       12 A1  
 Wavenumbers [cm-1]          705.60     1109.43 
 Intensities [km/mol]          0.00        0.00 
 Intensities [relative]        0.00        0.00 
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Experimental and Computational Details 

Computational Details 

Density functional theory (DFT) calculations were performed using the TURBOMOLE 7.0.1 program 

package[1] employing the GGA and hybrid exchange-correlation density functionals BP86[2] and 

B3LYP[3] with the polarized quadruple- basis set def2-QZVP[4] which applies the Stuttgart-Dresden 

effective core potential for rhodium and iridium[5]. The Coupled Cluster Single Double and perturbative 

Triple excitations (CCSD(T)) calculations were carried out in the spin unrestricted ROHF-UCCSD(T) 

open-shell coupled cluster formalism using default frozen core settings as implemented in the Molpro 

2019 software package.[6] The same software was used for all Complete Active Space Self Consistent 

Field (CASSCF) and Complete Active Space Perturbation Theory Second Order (CASPT2) 

calculations. Unless stated otherwise, all CCSD(T) calculations were combined with the augmented 

triple- basis sets aug-cc-pVTZ for nitrogen and fluorine, and aug-cc-pVTZ-PP for rhodium and 

iridium.[7–9] CASPT2 calculations for FNRhF2 and FNCoF2 were carried out with relativistic corrections 

using the second order Douglas-Kroll-Hess Hamiltonian combined with the Dunning’s correlation 

consistent polarized triple- basis sets cc-pVTZ-DK[7,8,10]. The active space for the state-specific 

complete active-space (SS-CASSCF) reference wavefunction was chosen to consist of the M-N  and 

 binding and anti-binding and the metal centered d-type molecular orbitals formed by the 2p(N), 3d(Co) 

and 4d(Rh) atomic orbitals, yielding 9 electrons in 7 molecular orbitals (9,7) for FNCoF2 and FNRhF2. 

Single point SS-CASSCF calculations carried out for NRhF3 and NIrF3 consisted of an active space of 

of 9 electrons in 8 orbitals covering the M-N three bonding, three antibonding and the singly and doubly 

occupied metal centered molecular orbitals. The lowest 9 molecular orbitals for FNCoF2/NCoF3 and the 

lowest 18 molecular orbitals for FNRhF2/NRhF3 were frozen in the subsequent CASPT2 dynamic 
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correlation treatment. Harmonic vibrational frequency calculations were carried out for optimized 

structures analytically (BP86, B3LYP) or numerically (CCSD(T) and CASPT2).Matrix-isolation 

Experiments 

14NF3 and 15NF3 (vide infra) were premixed with neon or argon (both 99.999 %, Linde) in a stainless-

steel cylinder. The mixing vessel was connected to a stainless-steel vacuum line connected to a self-

made matrix chamber by a stainless-steel capillary. The gas mixture was then co-deposited for 100 min 

with laser-ablated cobalt, rhodium or iridium atoms onto a CsI window (argon matrices) or onto a gold 

plated copper mirror (neon matrices) and cooled to 4 K by using a closed-cycle helium cryostat 

(Sumitomo Heavy Industries, RDK–205D) inside the vacuum chamber. For the laser-ablation, the 1064 

nm fundamental of a Nd:YAG laser (Continuum, Minilite II, 10 Hz repetition rate, 35–50 mJ pulse–1) was 

focused onto a rotating iridium metal target through a hole in the cold window. Infrared spectra were 

recorded on a Bruker Vertex 70 spectrometer purged with dry air (argon matrices) or a Bruker Vertex 

80v with evacuated optical path (neon matrices) at 0.5 cm–1 resolution in the region 4000–430 cm−1 by 

using a liquid-nitrogen-cooled mercury cadmium telluride (MCT) detector. The matrix samples were 

irradiated by a mercury arc streetlamp (Osram HQL 250) with the outer globe removed. 

Detailed Assignments 

Laser-ablated iridium, rhodium and cobalt atoms were reacted with 14NF3 and 15NF3 in a 1:1000 excess 

of neon or argon and deposited on a gold-plated copper mirror cooled to 5 and 12 K, respectively. The 

IR spectra in excess neon are shown in Figures 2–4 for iridium, rhodium and cobalt. The complementary 

argon spectra for iridium and rhodium are shown in Figures S1-S3. By comparing spectra of the reaction 

products of one metal with those of another metal, the metal dependent bands were identified. Further 

simplification was achieved by neglecting bands belonging to MFn obtained by recording 

complementary spectra of metal fluorine reaction products under the same conditions. It is worth 

pointing out that the IR spectra obtained in neon are generally of better quality in terms of intensity and 

line broadening. This is because neon is being considered the least interacting and most inert cryogenic 

matrix available.[11] 

FNCoF2 

After co-depositing laser-ablated Co and NF3 diluted in Ne, the IR spectra shown in Figure S11 and 

S12 were recorded. The 1100–725 cm−1 region in Figure S11 contains two bands. A weak band at 

1056.8 cm−1 which exhibits an 14/15N isotopic shift of −21.4 cm−1 and at 751.7 cm−1 without isotopic shift. 

In the spectral region of 725–525 cm−1 shown in Figure S12 two bands with an isotopic shift are located 

at 629.6 and 586.1 cm−1 with isotopic shifts of −3.5 and −12.1 cm−1, respectively. The isotopic shift of 

the band at 1056.8 cm−1 is  considereably less than expected for a terminal bond nitrogen atom and 

consistent with an assignment to to the F-N stretching mode of FNCoF2. The remaining bands at 751.7, 

629.6 and 586.1 cm−1 are assigned to the antisymmetric F-Co-F, symmetric F-Co-F and to the N-Co 

stretching mode. Attempts to use single reference correlation methods to calculate the geometry and 

frequencies of this species failed. They did not converge (CCSD(T)), or did not yield qualitatively 
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consistent results (B3LYP and BP86). To account for the strong non-dynamical correlation, 

CASSCF(9,7) with subsquent CASPT2 dynamical correlation treatment was employed. The values 

calculated at the CASPT2/cc-pVTZ-DK level of theory are in good agreement with the experiment 

(Table 1). The assignment of FNCoF2 is further supported by the fact that the lowest energy structural 

isomer based on the reaction enthalpies summarized in Table S1. 

NRhF3 

The IR spectra obtained after co-depositing evaporated rhodium and diluted NF3 in neon shown in 

Figures S13 and S14 contain three bands with significant isotopic shifts. The position of the band at 

1116.1 cm−1 (Figure 3, A) and the isotopic shift of −33 cm−1 are indicative for a terminally bond nitrogen 

with a triple bond. This band, as well as three additional bands in the M-F stretching region were 

assigned to NRhF3. The bands located at 626.2 and 622.8 cm−1 loose intensity upon broadband 

irradiation and annealing to 12 K with their initially weaker matrix sites at 624.8 and 622.2 cm−1 gaining 

intensity. These bands were assigned to the antisymmetric and symmetric F-Rh-F stretching mode, 

respectively. The last band is located at 542.5 cm−1 shows a small isotopic shift of −0.5 cm−1 and was 

assigned to the Rh-F’ stretching mode. The assignments are supported by quantum chemical 

calculations, which yield 1087 (1113), 625 (603), 618 (601) and 581 (562) cm−1 at the BP86 (B3LYP) 

levels of theory. The calculated isotopic shift of the N-Rh stretching mode is −32 (−33) at the BP86 

(B3LYP) level of theory, respectively, and in very good agreement with the experimentally observed 

values in neon and in argon (both −33 cm−1). The small observed isotopic shift of −0.4 (−0.5) cm−1 of 

the Rh-F’ stretching mode observed in neon (argon) was not predicted by both DFT methods but is also 

observed in NIrF3 as well. Unfortunately, calculations at the CCSD(T) level of theory yield two imaginary 

frequencies probably caused by a low-laying excited electronic state which interferes with the 

calculation of displaced steps during the numerical hessian calculation where the symmetry is lowered 

to C1. However, the structure obtained at the B3LYP level of theory is very close to the one obtained at 

the CCSD(T) level (Figures 5 and S5) and the good match of the B3LYP results for NIrF3 with the 

experimental values suggest a good performance of B3LYP for the NMF3 species. 

FNRhF2 

The two remaining bands with significant isotopic shifts of −18.9 and −18.0 cm−1 (labeled B and C in 

Figure S13) centered at 872.6 and 761.4 cm−1 are indicative for absorptions of two modes exhibiting 

significant displacements of a nitrogen atom which is not terminally bonded. The assignment to the two 

modes involving the F-N-Rh moiety of FNRhF2 suggests itself, however, while quantum chemical 

calculations at the DFT BP86 (B3LYP) level of theory yield acceptable band positions of 850 (935) and 

721 (786) cm−1, the isotopic shifts of −24 (−24) and −12 (−16) cm−1 do not match the observed ones. 

More sophisticated calculations at the CCSD(T) (CASPT2) levels of theory yield isotopic shifts of −16 

(−19) and −19 (−20) (Table S5) which are in better agreement with the observed values. However, the 

deviations between the calculated and observed band positions at 899 (981) and 720 (756) cm−1 

indicates the presence of vibronic coupling effects which are not taken into account in the harmonic 

approximation. The band centered at 872.6 cm−1 was assigned to the F-N stretching mode, while the 

band at 761.4 cm−1 was assigned to the N-Rh stretching mode. Along with vibrations related to the F-
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N-Rh moiety, the bands belonging to the antisymmetric and symmetric F-Rh-F stretching modes were 

assigned to bands at 638.6 and 596.7 cm−1 (labeled A and D in Figure S14) in an overall  very good 

agreement with the calculated values summarized in Table 1. The antisymmetric F-N-Rh stretching 

mode could not be identified in the corresponding argon spectrum. Additional bands are much weaker. 

They are tentatively assigned in Figures S1 and S2 and summarized in Table 1. The presence of both 

species, NRhF3 and FNRhF2, is reasonably justified considering the small energy difference of 7 

[12] kJ mol−1 calculated at the B3LYP [CCSD(T)] level of theory (see Table S1 and Figure 1). 

NIrF3 

After depositing iridium and NF3 diluted in neon, bands immune to annealing and broadband irradiation 

centered at 1150.4, 659.8, 651.6, 648.9 and 562.1 cm−1 shown in Figure S15 were singled out and 

assigned to NIrF3
 with a point group symmetry of Cs. The position of the band centered at 1150.4 cm−1 

(Figure S15, A), the isotopic shift of −36 cm−1 and the 14/15N isotopic ratio of 1.0323 are indicative for a 

vibration of a strongly bond single nitrogen atom attached to a heavy element. Theoretical calculations 

support the assignment to the Ir≡N stretching mode, with calculated isotopic shifts of −35, −36, and −36 

and 14/15N isotopic ratios of 1.0325, 1.0325 and 1.0326 obtained the  BP86/def2-QZVP, B3LYP/def2-

QZVP and ROHF-UCCSD(T)/aug-cc-pVTZ(-PP) levels of theory, respectively. However, the absolute 

values of 1121, 1158 and 1126 cm−1 (BP86, B3LYP and CCSD(T)) deviate by −29, 8 and −24 cm−1, 

respectively. The assignment of the absorption at 659.8 cm−1 (Figure S15, B) to the symmetric F-Ir-F 

stretching mode is backed by calculated values of 618, 635 and 653 cm−1 (BP86, B3LYP and CCSD(T)). 

Isotopic shifts were not observed and were calculated to be 0 for the 14/15N substituted isotopologue. 

The more intense antisymmetric F-Ir-F stretching mode and its matrix site are located at 651.6 and 

648.9 cm−1 (Figure S15, C) and do not show any matrix shift either. The calculated values of 618, 634, 

and 650 cm−1 (BP86, B3LYP, CCSD(T)) confirm the proximity of the symmetric and antisymmetric F-Ir-

F stretching frequencies. Finally, the band showing a very small isotopic shift of −0.2 cm−1 centered at 

562.1 cm−1 (Figure S15, D) was assigned to the F’-Ir stretching mode involving the fluorine atom 

residing the mirror plane of the molecule. The IR spectra obtained in argon (Figure S3) are not as 

comprehensive as in neon. The Ir-N stretching mode and the F’-Ir stretching mode were tentatively 

assigned to very weak bands centered at 1144.6 and 560.1 cm−1, respectively. The bands belonging to 

the symmetric and antisymmetric F-Ir-F stretching modes are probably overlapped by the bands 

belonging to the strong and broad symmetric deformation mode of NF3 and its matrix sites. 

Synthesis of 15NF3 

The synthesis of 15NF3 was carried out in an electric discharge cell described by Ruff and Menzel[12] 

following the procedure described by Maya[13]. A 1:4 mixture of 15N2 and F2 was slowly allowed to enter 

an electric discharge cell submerged in liquid nitrogen (LN2) shown in Figure S9. The electronic 

discharge arc was generated by a current of 7.0 kV, while the flow was adjusted to maintain a constant 

pressure of 30–35 mbar inside the reactor. After 1.5 h a volume of 113 mL of the 15N2/F2 mixture was 

admitted to the reactor. The condensed, crude reaction product at the bottom of the reactor was 
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recondensed into a glass cylinder. The volatile gas phase of the LN2 cooled crude phase contained F2 

(identified through the presence of SiF4). To remove all remaining F2 from the crude product, the glass 

cylinder was cooled using a N2 slurry and pumping off all volatile components for 5 min at 10−3 mbar. 

The purification process was followed by gas phase IR spectra shown in Figure S0. The purified product 

did not show any IR active impurities in a matrix-isolation spectrum in 99.9 % excess neon shown in 

Figure S4. In addition to the assignments by Allan et al.[14], six more combination- and overtone bands 

were identified and listed in Table S2. The overall yield was 73 % with respect to 15N2, significantly 

higher than the reported yield of 30 % 14NF3.[13]  
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Supporting Figures 

 

 

Figure S1. Infrared transmission spectra in the 1125–725 cm−1 region of laser ablated rhodium co-deposited with 0.5 % 14NF3 

and 15NF3 diluted in argon and treated according to the labels. 

 

 

Figure S2. Infrared transmission spectra in the 675–525 cm−1 region of laser ablated rhodium co-deposited with 0.5 % of F2, 

14NF3 and 15NF3 diluted in argon and treated according to the labels. 
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Figure S3. Infrared transmission spectra in the 1155–1100 and 575–550 cm−1 regions of laser ablated iridium co-deposited 

with 0.5 % 14NF3 and 15NF3 diluted in argon and treated according to the labels. 

 

 

Figure S4. IR spectrum of 15NF3 in excess neon (0.1%) at 4.2 K. 

 

  

A. Supporting Information of Publications

204



8 
 

 

 

Figure S5. Molecular structures and electronic ground state symbols calculated at the B3LYP level of theory. Bond lengths in 

pm and angles in degree (φ denotes the dihedral angle of F-M-F-N). Values for M = Co (normal), Rh (italic) and Ir (bold). 

 

 

Figure S6. Natural frontier molecular orbitals (isovalue 0.05 a.u.) of FNCoF2 (left) and FNRhF2 (right) calculated at the 

CASSCF(9,7)/cc-pVTZ-DK level of theory, including irreps, occupation numbers and orbital energies. 

 

Figure S7. Spin density plot (isovalue 0.03 a.u.) of FNCoF2 calculated at the CASSCF(9,7)/cc-pVTZ-DK level of theory. 

 

A.2. Fluoro Nitrenoid Complexes FN MF2 (M = Co, Rh, Ir): Electronic Structure

Dichotomy and Formation of Nitrido Fluorides N MF3

205



9 
 

 

Figure S8. MO diagram of the active space natural molecular orbitals, irreproducible representations, occupation numbers 

and orbital energies of NRhF3 (left) and NIrF3 (right) calculated at the CASSCF(9,8)/cc-pVTZ-DK level of theory at the 

B3LYP/def2-QZVP optimized ground state structures. 
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Figure S9. Electric discharge cell attached with a stainless-steel cylinder containing premixed 15N2 and F2 (left) and a dried 

glass for the final product (right). 

 

 

Figure S10. Gas phase IR spectra of the most volatile components of crude product during the purification process of 15NF3 

by gradually reducing the pressure to 10−3 mbar (e). 
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Figure S11. Infrared transmission spectra in the 1100–725 cm−1 region after co-depositing laser-ablated cobalt atoms with 

0.1 % 14NF3 (a), with 14NF3 after annealing to 10 K (b) as well as with 15NF3 (c), with subsequent annealing to 10 K (d). The 

absorption bands belonging to the F-N stretching mode and antisymmetric F-Co-F stretching mode are labeled A and B, 

respectively. 

 

 

Figure S12. Infrared transmission spectra in the 725–525 cm−1 region after co-depositing laser-ablated cobalt atoms with 

0.1 % 14NF3 (a), with 14NF3 after annealing to 10 K (b) as well as with 15NF3 (c), with subsequent annealing to 10 K (d). The 

absorption bands belonging to the symmetric F-Co-F stretching mode and Co-N stretching mode are labeled A and B, 

respectively. 
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Figure S13. Infrared transmission spectra in the 1125–725 cm−1 region after co-depositing laser-ablated iridium atoms with 

0.1 % 14NF3 (a), co-depositing rhodium with 14NF3 (b) as well as 15NF3 (c), with subsequent full-arc photolysis (d) and annealing 

to 12 K (e). The absorption bands belonging to the N-Rh stretching mode of NRhF3, Rh-N-F stretching mode and to the 

symmetric Rh-N-F stretching mode are labeled A, B and C. For the sake of clearity, some very strong NF3 absorption bands 

were cropped. 

 

 

Figure S14. Infrared transmission spectra in the 725–525 cm−1 region after co-depositing laser-ablated iridium atoms with 

0.1 % 15NF3 (a), co-depositing rhodium with 0.1 % F2 (b), with 0.1 % 14NF3 (c), with 0.1 % 15NF3 (d), after full arc photolysis (e) 

and annealing to 12 K (f). The absorption bands belonging to the antisymmetric and  symmetric F-Rh-F stretching mode of 

FNRhF2 are labeled with A and D. The absorption bands stemming from the antisymmetric and symmetric F-Rh-F stretching, 

as well as the F’-Rh stretching mode of NRhF3 are labeled with B, C and E, respectively. Bands marked with asterisks are 

assigned to rhodium fluorides. 
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Figure S15. Infrared transmission spectra in the 1200–1100 cm−1 (left) and 660–550 cm−1 (right) region from co-deposition of 

laser-ablated iridium atoms with 0.1 % 14NF3 (a) and 0.1 % 15NF3 in neon. Bands highlighted. Labels A, B, C and D denote the 

absorption bands of NIrF3. Namely, the Ir-N stretching mode, the symmetric F-Ir-F stretching mode, the antisymmetric F-Ir-F 

stretching mode and the Ir-F’ stretching mode, respectively. Labels * and # denote absorptions bands from NF3 and NF, 

respectively. 

Supporting Tables 

Table S1. Reaction enthalpies at T = 0 for reactions of formation and selected decomposition 
reactions obtained at the B3LYP and BP86 level of theory. All complexes in Cs point group 
symmetry, unless stated otherwise. 

Reaction 
H0 [kJ mol−1] 

B3LYP BP86 

Co + NF3 (1A1)  F2NCoF (4A2 – C2v) −470 −441 

F2NCoF (4A2 – C2v)  FNCoF2 (2A’’) −92 −158 

FNCoF2 (2A’’)  NCoF3 (2A’’) 77 47 

FNCoF2 (2A’’)  NCoF2 (1A1 – C2v) + F 331 290 

FNCoF2 (2A’’)  NCoF2 (3B1 – C2v) + F 311 315 

FNCoF2 (2A’’)  NCoF2 (1A1 – C2v) + ½ F2 258 187 

FNCoF2 (2A’’)  NCoF2 (3B1 – C2v) + ½ F2 238 212 

FNCoF2 (2A’’)   NCoF (4A’’) + F2 522 533 

FNCoF2 (2A’’)   NCoF (2A’) + F2 522 493 

Rh + NF3 (1A1)  F2NRhF (2A’) −356 −413 

F2NRhF (2A’)  FNRhF2 (2A’) −136 −155 

FNRhF2 (2A’)  NRhF3 (2A’) a) −7 −26 

NRhF3 (2A’)   NRhF2 (1A1 – C2v) + F 168 221 

NRhF3 (2A’)   NRhF2 (1A1 – C2v) + ½ F 95 118 

NRhF3 (2A’)   NRhF (2A’) + F2 386 423 

Ir + NF3 (1A1)  F2NIrF (2A’) −460 −509 

F2NIrF (2A’)   FNIrF2 (2A’’) −186 −201 

FNIrF2 (2A’’)  NIrF3 (2A’) b) −81 −77 

NIrF3 (2A’)   NIrF2 (1A1) + F 197 240 

NIrF3 (2A’)    NIrF2 (1A1) + ½ F 248 274 

NIrF3 (2A’)   NIrF (2A’) + F2 444 468 

a): CCSD(T) at B3LYP minimum: H0 = −12 kJ mol−1; b): CCSD(T) at B3LYP minimum: H0 = 
−98 kJ mol−1 
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Table S2. Assignments of IR absorptions of 0.1 % 15NF3 isolated in solid neon (Figure S2).  

Assignment Frequency [cm–1] Intensity* Isotopic Shift [cm–1]  Lit.[14] 

ν1 + ν3 1879.1 m  - 

2ν3 1756.7 m  - 

ν2 + ν3 1517.5 w  - 

ν1 + ν4 1496.3 w  - 

2ν2 1277.4 m  - 

ν2 + ν4 1132.3 m  - 

ν1 1006.2 s –22.9 1008.9 

2ν4 979.7 m  981.9 

ν3 879.9 vs –21.5 886.3 

ν2 642.7 m  644.8 

ν4 491.6 m  492.0 

 

Table S3. Selected structural parameters calculated at various levels of theory for FNMNF2 (M = Co, Rh) species. Bond lengths in pm, angles 
in degrees. 

 r(FN) r(NM) r(MF) a(FNM) a(FMF) 

Method FNCoF2 FNRhF2 FNCoF2 FNRhF2 FNCoF2 FNRhF2 FNCoF2 FNRhF2 FNCoF2 FNRhF2 

CASPT2 131 135 177 174 171 186 113 113 148 135 

B3LYP 132 137 183 170 173 188 113 115 148 131 

BP86 a) 138 142 162 172 172 186/191 115 117 133 131 

[a]: BP86 converged to a structure with C1 point group symmetry for FNRhF2. 

 

Table S4. Weights of the main configurations of the electronic ground states 
of FNCoF2 (2A’’, Cs) and FNRhF2 (2A’, Cs) obtained at the CASSCF(9,7)/cc-
pVTZ-DK level of theory. 

Configurationa) Weight [%] 

FNCoF2 (2A’’, Cs) 

2 2 1 *0 *0 48 

2 0 1 *2 *0 10 

2 1 1 *1 *2 6 

0 2 1 *0 *2 5 

0 0 1 *2 *2 4 

FNRhF2 (2A’, Cs) 

2 2 1 *0 *0 81 

2 0 1 *2 *0 5 

[a] Approximate local symmetries are used for an ostensive description the 

frontier molecular orbitals along the M-N bond axis. , , , *, * and * 
correspond to 21a’, 9a’’, 10a’’, 11a’’ and 22a’ (FNCoF2) and 26a’, 13a’’, 27a’, 
14a’’ and 28a’  (FNRhF2) (see Figure S6). 
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Table S5. Comparison of infrared band positions (cm−1) and isotopic shifts (cm−1, in parenthesis) of FNRhF2 (2A’ - Cs) observed in solid neon 

with values calculated using CCSD(T) with different basis set qualities, and CASPT2. 

Assignment Neon cc-pVDZ(-PP)a) aug-cc-pVTZ(-PP)a) cc-pVTZ-DKb) CASPT2 

F-N str. [a’] 872.6 (−18.9) 893 (−16) 872 (−16) 899 (−17) 981 (−19) 

N-Rh str. [a’] 761.4 (−18.0) 536 (−15) 707 (−19) 720 (−18) 756 (−20) 

antisym. F-Rh-F str. [a’’] 655.1 (0) 665 (0) 652 (0) 663 (0) 672 (0) 

sym. F-Rh-F str. [a’] 596.7 (0) 620 (−2) 580 (−2) 603 (−2) 623 (−0.5) 

[a]: RHF/UCCSD(T) using ECP28MDF.  [b]: RHF/UCCSD(T) using DKH2 relativistic approximation. 

 

Detailed Computational Results 

All structures in Cs point group symmetry (unless stated otherwise) and with positive HOMO-LUMO or 

SOMO-LUMO gap. 

NCoF3 

NCoF3 (2A’’) 

UB3LYP/def2-QZVP 

Cartesian coordinates 
5 
Energy = -1736.977510164 
Co   -0.0824265    0.1971398    0.0000000  
N     0.0349649   -1.6577570    0.0000000  
F    -0.8083289    0.4847773   -1.5498606  
F    -0.8083289    0.4847773    1.5498606  
F     1.6641194    0.4910626    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"             59.35        30.72704       YES     YES 
     8        a'            105.26         1.24646       YES     YES 
     9        a"            167.56         1.25348       YES     YES 
    10        a'            172.03        11.22983       YES     YES 
    11        a'            178.97        23.98249       YES     YES 
    12        a'            350.87        14.14127       YES     YES 
    13        a'            641.89        16.50932       YES     YES 
    14        a'            669.44       116.12893       YES     YES 
    15        a"            681.27       219.92593       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0068952  Hartree 

UBP86/def2-QZVP 

Cartesian coordinates 
5 
Energy = -1737.485783464 
Co    0.0728443   -0.1192190    0.0000000  
N    -0.0208896   -1.6287334    0.0000000  
F    -0.8502485    0.5715962   -1.3132437  
F    -0.8502485    0.5715962    1.3132437  
F     1.6485423    0.6047601    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     1        a"            -84.40         0.00000       YES     YES 
     2                       -0.00         0.00000        -       - 
     3                       -0.00         0.00000        -       - 
     4                        0.00         0.00000        -       - 
     5                        0.00         0.00000        -       - 
     6                        0.00         0.00000        -       - 
     7                        0.00         0.00000        -       - 
     8        a'            155.54         2.71508       YES     YES 
     9        a"            194.10         2.25560       YES     YES 
    10        a'            232.19         5.74052       YES     YES 
    11        a'            305.27         0.33614       YES     YES 
    12        a'            632.77        35.06050       YES     YES 
    13        a"            633.32        70.40555       YES     YES 
    14        a'            673.32        82.23947       YES     YES 
    15        a'           1064.23        38.95532       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0088637  Hartree 

NCoF3 (2A’) 

UB3LYP/def2-QZVP 

Cartesian coordinates 
5 
Energy = -1736.964585276 
Co   -0.1036774    0.0986648    0.0000000  
N    -0.0159914   -1.6090243    0.0000000  
F    -0.7092819    0.4651010   -1.5717060  
F    -0.7092819    0.4651010    1.5717060  
F     1.5382325    0.5801575    0.0000000 
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Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"            136.23         3.27842       YES     YES 
     8        a'            146.67         7.70575       YES     YES 
     9        a'            186.57        15.49275       YES     YES 
    10        a"            202.06         0.30524       YES     YES 
    11        a'            214.74         7.02491       YES     YES 
    12        a'            445.19         7.28441       YES     YES 
    13        a'            648.89        25.69070       YES     YES 
    14        a'            711.12        78.98532       YES     YES 
    15        a"            730.09       154.14645       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0077949  Hartree 

UBP86/def2-QZVP 

Cartesian coordinates 
5 
Energy = -1737.485954003 
Co   -0.0826662   -0.1198141    0.0000000  
N     0.0413591   -1.6272030    0.0000000  
F    -0.7391524    0.5790938   -1.4494765  
F    -0.7391524    0.5790938    1.4494765  
F     1.5196121    0.5888295    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"             96.35        14.57294       YES     YES 
     8        a'            135.96         2.70331       YES     YES 
     9        a"            208.18         1.48976       YES     YES 
    10        a'            233.29         6.05019       YES     YES 
    11        a'            301.59         1.36632       YES     YES 
    12        a'            633.56        35.02780       YES     YES 
    13        a'            643.95        55.50206       YES     YES 
    14        a"            665.89        99.37128       YES     YES 
    15        a'           1063.94        40.79076       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0090733  Hartree 

Vibrational data (15N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"             96.16        14.66095       YES     YES 
     8        a'            135.79         2.64381       YES     YES 
     9        a"            204.32         1.40225       YES     YES 
    10        a'            232.82         6.01191       YES     YES 
    11        a'            296.11         1.48385       YES     YES 
    12        a'            632.86        34.36728       YES     YES 
    13        a'            643.94        55.51619       YES     YES 
    14        a"            665.87        99.40245       YES     YES 
    15        a'           1035.35        40.36567       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0089833  Hartree 

NCoF3 (4A’) 

UB3LYP/def2-QZVP 

Cartesian coordinates 
5 
Energy = -1736.959281210 
Co   -0.0580699    0.0719537    0.0000000  
N     0.0662034   -1.5643483    0.0000000  
F    -0.8334018    0.5109545   -1.4886131  
F    -0.8334018    0.5109545    1.4886131  
F     1.6586701    0.4704857    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"            131.43        20.84005       YES     YES 
     8        a'            160.01         6.70559       YES     YES 
     9        a'            200.18         9.67781       YES     YES 
    10        a"            206.95         4.28889       YES     YES 
    11        a'            219.46         6.78440       YES     YES 
    12        a'            582.80        13.89695       YES     YES 
    13        a"            652.65       181.26272       YES     YES 
    14        a'            655.46        24.57878       YES     YES 
    15        a'            671.43        96.45802       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0079288  Hartree 

UBP86/def2-QZVP 

Cartesian coordinates 
5 
Energy = -1737.472854233 
Co   -0.0434505    0.0123310    0.0000000  
N     0.1221596   -1.5603138    0.0000000  
F    -0.8764964    0.5539332   -1.4272844  
F    -0.8764964    0.5539332    1.4272844  
F     1.6742837    0.4401164    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"            118.94         1.18366       YES     YES 
     8        a'            162.37         4.68961       YES     YES 
     9        a'            208.98         5.47374       YES     YES 
    10        a"            237.30         9.10538       YES     YES 
    11        a'            257.04         1.46665       YES     YES 
    12        a'            609.22        23.16261       YES     YES 
    13        a"            619.81       110.15532       YES     YES 
    14        a'            644.64        73.47093       YES     YES 
    15        a'            943.64         2.85718       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0086615  Hartree 
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FNCoF2 

FNCoF2 (2A’) 

UB3LYP/def2-QZVP 

Cartesian coordinates 
5 
Energy = -1737.006373197 
Co    0.6679205    0.1377497    0.0000000  
F     0.9992619    0.6113960    1.6590249  
F     0.9992619    0.6113960   -1.6590249  
N    -0.7514116   -0.9950999    0.0000000  
F    -1.9150327   -0.3654418    0.0000000  

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"             73.82         0.07915       YES     YES 
     8        a'            116.38        23.64476       YES     YES 
     9        a'            140.74        29.53924       YES     YES 
    10        a'            214.91         5.37310       YES     YES 
    11        a"            233.25         0.00917       YES     YES 
    12        a'            435.21        13.13023       YES     YES 
    13        a'            613.69        67.59420       YES     YES 
    14        a"            723.27       166.39989       YES     YES 
    15        a'           1079.89       291.07245       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0082724  Hartree 

Vibrational data (15N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"             73.79         0.07699       YES     YES 
     8        a'            116.31        23.60588       YES     YES 
     9        a'            140.71        29.54361       YES     YES 
    10        a'            213.80         5.30993       YES     YES 
    11        a"            227.47         0.01604       YES     YES 
    12        a'            422.53        12.00386       YES     YES 
    13        a'            613.49        68.33462       YES     YES 
    14        a"            723.26       166.40925       YES     YES 
    15        a'           1059.92       277.78702       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0081815  Hartree 

UBP86/def2-QZVP 

Cartesian coordinates 
5 
Energy = -1737.500231984 
Co    0.5467649    0.0561976    0.0000000  
F     1.0761863    0.6485766    1.5474194  
F     1.0761863    0.6485766   -1.5474194  
N    -0.7185615   -0.9438777    0.0000000  
F    -1.9805759   -0.4094731    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"            112.51         0.43116       YES     YES 
     8        a'            138.65         7.71356       YES     YES 
     9        a'            166.08        17.58136       YES     YES 
    10        a'            276.60         1.94540       YES     YES 
    11        a"            351.05         1.14144       YES     YES 
    12        a'            616.31        36.43540       YES     YES 
    13        a"            722.19       100.77692       YES     YES 
    14        a'            741.09       122.74231       YES     YES 
    15        a'            932.95       170.49928       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0092435  Hartree 

Vibrational data (15N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"            112.49         0.42856       YES     YES 
     8        a'            138.37         7.69169       YES     YES 
     9        a'            166.04        17.55108       YES     YES 
    10        a'            274.06         1.94428       YES     YES 
    11        a"            342.20         1.00243       YES     YES 
    12        a'            613.18        32.56996       YES     YES 
    13        a"            722.09       100.89330       YES     YES 
    14        a'            729.61       121.56463       YES     YES 
    15        a'            911.38       165.26980       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0091341  Hartree 

CASPT2/cc-pVTZ-DK 

Cartesian coordinates 
    5 
 RS2C/USERDEF  ENERGY=-1746.62362045 
 N         -0.5955943213       -1.2875004164       -0.0000000000 
 F          0.3679036402       -2.1752735487       -0.0000000000 
 Co        -0.0886500391        0.3767507245       -0.0000000000 
 F          0.1730977030        0.9779040322        1.6014094830 
 F          0.1730977030        0.9779040322       -1.6014094830 

Vibrational data (14N) 
Vibration        Wavenumber 
   Nr             [1/cm]  
   1               76.66 
   2              140.92 
   3              169.96 
   4              235.12 
   5              286.35 
   6              636.09 
   7              673.16 
   8              756.86 
   9             1165.69 
 
Zero point energy:  0.00943348 [H]     2070.41 [1/CM]       24.77 [KJ/MOL] 
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Vibrational data (15N) 
Vibration        Wavenumber 
   Nr             [1/cm]  
   1               76.52 
   2              140.76 
   3              169.89 
   4              229.59 
   5              284.29 
   6              622.31 
   7              670.29 
   8              756.86 
   9             1142.42 
 
Zero point energy:  0.00932434 [H]     2046.46 [1/CM]       24.48 [KJ/MOL] 

FNCoF2 (2A’’) 

UB3LYP/def2-QZVP 

Cartesian coordinates 
5 
Energy = -1737.008529542 
Co    0.6578907    0.2282534    0.0000000  
F     0.9933517    0.5639077    1.6648322  
F     0.9933517    0.5639077   -1.6648322  
N    -0.7297857   -0.9699712    0.0000000  
F    -1.9148085   -0.3860975    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"             86.22         0.00738       YES     YES 
     8        a'            136.01        21.15162       YES     YES 
     9        a'            156.35        16.81925       YES     YES 
    10        a'            229.94         6.05818       YES     YES 
    11        a"            242.76         0.04905       YES     YES 
    12        a'            441.58        11.52011       YES     YES 
    13        a'            610.87        60.15444       YES     YES 
    14        a"            763.84       170.91208       YES     YES 
    15        a'           1079.65       293.27012       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0085368  Hartree 

Vibrational data (15N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"             86.19         0.00688       YES     YES 
     8        a'            135.87        21.13980       YES     YES 
     9        a'            156.31        16.78193       YES     YES 
    10        a'            228.82         6.05007       YES     YES 
    11        a"            236.72         0.05756       YES     YES 
    12        a'            428.68        10.54890       YES     YES 
    13        a'            610.80        60.60073       YES     YES 
    14        a"            763.84       170.91249       YES     YES 
    15        a'           1059.62       279.81559       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0084448  Hartree 

UBP86/def2-QZVP 

Cartesian coordinates 
5 
Energy = -1737.504066547 
Co    0.5575227    0.1057569    0.0000000  
F     1.0263887    0.6095572    1.5790247  
F     1.0263887    0.6095572   -1.5790247  
N    -0.6776175   -0.9507779    0.0000000  
F    -1.9326826   -0.3740934    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"             98.33         0.01475       YES     YES 
     8        a'            145.38        10.86359       YES     YES 
     9        a'            155.70         7.50066       YES     YES 
    10        a"            293.08         0.59630       YES     YES 
    11        a'            309.92         1.36285       YES     YES 
    12        a'            626.80        62.87264       YES     YES 
    13        a"            731.64       122.80177       YES     YES 
    14        a'            764.99        36.78948       YES     YES 
    15        a'            869.57       220.12138       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0091022  Hartree 

Vibrational data (15N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"             98.19         0.01322       YES     YES 
     8        a'            145.37        10.83214       YES     YES 
     9        a'            155.53         7.52429       YES     YES 
    10        a"            286.02         0.60140       YES     YES 
    11        a'            307.58         1.30870       YES     YES 
    12        a'            625.63        61.79012       YES     YES 
    13        a"            731.64       122.80493       YES     YES 
    14        a'            747.66        33.35537       YES     YES 
    15        a'            850.86       214.20949       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0089953  Hartree 

CASPT2/cc-pVTZ-DK 

Cartesian coordinates 
    5 
 RS2C/USERDEF  ENERGY=-1746.62921561 
 N         -0.6242290885       -1.2490400345       -0.0000000000 
 F          0.3476754071       -2.1288914983       -0.0000000000 
 Co        -0.0513718917        0.4289961249       -0.0000000000 
 F          0.1359488491        0.8595025921        1.6401541026 
 F          0.1359488491        0.8595025921       -1.6401541026 

Vibrational data (14N) 
Vibration        Wavenumber 
   Nr             [1/cm]  
   1              131.49 
   2              157.58 
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   3              182.22 
   4              298.34 
   5              393.72 
   6              605.28 
   7              650.95 
   8              859.03 
   9             1151.77 
 
Zero point energy:  0.01009317 [H]     2215.19 [1/CM]       26.50 [KJ/MOL] 

Vibrational data (15N) 
Vibration        Wavenumber 
   Nr             [1/cm]  
   1              131.48 
   2              157.43 
   3              182.15 
   4              296.62 
   5              383.87 
   6              589.22 
   7              650.15 
   8              858.73 
   9             1129.33 
 
Zero point energy:  0.00997606 [H]     2189.49 [1/CM]       26.19 [KJ/MOL] 

FNCoF2 (4A’’) 

UB3LYP/def2-QZVP 

Cartesian Coordinates 
5 
Energy = -1736.990866197 
Co    0.5683084    0.2635693    0.0000000  
F     1.3053751    0.6112250    1.5383805  
F     1.3053751    0.6112250   -1.5383805  
N    -0.9991972   -0.4730433    0.0000000  
F    -2.1798615   -1.0129759    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     1        a"           -117.18         0.00000       YES     YES 
     2                       -0.00         0.00000        -       - 
     3                       -0.00         0.00000        -       - 
     4                        0.00         0.00000        -       - 
     5                        0.00         0.00000        -       - 
     6                        0.00         0.00000        -       - 
     7                        0.00         0.00000        -       - 
     8        a'             55.22         2.36818       YES     YES 
     9        a'            153.03        10.11935       YES     YES 
    10        a"            192.11         4.02763       YES     YES 
    11        a'            203.07        22.47860       YES     YES 
    12        a'            409.09         1.29660       YES     YES 
    13        a'            657.68       102.21115       YES     YES 
    14        a"            712.90       154.54927       YES     YES 
    15        a'           1265.61       378.12091       YES     YES 

UBP86/def2-QZVP 

Cartesian coordinates 
5 
Energy = -1737.478861591 
Co    0.5189827    0.2408345    0.0000000  
F     1.3212532    0.6175159    1.4943089  
F     1.3212532    0.6175159   -1.4943089  
N    -0.9813842   -0.4592354    0.0000000  
F    -2.1801049   -1.0166309    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     1        a"           -100.01         0.00000       YES     YES 
     2                       -0.00         0.00000        -       - 
     3                       -0.00         0.00000        -       - 
     4                       -0.00         0.00000        -       - 
     5                       -0.00         0.00000        -       - 
     6                       -0.00         0.00000        -       - 
     7                       -0.00         0.00000        -       - 
     8        a'            107.66         2.89045       YES     YES 
     9        a'            165.12         3.70206       YES     YES 
    10        a'            187.24        12.16159       YES     YES 
    11        a"            249.71         2.68147       YES     YES 
    12        a'            504.88         1.45047       YES     YES 
    13        a'            658.70       113.48983       YES     YES 
    14        a"            699.55        99.92836       YES     YES 
    15        a'           1203.90       335.32383       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0086041  Hartree 

F2NCoF 

F2NCoF (2A’) 

UB3LYP/def2-QZVP 

Cartesian coordinates 
5 
Energy = -1736.956358175 
N     0.5926403    0.4164280    0.0000000  
F     1.4009083    0.6604467    1.0728089  
F     1.4009083    0.6604467   -1.0728089  
Co   -1.0109650   -0.3199323    0.0000000  
F    -2.3834919   -1.4173891    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'             57.91        12.09354       YES     YES 
     8        a"            106.98        11.78200       YES     YES 
     9        a"            236.73         7.17646       YES     YES 
    10        a'            270.78         3.10322       YES     YES 
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    11        a'            332.51         1.31858       YES     YES 
    12        a'            572.20         1.74459       YES     YES 
    13        a'            680.93       160.22754       YES     YES 
    14        a"            897.33       158.22600       YES     YES 
    15        a'           1067.13       324.70384       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0096196  Hartree 

UBP86/def2-QZVP 

Cartesian coordinates 
5 
Energy = -1737.441345404 
N     0.5433949    0.3888218    0.0000000  
F     1.3880715    0.6644346    1.0837875  
F     1.3880715    0.6644346   -1.0837875  
Co   -0.9582474   -0.3449221    0.0000000  
F    -2.3612905   -1.3727688    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'             38.63         7.48164       YES     YES 
     8        a"            107.45         7.64337       YES     YES 
     9        a"            266.90         3.49066       YES     YES 
    10        a'            356.08         1.89152       YES     YES 
    11        a'            411.32         0.09485       YES     YES 
    12        a'            554.74         1.27295       YES     YES 
    13        a"            643.20       183.28885       YES     YES 
    14        a'            696.29       171.80163       YES     YES 
    15        a'            925.22       249.92458       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0091123  Hartree 

F2NCoF (4B2 – C2v) 

UBP86/def2-QZVP 

Cartesian coordinates 
5 
Energy = -1737.443567762 
N     0.0000000    0.0000000    0.7169257  
F    -1.0945571    0.0000000    1.5788056  
F     1.0945571    0.0000000    1.5788056  
Co    0.0000000    0.0000000   -1.0562770  
F     0.0000000    0.0000000   -2.8182599 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        b2              9.39         0.07651       YES     YES 
     8        b1             85.90        13.31764       YES     YES 
     9        b2             95.98        21.88961       YES     YES 
    10        b1            207.10         8.88776       YES     YES 
    11        a1            339.54         1.25675       YES     YES 
    12        a1            554.21         0.72027       YES     YES 
    13        a1            674.19       168.59633       YES     YES 
    14        b1            789.70       145.89988       YES     YES 
    15        a1           1031.08       200.60030       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0086276  Hartree 

Vibrational data (15N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        b2              9.16         0.07616       YES     YES 
     8        b1             85.84        13.27865       YES     YES 
     9        b2             95.65        21.71159       YES     YES 
    10        b1            205.38         8.74926       YES     YES 
    11        a1            339.16         1.20669       YES     YES 
    12        a1            551.87         0.95444       YES     YES 
    13        a1            674.19       168.68674       YES     YES 
    14        b1            774.20       141.39183       YES     YES 
    15        a1           1005.54       190.19853       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0085226  Hartree 

UB3LYP/def2-QZVP 

Cartesian coordinates 
5 
Energy = -1736.974544782 
N     0.0000000    0.0000000    0.7359383  
F    -1.0853741    0.0000000    1.5786927  
F     1.0853741    0.0000000    1.5786927  
Co    0.0000000    0.0000000   -1.0621840  
F     0.0000000    0.0000000   -2.8311397 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        b2             72.71        13.05138       YES     YES 
     8        b1             91.72        14.98879       YES     YES 
     9        b2            152.08        18.35703       YES     YES 
    10        b1            214.09        13.11832       YES     YES 
    11        a1            338.79         1.63549       YES     YES 
    12        a1            572.29         0.25407       YES     YES 
    13        a1            675.97       196.91217       YES     YES 
    14        b1            919.99       133.07714       YES     YES 
    15        a1           1125.56       165.37073       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0094844 

NCoF2 

NCoF2 (1A1 – C2v) 

UBP86/def2-QZVP 

Cartesian coordinates 
4 
Energy = -1637.617920216 

A.2. Fluoro Nitrenoid Complexes FN MF2 (M = Co, Rh, Ir): Electronic Structure

Dichotomy and Formation of Nitrido Fluorides N MF3

217



21 
 

Co    0.0000000    0.0000000   -0.0620052  
N     0.0000000    0.0000000   -1.5539271  
F    -1.4841339    0.0000000    0.8079661  
F     1.4841339    0.0000000    0.8079661 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a1            183.16         4.87774       YES     YES 
     8        b2            234.94         9.57772       YES     YES 
     9        b1            254.82         3.08114       YES     YES 
    10        a1            657.26        39.09898       YES     YES 
    11        b1            713.48       114.63394       YES     YES 
    12        a1           1128.26        55.50316       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0072262  Hartree 

Vibrational data (15N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     1                        0.00         0.00000        -       - 
     2                        0.00         0.00000        -       - 
     3                        0.00         0.00000        -       - 
     4                        0.00         0.00000        -       - 
     5                        0.00         0.00000        -       - 
     6                        0.00         0.00000        -       - 
     7        a1            182.90         4.85836       YES     YES 
     8        b2            232.90         9.71167       YES     YES 
     9        b1            249.53         3.06102       YES     YES 
    10        a1            656.46        38.36220       YES     YES 
    11        b1            713.48       114.64223       YES     YES 
    12        a1           1098.04        54.55861       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0071382  Hartree 

UB3LYP/def2-QZVP 

Cartesian coordinates 
4 
Energy = -1637.139673305 
Co    0.0000000    0.0000000   -0.0616639  
N     0.0000000    0.0000000   -1.5272705  
F    -1.4889224    0.0000000    0.7944672  
F     1.4889224    0.0000000    0.7944672 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     1                        0.00         0.00000        -       - 
     2                        0.00         0.00000        -       - 
     3                        0.00         0.00000        -       - 
     4                        0.00         0.00000        -       - 
     5                        0.00         0.00000        -       - 
     6                        0.00         0.00000        -       - 
     7        a1            181.39         8.12707       YES     YES 
     8        b2            232.95        16.51720       YES     YES 
     9        b1            264.48         3.08692       YES     YES 
    10        a1            668.86        54.81777       YES     YES 
    11        b1            727.50       133.84664       YES     YES 
    12        a1           1179.98        70.54244       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0074158  Hartree 

NCoF2 (3B1 – C2v) 

UBP86/def2-QZVP 

Cartesian coordinates 
4 
Energy = -1637.569854742 
Co    0.0000000    0.0000000    0.2451546  
N     0.0000000    0.0000000   -1.4260783  
F    -1.7047621    0.0000000    0.5904619  
F     1.7047621    0.0000000    0.5904619 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     1                        0.00         0.00000        -       - 
     2                        0.00         0.00000        -       - 
     3                        0.00         0.00000        -       - 
     4                        0.00         0.00000        -       - 
     5                        0.00         0.00000        -       - 
     6                        0.00         0.00000        -       - 
     7        b2             78.71        33.70119       YES     YES 
     8        b1            165.97         1.41811       YES     YES 
     9        a1            215.60         7.81754       YES     YES 
    10        a1            609.15        11.31088       YES     YES 
    11        b1            726.88       148.64000       YES     YES 
    12        a1            752.47         0.03273       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0058065  Hartree 

UB3LYP/def2-QZVP 

Cartesian coordinates 
4 
Energy = -1637.126142293 
Co    0.0000000    0.0000000    0.2955723  
N     0.0000000    0.0000000   -1.4283857  
F    -1.7157838    0.0000000    0.5664067  
F     1.7157838    0.0000000    0.5664067 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     1                       -0.00         0.00000        -       - 
     2                       -0.00         0.00000        -       - 
     3                        0.00         0.00000        -       - 
     4                        0.00         0.00000        -       - 
     5                        0.00         0.00000        -       - 
     6                        0.00         0.00000        -       - 
     7        b2            136.15        42.68995       YES     YES 
     8        a1            216.95        15.36504       YES     YES 
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     9        b1            238.75         0.00124       YES     YES 
    10        a1            605.58         7.60221       YES     YES 
    11        a1            630.09         9.20571       YES     YES 
    12        b1            761.68       197.35444       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0058986  Hartree 

NCoF 

NCoF (4A’’) 

UBP86/def2-QZVP 

Cartesian coordinates 
3 
Energy = -1537.671464455 
N    -0.5836409    1.3722074    0.0000000  
Co   -0.4340743   -0.2015633    0.0000000  
F     1.0177152   -1.1706441    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            181.46        12.10371       YES     YES 
     8        a'            662.42        71.72647       YES     YES 
     9        a'            958.49        31.08107       YES     YES 

UB3LYP/def2-QZVP 

Cartesian coordinates 
3 
Energy = -1537.265567115 
N    -0.6525997    1.4077269    0.0000000  
Co   -0.3679524   -0.1641616    0.0000000  
F     1.0205521   -1.2435654    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            116.84        15.25455       YES     YES 
     8        a'            640.59        72.16031       YES     YES 
     9        a'            810.79        75.69130       YES     YES 

NCoF (2A’) 

UBP86/def2-QZVP 

Cartesian coordinates 
3 
Energy = -1537.685782498 
N    -0.7454242    1.3667106    0.0000000  
Co   -0.2224294   -0.0588210    0.0000000  
F     0.9678536   -1.3078896    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'             90.06        11.49674       YES     YES 
     8        a'            676.20        71.13325       YES     YES 
     9        a'           1105.40        75.13259       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0042639  Hartree 

Vibrational data (15N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'             88.77        11.46668       YES     YES 
     8        a'            674.58        69.55188       YES     YES 
     9        a'           1076.83        74.61935       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0041922  Hartree 

UB3LYP/def2-QZVP 

Cartesian coordinates 
3 
Energy = -1537.264970174 
N    -0.8763492    1.3887076    0.0000000  
Co   -0.0511842    0.0281166    0.0000000  
F     0.9275334   -1.4168241    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'             38.02        21.48325       YES     YES 
     8        a'            517.29        25.44988       YES     YES 
     9        a'            736.70        96.38469       YES     YES 

NRhF3 

NRhF3 (2A’) 

UBP86/def2-QZVP 

Cartesian coordinates 
5 
Energy = -465.1250025960 
Rh   -0.1399902   -0.2138791    0.0000000  
N     0.0078043   -1.8047678    0.0000000  
F    -0.6911719    0.6472559   -1.5902650  
F    -0.6911719    0.6472559    1.5902650  
F     1.5145297    0.7241294    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'             74.38         2.82222       YES     YES 
     8        a"            134.80         7.74304       YES     YES 
     9        a"            190.37         2.35006       YES     YES 
    10        a'            203.77         5.17666       YES     YES 
    11        a'            273.94         3.15410       YES     YES 
    12        a'            562.25        45.29625       YES     YES 
    13        a'            600.82        48.34327       YES     YES 
    14        a"            603.09        95.77682       YES     YES 
    15        a'           1087.45        47.68040       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0084996  Hartree 
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Vibrational data (15N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'             74.31         2.76875       YES     YES 
     8        a"            134.54         7.90728       YES     YES 
     9        a"            186.46         2.18950       YES     YES 
    10        a'            203.49         5.15530       YES     YES 
    11        a'            268.77         3.29529       YES     YES 
    12        a'            562.25        45.28897       YES     YES 
    13        a'            600.65        48.02650       YES     YES 
    14        a"            603.09        95.79221       YES     YES 
    15        a'           1055.07        46.03235       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0084033 

UB3LYP/def2-QZVP 

Cartesian coordinates 
5 
Energy = -464.7836586566 
Rh   -0.1500554   -0.2026445    0.0000000  
N     0.0043903   -1.7724057    0.0000000  
F    -0.6774970    0.6284580   -1.6036316  
F    -0.6774970    0.6284580    1.6036316  
F     1.5006592    0.7181285    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'             70.20         4.72915       YES     YES 
     8        a"            156.24         6.00424       YES     YES 
     9        a"            204.81         2.24836       YES     YES 
    10        a'            208.73         7.06775       YES     YES 
    11        a'            285.54         3.95289       YES     YES 
    12        a'            580.83        52.32699       YES     YES 
    13        a'            618.29        62.99995       YES     YES 
    14        a"            625.07       117.90314       YES     YES 
    15        a'           1112.98        54.55496       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0087998  Hartree 

Vibrational data (15N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'             70.13         4.65449       YES     YES 
     8        a"            156.06         6.16298       YES     YES 
     9        a"            200.43         2.14226       YES     YES 
    10        a'            208.43         7.04629       YES     YES 
    11        a'            280.16         4.14645       YES     YES 
    12        a'            580.82        52.31848       YES     YES 
    13        a'            618.20        62.72236       YES     YES 
    14        a"            625.06       117.91473       YES     YES 
    15        a'           1079.69        52.49527       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0087003  Hartree 

RHF-UCCSD(T)/aug-cc-pVTZ(-PP) 

Cartesian coordinates 
    5 
 UCCSD(T)/USERDEF  ENERGY=-463.54661547 
 Rh        -0.1626075169       -0.1814607136        0.0000000000 
 N          0.0004540618       -1.7626120982        0.0000000000 
 F         -0.6644731875        0.6129142971       -1.6177711634 
 F         -0.6644731875        0.6129142971        1.6177711634 
 F          1.4910998299        0.7182385177        0.0000000000 
 
T1 diagnostic:  0.02947583 
D1 diagnostic:  0.10755742 

Vibrational data (14N) 
 Imaginary Vibration  Wavenumber 
        Nr             [1/cm]  
        1              152.69 
        2              110.90 
 
     Vibration        Wavenumber 
        Nr             [1/cm]  
        1              145.51 
        2              168.60 
        3              249.35 
        4              584.46 
        5              621.21 
        6              631.19 
        7             1164.02 

NRhF3 (4A’’) 

UBP86/def2-QZVP 

Cartesian coordinates 
5 
Energy = -465.0835381244 
Rh   -0.0548919    0.0013453    0.0000000  
N     0.1942306   -1.6599282    0.0000000  
F    -0.9892941    0.6312355   -1.5152511  
F    -0.9892941    0.6312355    1.5152511  
F     1.8392496    0.3961062    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     1        a"            -42.14         0.00000       YES     YES 
     2                       -0.00         0.00000        -       - 
     3                       -0.00         0.00000        -       - 
     4                       -0.00         0.00000        -       - 
     5                        0.00         0.00000        -       - 
     6                        0.00         0.00000        -       - 
     7                        0.00         0.00000        -       - 
     8        a'            106.89         6.01975       YES     YES 
     9        a'            168.83         6.67762       YES     YES 
    10        a"            195.58         8.48916       YES     YES 
    11        a'            253.77         1.06099       YES     YES 
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    12        a'            540.55        47.44788       YES     YES 
    13        a"            558.62        92.27919       YES     YES 
    14        a'            588.48        55.34010       YES     YES 
    15        a'            928.98         1.92571       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0076130  Hartree 

FNRhF2 

FNRhF2 (2A’’) 

UBP86/def2-QZVP 

Cartesian coordinates 
5 
Energy = -465.1135362013 
F     1.2093482   -0.1828113   -1.7446750  
Rh    0.5438307   -0.2701357    0.0000000  
F     1.2093482   -0.1828113    1.7446750  
N    -1.1745684   -0.3187857    0.0000000  
F    -1.7879586    0.9545439    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            109.43         8.69355       YES     YES 
     8        a"            110.74         0.60271       YES     YES 
     9        a'            129.61         4.17406       YES     YES 
    10        a'            317.66         1.58379       YES     YES 
    11        a"            373.02         2.45020       YES     YES 
    12        a'            578.57        61.58791       YES     YES 
    13        a"            656.82       106.57691       YES     YES 
    14        a'            763.07       235.82196       YES     YES 
    15        a'            827.30        38.51876       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0088079  Hartree 

UB3LYP/def2-QZVP 

Cartesian coordinates 
5 
Energy = -464.7768766063 
F     1.1953393   -0.1775565   -1.7473860  
Rh    0.5427375   -0.2711853    0.0000000  
F     1.1953393   -0.1775565    1.7473860  
N    -1.1749425   -0.3106740    0.0000000  
F    -1.7584735    0.9369722    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            110.16        13.26459       YES     YES 
     8        a"            110.88         0.69375       YES     YES 
     9        a'            124.88         6.46848       YES     YES 
    10        a'            330.89         1.27957       YES     YES 
    11        a"            337.68         0.02412       YES     YES 
    12        a'            587.83        78.88401       YES     YES 
    13        a"            659.78       152.91911       YES     YES 
    14        a'            795.82         9.95449       YES     YES 
    15        a'            886.49       264.48171       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0089860  Hartree 

CASPT2/cc-pVTZ-DK 

Cartesian coordinates 
    5 
 RS2C/USERDEF  ENERGY=-5135.12197299 
 N         -0.6219245232       -1.3512409434       -0.0000000000 
 F          0.3762961477       -2.2540436222       -0.0000000000 
 Rh        -0.0422721273        0.3294831759       -0.0000000000 
 F          0.1593917812        0.8287964603       -1.7516517214 
 F          0.1593917812        0.8287964603        1.7516517214 

Vibrational data (14N) 
     Vibration        Wavenumber 
        Nr             [1/cm]  
        1              114.73 
        2              136.62 
        3              155.89 
        4              320.76 
        5              326.00 
        6              636.92 
        7              694.11 
        8              712.50 
        9              996.73 
 
Zero point energy:  0.00932740 [H]     2047.13 [1/CM]       24.49 [KJ/MOL] 

Vibrational data (154N) 
     Vibration        Wavenumber 
        Nr             [1/cm]  
        1              114.77 
        2              136.61 
        3              155.82 
        4              312.71 
        5              323.90 
        6              636.84 
        7              673.42 
        8              712.50 
        9              977.73 
 
Zero point energy:  0.00921362 [H]     2022.16 [1/CM]       24.19 [KJ/MOL] 

RHF-UCCSD(T)/aug-cc-pVTZ-DK 

Single Point 

B3LYP minimum 

 5 
 Energy = -5134.90671671 
 F     1.1953393   -0.1775565   -1.7473860 
 Rh    0.5427375   -0.2711853    0.0000000 
 F     1.1953393   -0.1775565    1.7473860 
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 N    -1.1749425   -0.3106740    0.0000000 
 F    -1.7584735    0.9369722    0.0000000 
 
T1 diagnostic:  0.04675588 
D1 diagnostic:  0.19468227 

FNRhF2 (2A’) 

UBP86/def2-QZVP 

Cartesian coordinates 
5 
Energy = -465.1145214309 
F     1.2825350   -0.1937175   -1.7110184  
Rh    0.4961048   -0.2778330    0.0000000  
F     1.2825350   -0.1937175    1.7110184  
N    -1.2055324   -0.2895846    0.0000000  
F    -1.8556423    0.9548526    0.0000000 

Vibrational data (14N) 
     1        a"           -119.10         0.00000       YES     YES 
     2                       -0.00         0.00000        -       - 
     3                       -0.00         0.00000        -       - 
     4                       -0.00         0.00000        -       - 
     5                        0.00         0.00000        -       - 
     6                        0.00         0.00000        -       - 
     7                        0.00         0.00000        -       - 
     8        a"            124.41         1.00971       YES     YES 
     9        a'            127.16         5.75679       YES     YES 
    10        a'            165.55        10.60533       YES     YES 
    11        a'            266.21         1.06385       YES     YES 
    12        a'            584.86        58.81893       YES     YES 
    13        a"            609.97       172.40545       YES     YES 
    14        a'            731.07       190.87034       YES     YES 
    15        a'            858.79        94.31362       YES     YES 

UB3LYP/def2-QZVP 

Cartesian coordinates 
5 
Energy = -464.7812237473 
F     1.2674668   -0.1891948   -1.7123441  
Rh    0.4887109   -0.2713834    0.0000000  
F     1.2674668   -0.1891948    1.7123441  
N    -1.2087954   -0.2920414    0.0000000  
F    -1.8148491    0.9418144    0.0000000 
 
T1 diagnostic:  0.04315135 
D1 diagnostic:  0.16672494 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"            117.14         0.66171       YES     YES 
     8        a'            129.09         7.48470       YES     YES 
     9        a'            171.62        14.97100       YES     YES 
    10        a'            281.89         1.18747       YES     YES 
    11        a"            294.87         0.16733       YES     YES 
    12        a'            594.11        74.92821       YES     YES 
    13        a"            640.70       149.71552       YES     YES 
    14        a'            785.94       117.42896       YES     YES 
    15        a'            934.66       168.23779       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0089988  Hartree 

Vibrational data (15N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"            117.13         0.66421       YES     YES 
     8        a'            129.00         7.48213       YES     YES 
     9        a'            171.60        14.95100       YES     YES 
    10        a'            279.40         1.16820       YES     YES 
    11        a"            287.11         0.17883       YES     YES 
    12        a'            593.84        74.60447       YES     YES 
    13        a"            640.70       149.71199       YES     YES 
    14        a'            769.65       106.05722       YES     YES 
    15        a'            910.93       169.00734       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0088834  Hartree 

CASPT2/cc-pVTZ-DK 

Cartesian coordinates 
    5 
 RS2C/USERDEF  ENERGY=-5135.12094042 
 N         -0.6099844490        1.3826515997        0.0000000000 
 F          0.3963720782        2.2821553746        0.0000000000 
 Rh        -0.0647784664       -0.2659677470        0.0000000000 
 F          0.2021089135       -0.9304505669        1.7215153928 
 F          0.2021089135       -0.9304505669       -1.7215153928 

Vibrational data (14N) 
     Vibration        Wavenumber 
        Nr             [1/cm]  
        1              124.60 
        2              148.57 
        3              185.64 
        4              289.99 
        5              301.71 
        6              635.04 
        7              679.56 
        8              748.29 
        9              990.67 
 
Zero point energy:  0.00934974 [H]     2052.03 [1/CM]       24.55 [KJ/MOL] 

Vibrational data (154N) 
     Vibration        Wavenumber 
        Nr             [1/cm]  
        1              124.62 
        2              148.45 
        3              185.63 
        4              287.89 
        5              293.95 
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        6              634.26 
        7              679.56 
        8              728.37 
        9              970.94 
 
Zero point energy:  0.00923494 [H]     2026.84 [1/CM]       24.25 [KJ/MOL] 

RHF-UCCSD(T)/cc-pVTZ-DK 

Cartesian coordinates 
    5 
 UCCSD(T)/USERDEF  ENERGY=-5134.86624986 
 F          1.2106200830       -0.1851219494       -1.7475105656 
 Rh         0.5314767484       -0.2567589344        0.0000000000 
 F          1.2106200830       -0.1851219494        1.7475105656 
 N         -1.1866524395       -0.3073004114        0.0000000000 
 F         -1.7660644751        0.9343032447        0.0000000000 
 
T1 diagnostic:  0.04315135 
D1 diagnostic:  0.16672494 

Vibrational data (14N) 
     Vibration        Wavenumber 
        Nr             [1/cm]  
        1               90.45 
        2              108.67 
        3              169.77 
        4              272.41 
        5              287.29 
        6              602.96 
        7              662.87 
        8              719.53 
        9              898.79 
 
Zero point energy:  0.00868606 [H]     1906.37 [1/CM]       22.81 [KJ/MOL] 

Vibrational data (154N) 
     Vibration        Wavenumber 
        Nr             [1/cm]  
        1               90.45 
        2              108.62 
        3              169.80 
        4              270.40 
        5              280.16 
        6              600.69 
        7              662.87 
        8              701.23 
        9              882.21 
 
Zero point energy:  0.00858055 [H]     1883.21 [1/CM]       22.53 [KJ/MOL] 

RHF-UCCSD(T)/cc-pVDZ(-PP) 

Cartesian coordinates 
    5 
 UCCSD(T)/CC-PVDZ,RH=CC-PVDZ-PP  ENERGY=-463.07033821 
 F          1.1836841447       -0.1842461586       -1.7928084951 
 Rh         0.5747187837       -0.2510917318        0.0000000000 
 F          1.1836841447       -0.1842461586        1.7928084951 
 N         -1.1912103992       -0.3145890842        0.0000000000 
 F         -1.7508766739        0.9341731330        0.0000000000 
 
T1 diagnostic:  0.05885526 
D1 diagnostic:  0.22377600 

Vibrational data (14N) 
     Vibration        Wavenumber 
        Nr             [1/cm]  
        1              109.99 
        2              134.28 
        3              173.29 
        4              260.62 
        5              272.49 
        6              536.08 
        7              619.70 
        8              665.37 
        9              893.32 
 
Zero point energy:  0.00834982 [H]     1832.57 [1/CM]       21.92 [KJ/MOL] 

Vibrational data (154N) 
     Vibration        Wavenumber 
        Nr             [1/cm]  
        1              109.99 
        2              134.25 
        3              173.26 
        4              253.74 
        5              270.58 
        6              521.43 
        7              617.56 
        8              665.37 
        9              877.43 
 
Zero point energy:  0.00825518 [H]     1811.80 [1/CM]       21.67 [KJ/MOL] 

RHF-UCCSD(T)/aug-cc-pVTZ(-PP) 

Cartesian coordinates 
    5 
 UCCSD(T)/USERDEF  ENERGY=-463.54228861 
 F          1.2115020377       -0.1841600603       -1.7527667348 
 Rh         0.5314205692       -0.2581662671        0.0000000000 
 F          1.2115020377       -0.1841600603        1.7527667348 
 N         -1.1889856678       -0.3103822366        0.0000000000 
 F         -1.7654389767        0.9368686242        0.0000000000 
 
T1 diagnostic:  0.04360507 
D1 diagnostic:  0.17099709 

Vibrational data (14N) 
     Vibration        Wavenumber 
        Nr             [1/cm]  
        1               78.78 
        2               95.02 
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        3              168.39 
        4              262.09 
        5              265.80 
        6              580.11 
        7              651.95 
        8              706.60 
        9              872.03 
 
Zero point energy:  0.00838543 [H]     1840.39 [1/CM]       22.02 [KJ/MOL] 

Vibrational data (154N) 
     Vibration        Wavenumber 
        Nr             [1/cm]  
        1               78.78 
        2               94.94 
        3              168.48 
        4              258.75 
        5              260.15 
        6              578.23 
        7              651.95 
        8              688.00 
        9              855.90 
 
Zero point energy:  0.00828155 [H]     1817.59 [1/CM]       21.74 [KJ/MOL] 

RHF-UCCSD(T)/aug-cc-pVTZ-DK 

Single Point 

B3LYP minimum 

 5 
 Energy = -5134.91139993 
 F     1.2674668   -0.1891948   -1.7123441 
 Rh    0.4887109   -0.2713834    0.0000000 
 F     1.2674668   -0.1891948    1.7123441 
 N    -1.2087954   -0.2920414    0.0000000 
 F    -1.8148491    0.9418144    0.0000000 
 
T1 diagnostic:  0.03825013 
D1 diagnostic:  0.14250080 

FNRhF2 (A – C1) 

UBP86/def2-QZVP 

Cartesian coordinates 
5 
Energy = -465.1145302452 
F     1.0202200    0.2598587   -1.8593214  
Rh    0.5556683   -0.1178206   -0.0714266  
F     1.5061252    0.1304750    1.5334495  
N    -1.0571361   -0.6364492    0.1021351  
F    -2.0248775    0.3639361    0.2951633 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a              90.02        18.12589       YES     YES 
     8        a             111.53         0.86345       YES     YES 
     9        a             158.16        10.01637       YES     YES 
    10        a             235.15         8.54492       YES     YES 
    11        a             269.03         0.93638       YES     YES 
    12        a             571.54       100.83765       YES     YES 
    13        a             625.06       132.41313       YES     YES 
    14        a             720.69       180.95561       YES     YES 
    15        a             849.70       102.69768       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0082717  Hartree 

Vibrational data (15N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a              89.68        18.06742       YES     YES 
     8        a             111.52         0.86782       YES     YES 
     9        a             158.00         9.94902       YES     YES 
    10        a             229.96         7.86173       YES     YES 
    11        a             266.49         0.92703       YES     YES 
    12        a             571.29       102.12900       YES     YES 
    13        a             624.94       132.31129       YES     YES 
    14        a             708.34       167.64499       YES     YES 
    15        a             825.39       103.43826       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0081686  Hartree 

F2NRhF 

F2NRhF (2A’) 

UBP86/def2-QZVP 

Cartesian coordinates 
5 
Energy = -465.0566951810 
F     1.5409517   -0.4970374   -1.0826662  
N     0.6764619   -0.2045102    0.0000000  
F     1.5409517   -0.4970374    1.0826662  
Rh   -0.9861563    0.3283025    0.0000000  
F    -2.7722090    0.8702825    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'             23.69         4.39584       YES     YES 
     8        a"            118.66         3.41477       YES     YES 
     9        a"            323.01         5.22785       YES     YES 
    10        a'            372.01         4.99836       YES     YES 
    11        a'            414.95         0.89419       YES     YES 
    12        a'            563.25         7.48285       YES     YES 
    13        a"            571.26       198.80152       YES     YES 
    14        a'            634.83       196.57650       YES     YES 
    15        a'            924.64       361.91707       YES     YES 
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UB3LYPdef2-QZVP 

Cartesian coordinates 
5 
Energy = -464.7299697738 
F     1.5044702   -0.2919310   -1.0703948  
N     0.6479047   -0.4643889    0.0000000  
F     1.5044702   -0.2919310    1.0703948  
Rh   -1.0891582   -0.0518959    0.0000000  
F    -2.5676868    1.1001468    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     1                       -0.00         0.00000        -       - 
     2                        0.00         0.00000        -       - 
     3                        0.00         0.00000        -       - 
     4                        0.00         0.00000        -       - 
     5                        0.00         0.00000        -       - 
     6                        0.00         0.00000        -       - 
     7        a'             48.51         9.15165       YES     YES 
     8        a"            139.18         4.21222       YES     YES 
     9        a"            281.26         2.39126       YES     YES 
    10        a'            318.72         5.69616       YES     YES 
    11        a'            458.11         1.45833       YES     YES 
    12        a'            588.23        14.55817       YES     YES 
    13        a'            634.79       146.07276       YES     YES 
    14        a"            792.39       172.82747       YES     YES 
    15        a'            983.32       307.94240       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0096697  Hartree 

F2NRhF (4A’’) 

UBP86/def2-QZVP 

Cartesian coordinates 
5 
Energy = -465.0310830718 
F     1.5733523   -0.4355884   -1.0972268  
N     0.7068371   -0.4270292    0.0000000  
F     1.5733523   -0.4355884    1.0972268  
Rh   -1.0089743    0.4034544    0.0000000  
F    -2.8445674    0.8947516    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"             61.29         6.86247       YES     YES 
     8        a'             90.91         5.67979       YES     YES 
     9        a"            203.17         0.88544       YES     YES 
    10        a'            218.02         2.06314       YES     YES 
    11        a'            383.43         6.76419       YES     YES 
    12        a'            542.70         0.85805       YES     YES 
    13        a'            584.75       136.32565       YES     YES 
    14        a"            770.28       157.31923       YES     YES 
    15        a'            945.19       292.04257       YES     YES 

UB3LYPdef2-QZVP 

Cartesian coordinates 
5 
Energy = -464.7201593610 
F     1.5674191   -0.5307839   -1.0784020  
N     0.8100069   -0.1566487    0.0000000  
F     1.5674191   -0.5307839    1.0784020  
Rh   -1.0708510    0.2893872    0.0000000  
F    -2.8739941    0.9288292    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     1                       -0.00         0.00000        -       - 
     2                       -0.00         0.00000        -       - 
     3                        0.00         0.00000        -       - 
     4                        0.00         0.00000        -       - 
     5                        0.00         0.00000        -       - 
     6                        0.00         0.00000        -       - 
     7        a'             70.84         9.37160       YES     YES 
     8        a"             83.74        10.26102       YES     YES 
     9        a'            147.11         9.84852       YES     YES 
    10        a"            225.25         2.40465       YES     YES 
    11        a'            318.93         2.21753       YES     YES 
    12        a'            574.41        35.77246       YES     YES 
    13        a'            590.97       139.32738       YES     YES 
    14        a"            904.27       150.70686       YES     YES 
    15        a'           1056.89       339.36366       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0090498  Hartree 

NRhF2 

NRhF2 (1A1 – C2v) 

UBP86/def2-QZVP 

Cartesian coordinates 
4 
Energy = -365.2652448926 
Rh    0.0000000    0.0000000   -0.1613503  
F    -1.5182963    0.0000000    0.9499143  
F     1.5182963    0.0000000    0.9499143  
N     0.0000000    0.0000000   -1.7384783 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a1            146.33         5.98316       YES     YES 
     8        b2            214.22         7.30914       YES     YES 
     9        b1            219.44         7.86756       YES     YES 
    10        a1            607.55        64.43561       YES     YES 
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    11        b1            610.72       103.94588       YES     YES 
    12        a1           1151.79        63.63990       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0067207  Hartree 

UB3LYPdef2-QZVP 

Cartesian coordinates 
4 
Energy = -364.9758642536 
Rh    0.0000000    0.0000000   -0.1711984  
F    -1.5116457    0.0000000    0.9486391  
F     1.5116457    0.0000000    0.9486391  
N     0.0000000    0.0000000   -1.7260796 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a1            147.87         8.62397       YES     YES 
     8        b2            213.90        11.57977       YES     YES 
     9        b1            227.09         8.90820       YES     YES 
    10        a1            617.33        83.19454       YES     YES 
    11        b1            618.22       118.42241       YES     YES 
    12        a1           1203.78        72.08579       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0068987  Hartree 

Vibrational data (15N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a1            147.79         8.61047       YES     YES 
     8        b2            211.03        11.99796       YES     YES 
     9        b1            222.01         8.83313       YES     YES 
    10        a1            617.15        82.76296       YES     YES 
    11        b1            618.21       118.48273       YES     YES 
    12        a1           1167.96        69.46966       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0068987  Hartree 

NRhF2 (3B2 – C2v) 

Cartesian coordinates 
4 
Energy = -364.9364956873 
Rh    0.0000000    0.0000000    0.0235522  
F    -1.7210864    0.0000000    0.7969246  
F     1.7210864    0.0000000    0.7969246  
N     0.0000000    0.0000000   -1.6174013 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a1            150.64         7.73951       YES     YES 
     8        b2            202.01        20.84999       YES     YES 
     9        b1            239.76         0.88301       YES     YES 
    10        a1            600.19        48.90509       YES     YES 
    11        b1            644.82       147.22990       YES     YES 
    12        a1           1003.49        11.33293       YES     YES 

NRhF 

NRhF (2A’) 

UBP86/def2-QZVP 

Cartesian coordinates 
3 
Energy = -265.3338973032 
N    -0.7620554    1.4838931    0.0000000  
Rh   -0.2364461   -0.0344348    0.0000000  
F     0.9985015   -1.4494583    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            113.83         4.42255       YES     YES 
     8        a'            622.31        89.31311       YES     YES 
     9        a'           1096.97        60.63485       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0041762  Hartree 

UB3LYPdef2-QZVP 

Cartesian coordinates 
3 
Energy = -265.0930282922 
N    -0.7500161    1.4758311    0.0000000  
Rh   -0.2509060   -0.0347037    0.0000000  
F     1.0009221   -1.4411274    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            126.13         7.32084       YES     YES 
     8        a'            623.80       108.50390       YES     YES 
     9        a'           1135.18        65.45220       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0042946  Hartree 

Vibrational data (15N) 
 

NIrF3 

NIrF3 (2A’) 

UB3LYP/def2-QZVP 

Cartesian coordinates 
5 
Energy = -458.6101089774 
Ir   -0.2324947   -0.1416380    0.0000000  
N    -0.1698665   -1.7575368    0.0000000  
F    -0.4683487    0.4787989   -1.7781147  
F    -0.4683487    0.4787989    1.7781147  
F     1.3390586    0.9415771    0.0000000 
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zero point VIBRATIONAL energy  :      0.0092347  Hartree 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            115.60         1.61921       YES     YES 
     8        a"            187.23        13.05511       YES     YES 
     9        a'            227.00         5.07407       YES     YES 
    10        a"            247.11         1.37580       YES     YES 
    11        a'            268.86         4.27204       YES     YES 
    12        a'            580.67        39.55680       YES     YES 
    13        a"            634.01       146.61325       YES     YES 
    14        a'            635.39        43.32419       YES     YES 
    15        a'           1157.70        23.41349       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0092347  Hartree 

Vibrational data (15N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            115.32         1.52961       YES     YES 
     8        a"            185.96        13.25430       YES     YES 
     9        a'            225.79         5.20238       YES     YES 
    10        a"            242.70         0.98143       YES     YES 
    11        a'            265.34         4.35970       YES     YES 
    12        a'            580.67        39.55760       YES     YES 
    13        a"            633.98       146.72396       YES     YES 
    14        a'            635.38        43.29869       YES     YES 
    15        a'           1121.27        22.22143       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0091273  Hartree 

UBP86/def2-QZVP 

Cartesian coordinates 
5 
Energy = -458.9683328816 
Ir   -0.2304637   -0.1459280    0.0000000  
N    -0.1743213   -1.7784011    0.0000000  
F    -0.4696134    0.4863221   -1.7797658  
F    -0.4696134    0.4863221    1.7797658  
F     1.3440118    0.9516849    0.0000000 
 
zero point VIBRATIONAL energy  :      0.0089030  Hartree 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            113.14         1.09749       YES     YES 
     8        a"            153.14        17.48524       YES     YES 
     9        a'            223.02         3.49021       YES     YES 
    10        a"            239.18         1.28440       YES     YES 
    11        a'            260.10         2.87107       YES     YES 
    12        a'            562.40        36.37451       YES     YES 
    13        a"            617.91       131.95565       YES     YES 
    14        a'            618.39        34.26185       YES     YES 
    15        a'           1120.69        22.44945       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0089030  Hartree 

Vibrational data (15N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            112.87         1.03787       YES     YES 
     8        a"            151.96        17.49906       YES     YES 
     9        a'            221.73         3.57017       YES     YES 
    10        a"            235.14         0.94908       YES     YES 
    11        a'            256.82         2.93944       YES     YES 
    12        a'            562.39        36.37347       YES     YES 
    13        a"            617.88       132.10253       YES     YES 
    14        a'            618.37        34.22088       YES     YES 
    15        a'           1085.44        21.33025       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0089030  Hartree 

RHF-UCCSD(T)/aug-cc-pVTZ(-PP) 

Cartesian coordinates 
   5 
UCCSD(T)/USERDEF  ENERGY=-457.86466570 
Ir        -0.2391045032       -0.1211980871        0.0000000000 
N         -0.1850065394       -1.7432729342        0.0000000000 
F         -0.4473897992        0.4561078126       -1.7831466137 
F         -0.4473897992        0.4561078126        1.7831466137 
F          1.3188906412        0.9522553961        0.0000000000 
 
T1 diagnostic:  0.02898143 
D1 diagnostic:  0.10115151 

Vibrational data (14N) 
Vibration        Wavenumber 
   Nr             [1/cm]  
   1              104.89 
   2              179.90 
   3              225.03 
   4              240.28 
   5              269.34 
   6              607.25 
   7              650.22 
   8              652.63 
   9             1126.20 
 
Zero point energy:  0.00923966 [H]     2027.87 [1/CM]       24.26 [KJ/MOL] 

Vibrational data (15N) 
Vibration        Wavenumber 
   Nr             [1/cm]  
   1              104.55 
   2              178.91 
   3              223.49 
   4              235.91 
   5              266.43 
   6              607.25 

A.2. Fluoro Nitrenoid Complexes FN MF2 (M = Co, Rh, Ir): Electronic Structure

Dichotomy and Formation of Nitrido Fluorides N MF3

227



31 
 

   7              650.20 
   8              652.60 
   9             1090.65 
 
Zero point energy:  0.00913544 [H]     2005.00 [1/CM]       23.99 [KJ/MOL] 

FNIrF2 

FNIrF2 (2A’) 

UB3LYP/def2-QZVP 

Cartesian coordinates 
5 
Energy = -458.5706094499 
F     1.3049440   -0.2086339   -1.7143579  
Ir    0.5089844   -0.2782058    0.0000000  
F     1.3049440   -0.2086339    1.7143579  
N    -1.1997081   -0.2449976    0.0000000  
F    -1.9191644    0.9404713    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rul 
#                         cm**(-1)        km/mol         IR     RAMA 
     7        a'            109.96         8.56509       YES     YES 
     8        a"            120.72         0.04914       YES     YES 
     9        a'            169.48         7.65746       YES     YES 
    10        a'            288.55         1.29362       YES     YES 
    11        a"            420.39        48.32981       YES     YES 
    12        a'            623.28        45.70357       YES     YES 
    13        a'            703.06       215.95348       YES     YES 
    14        a"            741.67        21.54040       YES     YES 
    15        a'            961.67       124.18477       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0094288  Hartree 

Vibrational data (15N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            109.82         8.55889       YES     YES 
     8        a"            120.71         0.04946       YES     YES 
     9        a'            169.40         7.64199       YES     YES 
    10        a'            285.57         1.34575       YES     YES 
    11        a"            410.25        45.29440       YES     YES 
    12        a'            623.08        44.12064       YES     YES 
    13        a'            691.43       205.56301       YES     YES 
    14        a"            739.31        23.11765       YES     YES 
    15        a'            933.63       122.89715       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0094288  Hartree 

UBP86/def2-QZVP 

Cartesian coordinates 
5 
Energy = -458.9269467684 
F     1.3324608   -0.2155969   -1.7032235  
Ir    0.5071831   -0.2869029    0.0000000  
F     1.3324608   -0.2155969    1.7032235  
N    -1.1989080   -0.2344858    0.0000000  
F    -1.9731967    0.9525824    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            106.68         6.01777       YES     YES 
     8        a"            112.60         0.09537       YES     YES 
     9        a'            162.30         4.93230       YES     YES 
    10        a'            294.81         0.47866       YES     YES 
    11        a"            338.94         8.65496       YES     YES 
    12        a'            614.35        27.14428       YES     YES 
    13        a'            641.54       272.92351       YES     YES 
    14        a"            658.52        68.49828       YES     YES 
    15        a'            903.35        83.94606       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0087325  Hartree 

FNIrF2 (2A’’) 

UBP86/def2-QZVP 

Cartesian coordinates 
5 
Energy = -458.9390808806 
F     1.1447808   -0.1935728   -1.7853805  
Ir    0.6156118   -0.2355852    0.0000000  
F     1.1447808   -0.1935728    1.7853805  
N    -1.1214705   -0.3346896    0.0000000  
F    -1.7837028    0.9574204    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     1                       -0.00         0.00000        -       - 
     2                       -0.00         0.00000        -       - 
     3                       -0.00         0.00000        -       - 
     4                        0.00         0.00000        -       - 
     5                        0.00         0.00000        -       - 
     6                        0.00         0.00000        -       - 
     7        a"            106.72         0.37770       YES     YES 
     8        a'            154.44         2.49710       YES     YES 
     9        a'            168.09         0.94280       YES     YES 
    10        a"            304.06         0.36940       YES     YES 
    11        a'            327.56         3.58129       YES     YES 
    12        a'            632.47        89.63256       YES     YES 
    13        a"            666.97       128.03929       YES     YES 
    14        a'            679.53       222.48041       YES     YES 
    15        a'            867.79        22.71469       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0089023  Hartree 
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Vibrational data (15N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"            106.69         0.37653       YES     YES 
     8        a'            154.44         2.49700       YES     YES 
     9        a'            168.05         0.94304       YES     YES 
    10        a"            295.95         0.35557       YES     YES 
    11        a'            325.46         3.15544       YES     YES 
    12        a'            631.39       111.49350       YES     YES 
    13        a"            666.97       128.04743       YES     YES 
    14        a'            667.30       192.48109       YES     YES 
    15        a'            840.89        19.45455       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0087872  Hartree 

UB3LYP/def2-QZVP 

Cartesian coordinates 
5 
Energy = -458.5794076515 
F     1.1400249   -0.1903900   -1.7820358  
Ir    0.6090333   -0.2350006    0.0000000  
F     1.1400249   -0.1903900    1.7820358  
N    -1.1286061   -0.3226483    0.0000000  
F    -1.7604770    0.9384289    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"            109.31         0.37819       YES     YES 
     8        a'            157.91         4.68500       YES     YES 
     9        a'            168.71         1.50875       YES     YES 
    10        a"            302.70         0.76878       YES     YES 
    11        a'            346.28         2.34988       YES     YES 
    12        a'            641.66        73.34058       YES     YES 
    13        a"            675.11       155.12460       YES     YES 
    14        a'            779.10       224.13031       YES     YES 
    15        a'            880.82        45.04697       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0092530  Hartree 

Vibrational data (15N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a"            109.28         0.37624       YES     YES 
     8        a'            157.91         4.68528       YES     YES 
     9        a'            168.67         1.50972       YES     YES 
    10        a"            294.62         0.74311       YES     YES 
    11        a'            343.92         2.07110       YES     YES 
    12        a'            641.37        76.11434       YES     YES 
    13        a"            675.10       155.14057       YES     YES 
    14        a'            765.03       213.65419       YES     YES 
    15        a'            852.96        41.60832       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0091328  Hartree 

ROHF-UCCSD(T)/aug-cc-pVTZ(-PP) 

Single Point 

B3LYP minimum 

 5 
 Energy = -457.82700748 
 F     1.1400249   -0.1903900   -1.7820358 
 Ir    0.6090333   -0.2350006    0.0000000 
 F     1.1400249   -0.1903900    1.7820358 
 N    -1.1286061   -0.3226483    0.0000000 
 F    -1.7604770    0.9384289    0.0000000 
 
T1 diagnostic:  0.03488436 
D1 diagnostic:  0.13687633 

F2NIrF 

F2NIrF (2A’) 

UBP86/def2-QZVP 

Cartesian coordinates 
5 
Energy = -458.8629945639 
F     1.5482979   -0.4917268   -1.0791222  
N     0.6755083   -0.2168063    0.0000000  
F     1.5482979   -0.4917268    1.0791222  
Ir   -0.9922915    0.3134368    0.0000000  
F    -2.7798124    0.8868231    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'             61.67         1.77356       YES     YES 
     8        a"            112.23         2.42212       YES     YES 
     9        a"            307.81         0.00019       YES     YES 
    10        a'            376.03        12.13799       YES     YES 
    11        a"            553.69       177.98760       YES     YES 
    12        a'            562.80         1.43913       YES     YES 
    13        a'            584.97        35.49821       YES     YES 
    14        a'            647.62       134.52596       YES     YES 
    15        a'            990.44       413.55337       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0095621  Hartree 

UB3LYP/def2-QZVP 

Cartesian coordinates 
5 
Energy = -458.5097621591 
F     1.5344514   -0.4909063   -1.0645917  
N     0.6949504   -0.2219223    0.0000000  
F     1.5344514   -0.4909063    1.0645917  
Ir   -0.9873562    0.3162936    0.0000000  
F    -2.7764969    0.8874415    0.0000000 

A.2. Fluoro Nitrenoid Complexes FN MF2 (M = Co, Rh, Ir): Electronic Structure

Dichotomy and Formation of Nitrido Fluorides N MF3

229



33 
 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'             50.96         2.62706       YES     YES 
     8        a"            124.94         3.95268       YES     YES 
     9        a"            323.40         0.42925       YES     YES 
    10        a'            385.43        10.19836       YES     YES 
    11        a'            561.60         1.00217       YES     YES 
    12        a'            623.95        11.67796       YES     YES 
    13        a'            652.35       155.26240       YES     YES 
    14        a"            751.42       162.06913       YES     YES 
    15        a'           1036.12       376.49589       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0102749  Hartree 

F2NIrF (4A’’) 

UBP86/def2-QZVP 

Cartesian coordinates 
5 
Energy = -458.8266783106 
F     1.5089255   -0.5623194   -1.1060538  
N     0.8217645    0.0091915    0.0000000  
F     1.5089255   -0.5623194    1.1060538  
Ir   -1.0371870    0.1922373    0.0000000  
F    -2.8024284    0.9232099    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'             78.74         4.11158       YES     YES 
     8        a"             80.02         3.72134       YES     YES 
     9        a"            194.24         0.18452       YES     YES 
    10        a'            233.53         0.04359       YES     YES 
    11        a'            449.06         2.58740       YES     YES 
    12        a'            559.11        58.96818       YES     YES 
    13        a'            595.52        74.70332       YES     YES 
    14        a"            658.07       150.16710       YES     YES 
    15        a'            853.08       331.16844       YES     YES 

UB3LYP/def2-QZVP 

Cartesian coordinates 
5 
Energy = -458.4779953696 
F     1.4948764   -0.6022118   -1.0835070  
N     0.8885042   -0.0334061    0.0000000  
F     1.4948764   -0.6022118    1.0835070  
Ir   -1.0191132    0.4341641    0.0000000  
F    -2.8591438    0.8036657    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'             83.93         3.99938       YES     YES 
     8        a"            114.99         1.62177       YES     YES 
     9        a'            246.08         0.69189       YES     YES 
    10        a'            406.78        11.29014       YES     YES 
    11        a"            407.88         9.33163       YES     YES 
    12        a'            584.56         5.02530       YES     YES 
    13        a'            650.39       130.64898       YES     YES 
    14        a"           1001.55       292.75634       YES     YES 
    15        a'           1084.75       267.05364       YES     YES 

NIrF2 

NIrF2 (1A1) 

UBP86/def2-QZVP 

Cartesian coordinates 
4 
Energy = -359.1012494309 
Ir    0.0000000    0.0000000   -0.0765255  
N     0.0000000    0.0000000   -1.6908691  
F    -1.6251573    0.0000000    0.8836950  
F     1.6251573    0.0000000    0.8836950 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a1            143.42         3.05471       YES     YES 
     8        b1            211.05         5.54659       YES     YES 
     9        b2            236.94         2.33622       YES     YES 
    10        b1            628.70       105.81544       YES     YES 
    11        a1            629.74        51.28666       YES     YES 
    12        a1           1179.79        30.05040       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0069020  Hartree 

UB3LYP/def2-QZVP 

Cartesian coordinates 
4 
Energy = -358.7910333724 
Ir    0.0000000    0.0000000   -0.0819104  
N     0.0000000    0.0000000   -1.6803279  
F    -1.6217495    0.0000000    0.8811169  
F     1.6217495    0.0000000    0.8811169 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a1            143.75         4.98222       YES     YES 
     8        b1            216.38         6.47647       YES     YES 
     9        b2            240.74         4.53107       YES     YES 
    10        a1            636.19        62.85175       YES     YES 
    11        b1            638.94       116.16148       YES     YES 
    12        a1           1223.85        34.92929       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0070620  Hartree 
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NIrF 

NIrF (2A’) 

UBP86/def2-QZVP 

Cartesian coordinates 
3 
Energy = -259.1595662934 
Ir   -0.1550380    0.0071461    0.0000000  
N    -1.0118928   -1.3789176    0.0000000  
F     1.1669308    1.3717715    0.0000000  

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'             45.92         4.48934       YES     YES 
     8        a'            622.32       102.29311       YES     YES 
     9        a'           1151.56        45.60841       YES     YES 
 
zero point VIBRATIONAL energy  :      0.0041458  Hartree 

UB3LYP/def2-QZVP 

Cartesian coordinates 
3 
Energy = -258.8968248209 
Ir   -0.0672616   -0.0673564    0.0000000  
N    -1.0635023   -1.3434876    0.0000000  
F     1.1307639    1.4108441    0.0000000 

Vibrational data (14N) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'             31.03         6.01178       YES     YES 
     8        a'            629.62       124.10892       YES     YES 
     9        a'           1184.57        50.37776       YES     YES 
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Supplemental Tables 

Table S1. Low-energy electronic state configuration (sorted by increasing energy) and vibrational frequencies (in cm−1) of selected nitrogen 
containing molecules. 

Molecule Point Group Electronic state and HOMOs ∆E Vibrational frequencies (Intensities) [Symmetry] 𝜈𝜈�c 

N2 D∞h 1Σ+ (1σg2 1σu2 1πg4 2σg2)  2348 (0) [σg] 

N3  2Πg (1πu4 3σu2 4σg2 1πg4) 0 479 (9) [πu], 1716 (142) [σu] 

N3−  1Σg+ (1πu4 3σu2 4σg2 1πg4) −263 2042 (894) [σu] 

IrN C∞v 1Σ (5σ2 2π4 1δ4 6σ2) 0 1209 (36) [σ] 

1195 (38) [σ] 

 C∞v 3Π (2π4 1δ4 6σ1 3π1) +95 1039 (15) [σ] 

Ir(N)2 C2v 2B1 (2b12 6a12 5b22 7a12 3b11) 0 869 (41) [b2] 

 C2v 2B2 (2b12 6a12 7a12 5b21 3b12) +103 1119 (595) [b2] 

  2A1 (2b12 6a12 5b22 7a11 3b12) +111 1005 (3) [b2], 990 (1) [a1] 

  4A2 (6a12 7a12 5b21 3b11 8a11) +59 958 (11) [a1], 466 (595) [b2] 

Ir(N)3 D3h 1A1’   968 (0) [a1’], 770 (2 × 0.7) [e’] 

IrN2 C∞v 2∆ (7σ2 3π4 1δ3 8σ2) 0 382 (3) [π], 382 (3) [π], 584 (10) [σ+], 2119 (283) [σ+] 

377 (3) [π], 377 (3) [π], 549 (29) [σ+], 2140 (463) [σ+] 

 Cs 4A’ (4a’’2 11a’1 12a’1 13a’1) +104 143 (20) [a’] 332 (0) [a’], 2119 (312) [a’] 

Ir(N2)− C∞v 1Σ+ (7σ2 3π4 1δ4 8σ2) −182 429 (3) [π], 429 (3) [π], 654 (5) [σ+], 1955 (675) [σ+] 

434 (3) [π], 434 (3) [π], 648 (12) [σ+], 1963 (1018) [σ+] 

Ir(N2)+ C∞v 3∆ (7σ2 3π4 1δ3 8σ1) +848 341 (1) [π], 341 (1) [π], 488 (15), 2212 (48) 

313 (1) [π], 313 (1) [π], 401 (14) [σ+], 2286 (24) [σ+] 

Ir(N2)2 D∞h 2∆g (2πg4 7σg2 1δg3) 0 439 (99), 2149 (1001) 

 D∞h 4Πu (2πg4 1δg2 7σg2 2πu1) +246 276 (30), 1964 (1793) 

[Ir(N2)2]+ D∞h 3∆g (2πg4 7σg2 1δg2) +846 383 (48) [σu], 2269 (173) [σu] 

 D∞h 1Σg+ (2πg4 7σg2 1δg2) +866 383 (48) [σu], 2239 (174) [σu]  

 D∞h 1Σg+ (2πg4 7σg0 1δg4) +944 379 (46) [σu], 2209 (211) [σu] 

[Ir(N2)2]− C2v 1A1 ((2a22 8b12) 9a12 (3b22 10a12)) −224 486 (69) [b1], 1988 (1926) [b1], 2052 (38) [a1] 

Ir(N3) Cs 3A’’ (13a’’2 4a’’2 14a’2 15a’’1 5a’’1)  2020 (407) [a’], 1153 (53) [a’] 

IrNNIr D∞h 3Σu+ 6σg2 2πu4 1δg3 1δu3  2081 (0) [σg], 781 (162) [σu]  

2103 (0) [σg], 729 (361) [σu]  

NIr(N2) Cs 1A’   2110 (388) [a’], 1085 (27) [a’] 

IrIrN Cs 2A’ (13a’2 14a’2 5a’’2 6a’’2 15a’1)  1054 (60) [a’] 

cSelected vibrational absorptions with intensities greater than 0 and wavenumbers in observable range. See detailed computational results for 
all data. 
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TableTable S2. Overview of IR bands (in cm−1) of dinitrogen complexes of the platinum group metals obtained in solid argon matrices. 

Metal M(14N2) M(15N2) ∆νN₂ c) M(14N2)2 M(15N2)2 ∆νN₂ c) M(14N2)2− M(15N2)2− ∆νN₂ c) 

Ru[1] 2034.6 1967.1 293 2077.6 2008.6 250    

Rh[2] 2153.3 2081.7 175 2185.9 2112.8 142 1958.9 1893.4 369 

Pd[3] 2213.0 2138.7 115 2234.0 2159.5 94    

Os[1] 2044.2 1976.2 283 2083.2 2013.9 245    

Ir 2087.6 2018.2 240 2144.7 2073.7 183 1956.4a 1890.3a 371a 

Pt[4] 2168.5 2096.2 159 2195.4 2122.2 133 1862.5b 1803.5b 465b 

a Recorded in neon matrix. b Recorded in pure dinitrogen matrix. c Red shift relative to uncoordinated N2. 

 

Table S3. NPA- and QTAIM results, bond lengths of selected iridium nitrogen molecules obtained by analyzing the BP86/def2-QZVP 
wavefunctions.. 

Property NN (NH2)2 Ir(NN’) Ir(NN’)2 IrNNIr Ir(N2)+ Ir(N2)2– IrN Ir(N)2 Ir(N)3 

Bond 
length 

Ir-N - - 179 190 180 187 185 160 170 176 

N-N 110 144 113 112 115 112 114 - - - 

QTAIM 
Charge 

Ir - - 0.227 1.611 0.227 0.954 –0.018 0.278 0.896 1.250 

N 0.000 -0.667 –0.264 –0.499 –0.227 –0.191 –0.154 –0.278 –0.448 –0.417a 

N’ - - 0.037 –0.307 - 0.237 –0.337 - - - 

AIM ρb 
Ir-N - - 0.209 0.111 0.205 0.171 0.178 0.378 0.290 0.260 

N-N 0.700 0.298 0.622 0.592 0.579 0.648 0.613 - -  

NPA 
Charge 

Ir - - 0.069 0.087 0.087 0.926 –0.46 –0.032 0.588 0.847 

N 0.000 -0.678 -0.032 –0.070 –0.087 –0.122 –0.08 0.032 –0.294 –0.282 

N’ - - -0.037 0.027  0.196 –0.19 - - - 

NPA B.O 
Ir-N - - 0.65 0.38/0.43 0.62 0.50 0.55 2.82 2.06 1.74a 

N-N 3.01 1.02 2.56 2.64 2.51 2.55 2.61 - -  

aAveraged values. 
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Table S4. Absolute and relative energies of the two lowest electronic states of all irreproducible representation of doublet, quartet, and sextet 
spin states of molecular iridium dinitride Ir(N)2. 

 Doublet Quartet Sextet 

Irrep. E (hartree) ∆E (kJ mol–1) E (hartree) ∆E (kJ mol–1) E (hartree) ∆E (kJ mol–1) 

A1 –212.5839098 50 –212.5115669 240 –212.5067341 252 

A1 –212.5572517 120 –212.4780023 328 –212.4098773 507 

B1 –212.6029061 0 –212.5594627 114 –212.4358756 439 

B1 –212.5285217 195 –212.5050720 257 –212.4212219 477 

B2 –212.5565516 122 –212.5285079 195 –212.4148392 494 

B2 –212.5190630 220 –212.5074391 251 –212.3828112 578 

A2 –212.5479788 144 –212.5709677 84 –212.4102628 506 

A2 –212.5377015 171 –212.4960646 281 –212.3931535 551 

Supplemental Figures 

 

Figure S1. Infrared transmission spectra in the 2000–2350 cm−1 region of the reaction products of laser-ablated iridium atoms with 10 % 14N2 
(a, b and c) or a 1:1 mixture of 14N2 and 15N2 (d, e and f). Spectrum a and d were recorded after 90 min deposition, b and e after annealing to 
25 K, and c and f were taken after irradiation with an LED light of 455 nm wavelength for 10 min. 
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Figure S2. Infrared transmission spectra in the 750–1150 cm−1 region of the reaction products of laser-ablated iridium atoms with 10 % 14N2 (a, 
b and c) or a 1:1 mixture of 14N2 and 15N2 (d, e and f). Spectrum a and d were recorded after 90 min deposition, b and e after annealing to 25 K, 
and c and f were taken after irradiation with an LED light of 455 nm wavelength for 10 min. Signal group highlighted with the asterisk belongs 
to nitrogen-less impurities which do not exhibit an isotopic shift. 

 

 

Figure S3. Infrared transmission spectrum in the 200–600 cm–1 region of the reaction products of laser-ablated iridium atoms with 10 % of a 
1:1 mixture of 14N2 and 15N2 diluted in neon. Spectrum a was taken after 90 min of deposition, difference spectrum b was recorded after irradiating 
the matrix with LED light of 455 nm wavelength for 10 min. 
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Figure S4. Valence natural molecular orbitals with an isosurface value of 0.04 Å−1 at the CASSCF(15,12)/cc-pVTZ(-PP) level of theory with 
occupation numbers and orbital wavefunction symmetry. 

 

 

Figure S5. The four lowest electronic doublet and quartet states of Ir(N)2 calculated using SA-CASSCF(15,12)/cc-pVTZ at the minimum 
geometry obtained at the BP86/def2-QZVP level of theory. 
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Figure 6. Molecular orbitals arising from the 5d(Ir) and 2p(N) atomic orbitals of Ir(N)3 calculated at the R-BP86/ZORA-def2-TZVPP(N)/SARC-
ZORA-TZVPP(Ir) level of theory with corresponding symmetries and energies (eV). Occupation numbers of orbitals inside the box 2, outside 0. 
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Figure S7. Infrared transmission spectrum of Ir(N2)− in the 1870–2000 cm–1 region obtained by reacting laser-ablated iridium atoms with neat 
14N2 (a), neat 15N2 (b), a neat 1:1 mixture of 14N2 and 15N2 (c), 10 % of 14N2 in Ne (d), 10 % of 15N2 in Ne (e) and 10 % of a 1:1 mixture of 14N2 
and 15N2 in Ne (f). Trace c is enhanced by a factor of 6. The highlighted bands are assigned to the isotopologues Ir(14N)2(14N2) (green), 
Ir(14N)2(15N2) (blue), and Ir(15N)2(15N2) (red). 
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Supplemental computational results 

The vibrational data were calculated with the mass of the most abundant isotope, unless indicated otherwise. Vibrational 

modes with wavenumbers equal to zero (rotations and translations) are omitted. Point groups and electronic states given 

here are the ones used in the calculations. The electronic energy is given in hartree, x y z coordinates in Angstroem. 

Unless otherwise indicated, all BP86 and M06-L DFT calculations were carried out using the unrestricted Kohn-Sham 
(UKS) formalism. 

BP86/def2-QZVP 

N2 (D6h, 1A1g) RKS 

Energy = -109.5871592871 
N     0.0000000    0.0000000    0.5508504  
N     0.0000000    0.0000000   -0.5508504  
 
14N2 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        a1g          2347.76         0.00000       NO      YES 
 
14N15N (1A1) 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        a1           2308.70         0.00000       YES     YES 
 
15N2 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        a1g          2268.70         0.00000       NO      YES 

N3 (D6h, 2B3g) 

Energy = -164.2411958613 
N     0.0000000    0.0000000    1.1852937  
N     0.0000000    0.0000000    0.0000000  
N     0.0000000    0.0000000   -1.1852937  
 
14N3 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        b2u           478.69         9.06192       YES     NO 
     7        b3u           583.88         1.25736       YES     NO 
     8        ag           1318.96         0.00000       NO      YES 
     9        b1u          1716.01       141.84904       YES     NO 

N3
– (D6h, 1A1g) RKS 

Energy = -164.3423630893 
N     0.0000000    0.0000000    1.1914452  
N     0.0000000    0.0000000   -0.0000000  
N     0.0000000    0.0000000   -1.1914452  
 
14N3– 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        e1u           630.52         1.45779       YES     NO 
     7        e1u           630.52         1.45779       YES     NO 
     8        a1g          1296.02         0.00000       NO      YES 
     9        a2u          2042.07       893.58204       YES     NO 
 
15N3– 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        e1u           609.28         1.36125       YES     NO 
     7        e1u           609.28         1.36125       YES     NO 
     8        a1g          1252.37         0.00000       NO      YES 
     9        a2u          1973.30       834.40904       YES     NO 
 
14N15N15N– (C6v, 1A1) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        e1            612.87         1.56487       YES     YES 
     7        e1            612.87         1.56487       YES     YES 
     8        a1           1273.95         0.07689       YES     YES 
     9        a1           1985.20       848.71210       YES     YES 
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15N14N14N– (C6v, 1A1) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        e1            627.03         1.26587       YES     YES 
     7        e1            627.03         1.26587       YES     YES 
     8        a1           1273.98         0.05871       YES     YES 
     9        a1           2031.02       879.19016       YES     YES 

IrN (C6v, 1A1) 

Energy = -159.2161562580 
Ir    0.0000000    0.0000000   -0.7990476  
N     0.0000000    0.0000000    0.7990476 
 
Ir14N 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        a1           1208.95        36.14598       YES     YES 
 
Ir15N 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        a1           1171.04        33.91496       YES     YES 

Ir(N)2 (C2v, 
2B1) 

Energy = -213.9559837886 
N     1.4123939    0.0000000    0.3160590  
Ir    0.0000000    0.0000000   -0.6321178  
N    -1.4123939    0.0000000    0.3160590  
 
Ir(14N)2 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a1            392.69         0.02446       YES     YES 
     8        b1            868.62        41.44662       YES     YES 
     9        a1           1027.06         1.51089       YES     YES 
 
Ir(15N)2 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a1            380.51         0.02324       YES     YES 
     8        b1            842.08        39.04173       YES     YES 
     9        a1            994.21         1.41392       YES     YES 
 
Ir(15N)(14N) (Cs, A’’) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            387.40         0.03082       YES     YES 
     8        a'            852.88        39.69499       YES     YES 
     9        a'           1011.80         1.91496       YES     YES 

Ir(N)2 (C2v, 
2B2) 

Energy = -213.9168489215 
N     1.4829328    0.0000000    0.2901401  
Ir    0.0000000    0.0000000   -0.5802799  
N    -1.4829328    0.0000000    0.2901401  
 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a1            276.66         0.58989       YES     YES 
     8        a1            983.51         6.92432       YES     YES 
     9        b1           1119.44       595.71207       YES     YES 

Ir(N)2 (C2v, 
2A1) 

Energy = -213.9140155669 
N     1.4875439    0.0000000    0.2814508  
Ir    0.0000000    0.0000000   -0.5629013  
N    -1.4875439    0.0000000    0.2814508  
 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a1            346.49         0.80753       YES     YES 
     8        a1            990.22         1.15859       YES     YES 
     9        b1           1004.94         3.37700       YES     YES 
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Ir(N)2 (C2v, 
4A2) 

Energy = -213.9321859773 
N     1.5245185    0.0000000    0.2729119  
Ir    0.0000000    0.0000000   -0.5458234  
N    -1.5245185    0.0000000    0.2729119  
 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a1            254.36         1.92459       YES     YES 
     8        b1            466.21        33.49477       YES     YES 
     9        a1            957.58        11.11216       YES     YES 

Ir(N)3 (D3h, 
1A1’)  

Energy = -268.6541880303 
Ir    0.0000000    0.0000000    0.0000000  
N     0.8805308   -1.5251241    0.0000000  
N     0.8805308    1.5251241    0.0000000  
N    -1.7610616    0.0000000    0.0000000  
 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a2"           134.71         0.98897       YES     NO 
     8        e'            185.11         0.61870       YES     YES 
     9        e'            185.11         0.61870       YES     YES 
    10        e'            770.49         0.69120       YES     YES 
    11        e'            770.49         0.69120       YES     YES 
    12        a1'           968.10         0.00000       NO      YES 

Ir(N2) (C6v, 
2A2) 

Energy = -214.0303648898 
Ir    0.0000000    0.0000000   -1.5731627  
N     0.0000000    0.0000000    0.2208581  
N     0.0000000    0.0000000    1.3523046 
 
Ir(14N2) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        b1            381.97         2.82388       YES     YES 
     7        b2            381.97         2.82388       YES     YES 
     8        a1            584.12         9.63272       YES     YES 
     9        a1           2119.09       282.87333       YES     YES 
 
Ir(15N2) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        b2            368.85         2.63819       YES     YES 
     7        b2            368.85         2.63819       YES     YES 
     8        a1            566.85         9.07778       YES     YES 
     9        a1           2047.34       264.17935       YES     YES 

Ir(N2) (Cs, 
4A’) 

Energy = -213.9887166667 
N    -0.1306671   -0.3041779    0.0000000  
N     0.1114863   -1.4013518    0.0000000  
Ir    0.0191808    1.7055297    0.0000000  
 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            142.43        19.57173       YES     YES 
     8        a'            332.09         0.12137       YES     YES 
     9        a'           2118.96       311.72410       YES     YES 

 

 

 

 

Ir(N2)– (C2v, 
1A1) 

Energy = -214.0996310483 
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Ir    0.0000000    0.0000000   -1.5443968  
N     0.0000000    0.0000000    0.1926815  
N     0.0000000    0.0000000    1.3517153  
 
Ir(14N2)– 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        b1            429.13         2.65017       YES     YES 
     7        b2            429.13         2.65017       YES     YES 
     8        a1            653.87         5.31846       YES     YES 
     9        a1           1954.76       675.12711       YES     YES 
 
Ir(15N2)– 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        b2            414.80         2.43853       YES     YES 
     7        b2            414.80         2.43853       YES     YES 
     8        a1            634.68         5.21638       YES     YES 
     9        a1           1888.98       630.72998       YES     YES 

Ir(N2)+ (Cs, 
4A’) 

Energy = -213.7070345445 
Ir    0.0000000    0.0000000   -1.6178553  
N     0.0000000    0.0000000    0.2509589  
N     0.0000000    0.0000000    1.3668964  
 
Ir(14N2)+ 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        b2            341.18         0.90551       YES     YES 
     7        b2            341.18         0.90551       YES     YES 
     8        a1            487.91        15.23200       YES     YES 
     9        a1           2211.96        48.49148       YES     YES 
 
Ir(15N2)+ 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        b2            329.77         0.86805       YES     YES 
     7        b2            329.77         0.86805       YES     YES 
     8        a1            473.60        13.99107       YES     YES 
     9        a1           2137.47        45.27682       YES     YES 

Ir(N2)2 (D2h, 
2Ag) 

Energy = -323.6864664802 
Ir    0.0000000    0.0000000    0.0000000  
N     0.0000000    0.0000000    1.8991645  
N     0.0000000    0.0000000    3.0198683  
N     0.0000000    0.0000000   -1.8991645  
N     0.0000000    0.0000000   -3.0198683  
 
Ir(14N2)2 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        b3u            75.49         0.27235       YES     NO 
     7        b2u            75.50         0.27235       YES     NO 
     8        b3g           326.53         0.00000       NO      YES 
     9        b2g           326.54         0.00000       NO      YES 
    10        b1u           439.41        99.53577       YES     NO 
    11        b3u           463.30         0.03105       YES     NO 
    12        b2u           463.35         0.03085       YES     NO 
    13        ag            490.52         0.00000       NO      YES 
    14        b1u          2148.81      1001.24580       YES     NO 
    15        ag           2200.37         0.00000       NO      YES 
 
Ir(15N2)2 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        b3u            73.42         0.25760       YES     NO 
     7        b2u            73.43         0.25760       YES     NO 
     8        b3g           315.54         0.00000       NO      YES 
     9        b2g           315.55         0.00000       NO      YES 
    10        b1u           428.00        94.43042       YES     NO 
    11        b3u           448.36         0.03018       YES     NO 
    12        b2u           448.40         0.03000       YES     NO 
    13        ag            474.00         0.00000       NO      YES 
    14        b1u          2076.44       934.98223       YES     NO 
    15        ag           2126.27         0.00000       NO      YES 
 
Ir(15N2)(14N2) (C2v, 2A1) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        b1             74.46         0.26496       YES     YES 
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     7        b2             74.47         0.26495       YES     YES 
     8        b2            320.74         0.00010       YES     YES 
     9        b1            320.75         0.00010       YES     YES 
    10        a1            432.74        94.71981       YES     YES 
    11        b1            456.14         0.03053       YES     YES 
    12        b2            456.18         0.03034       YES     YES 
    13        a1            483.23         2.26519       YES     YES 
    14        a1           2093.45       745.54068       YES     YES 
    15        a1           2182.49       222.57143       YES     YES 

Ir(N2)2 (D2h, 
4B2u) 

Energy = -323.5917128454 
Ir    0.0000000    0.0000000    0.0000000  
N     0.0000000    0.0000000    1.9197455  
N     0.0000000    0.0000000    3.0595303  
N     0.0000000    0.0000000   -1.9197455  
N     0.0000000    0.0000000   -3.0595303  
 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        b2u            87.71         2.25204       YES     NO 
     7        b3u            95.54         1.80407       YES     NO 
     8        b3u           276.08        29.91069       YES     NO 
     9        b3g           315.71         0.00000       NO      YES 
    10        b2g           368.99         0.00000       NO      YES 
    11        b1u           443.80         0.04404       YES     NO 
    12        ag            475.61         0.00000       NO      YES 
    13        b2u           493.01         0.12332       YES     NO 
    14        b1u          1963.81      1793.21471       YES     NO 
    15        ag           2055.51         0.00000       NO      YES 

Ir(N2)2
+ (D2h, 

3Ag) 

Energy = -323.3643926816 
Ir    0.0000000    0.0000000    0.0000000  
N     0.0000000    0.0000000    1.9555958  
N     0.0000000    0.0000000    3.0659497  
N     0.0000000    0.0000000   -1.9555958  
N     0.0000000    0.0000000   -3.0659497  
 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        b2u            85.52         0.10171       YES     NO 
     7        b3u            85.52         0.10171       YES     NO 
     8        b2g           304.51         0.00000       NO      YES 
     9        b3g           304.51         0.00000       NO      YES 
    10        b1u           383.06        48.38707       YES     NO 
    11        ag            430.73         0.00000       NO      YES 
    12        b2u           470.20         0.61928       YES     NO 
    13        b3u           470.20         0.61928       YES     NO 
    14        b1u          2242.64       173.28622       YES     NO 
    15        ag           2269.64         0.00000       NO      YES 

Ir(N2)2
+ (D2h, 

1Ag) 

Energy = -323.3568461762 
Ir    0.0000000    0.0000000    0.0000000  
N     0.0000000    0.0000000    1.9524098  
N     0.0000000    0.0000000    3.0630648  
N     0.0000000    0.0000000   -1.9524098  
N     0.0000000    0.0000000   -3.0630648  
 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        b2u            85.75         0.09727       YES     NO 
     7        b3u            85.75         0.09727       YES     NO 
     8        b2g           307.75         0.00000       NO      YES 
     9        b3g           307.75         0.00000       NO      YES 
    10        b1u           382.67        47.66188       YES     NO 
    11        ag            434.27         0.00000       NO      YES 
    12        b3u           477.52         0.71588       YES     NO 
    13        b2u           477.52         0.71589       YES     NO 
    14        b1u          2239.14       173.80930       YES     NO 
    15        ag           2265.58         0.00000       NO      YES 

Ir(N2)2
+ (D2h, 

1Ag) 

Energy = -323.3272925494 
Ir    0.0000000    0.0000000    0.0000000  
N     0.0000000    0.0000000    1.9378028  
N     0.0000000    0.0000000    3.0506974  
N     0.0000000    0.0000000   -1.9378028  
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N     0.0000000    0.0000000   -3.0506974  
 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        e1u            84.33         0.02829       YES     NO 
     7        e1u            84.33         0.02829       YES     NO 
     8        e1g           318.71         0.00000       NO      YES 
     9        e1g           318.71         0.00000       NO      YES 
    10        a2u           378.50        46.34882       YES     NO 
    11        a1g           451.74         0.00000       NO      YES 
    12        e1u           507.55         0.81635       YES     NO 
    13        e1u           507.55         0.81635       YES     NO 
    14        a2u          2209.40       211.08150       YES     NO 
    15        a1g          2244.15         0.00000       NO      YES 

Ir(N2)2
– (C2v, 

1A1) 

Energy = -323.7712152965 
N    -1.8251145    0.0000000    0.0646127  
N    -2.9215603    0.0000000   -0.2597363  
Ir    0.0000000    0.0000000    0.3902468  
N     1.8251145    0.0000000    0.0646127  
N     2.9215603    0.0000000   -0.2597363  
 
Ir(14N2)2– 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a1             68.16         3.24006       YES     YES 
     8        a2            353.25         0.00000       NO      YES 
     9        b1            362.69         0.05866       YES     YES 
    10        b2            441.59         0.96035       YES     YES 
    11        b1            486.15        68.36593       YES     YES 
    12        a1            493.22         3.16098       YES     YES 
    13        a1            547.61         0.55652       YES     YES 
    14        b1           1988.14      1926.19429       YES     YES 
    15        a1           2051.53        37.69070       YES     YES 
 
Ir(15N2)2– 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a1             66.27         2.89115       YES     YES 
     8        a2            341.36         0.00000       NO      YES 
     9        b1            350.48         0.05370       YES     YES 
    10        b2            427.15         0.88392       YES     YES 
    11        b1            473.41        65.70096       YES     YES 
    12        a1            477.44         2.91609       YES     YES 
    13        a1            529.19         0.51669       YES     YES 
    14        b1           1921.19      1798.87534       YES     YES 
    15        a1           1982.44        35.20007       YES     YES 
 
Ir(15N2)(14N2)– (Cs, 1A’) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a              67.22         3.06527       YES     YES 
     8        a             346.81         0.00387       YES     YES 
     9        a             356.22         0.06184       YES     YES 
    10        a             434.86         0.91828       YES     YES 
    11        a             478.08        59.35779       YES     YES 
    12        a             486.49         9.59787       YES     YES 
    13        a             539.32         1.65117       YES     YES 
    14        a            1939.72      1541.85010       YES     YES 
    15        a            2031.93       357.12640       YES     YES 

Ir(N3) (Cs, 
3A’’) 

Energy = -268.7297430506 
Ir   -0.8727706    1.8857263    0.0000000  
N    -0.7277581    0.0225820    0.0000000  
N     0.3642280   -0.5803123    0.0000000  
N     1.2363008   -1.3279960    0.0000000  
 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            143.79         3.56380       YES     YES 
     8        a'            430.61         3.54809       YES     YES 
     9        a"            443.15         1.37139       YES     YES 
    10        a'            671.92         5.10472       YES     YES 
    11        a'           1152.81        53.23297       YES     YES 
    12        a'           2019.81       407.41122       YES     YES 

IrNNIr (D2h, 
3B1u) 

Energy = -318.4719683227 
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Ir    0.0000000    0.0000000   -2.3766401  
N     0.0000000    0.0000000   -0.5754674  
N     0.0000000    0.0000000    0.5754674  
Ir    0.0000000    0.0000000    2.3766401  
 
Ir14N14NIr 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        b2u           111.33         6.24364       YES     NO 
     7        b3u           111.33         6.24364       YES     NO 
     8        ag            203.20         0.00000       NO      YES 
     9        b3g           256.80         0.00000       NO      YES 
    10        b2g           256.80         0.00000       NO      YES 
    11        b1u           781.81       161.57713       YES     NO 
    12        ag           2080.71         0.00000       NO      YES 
 
Ir15N15NIr 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        b2u           107.84         5.85827       YES     NO 
     7        b3u           107.84         5.85827       YES     NO 
     8        ag            203.20         0.00000       NO      YES 
     9        b3g           248.19         0.00000       NO      YES 
    10        b2g           248.19         0.00000       NO      YES 
    11        b1u           757.29       151.60420       YES     NO 
    12        ag           2010.69         0.00000       NO      YES 
 
Ir14N15NIr (C2v, 3A1) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     6        b2            109.52         6.04099       YES     YES 
     7        b1            109.52         6.04099       YES     YES 
     8        a1            203.20         0.00000       YES     YES 
     9        b2            252.57         0.00997       YES     YES 
    10        b1            252.57         0.00997       YES     YES 
    11        a1            769.16       156.35928       YES     YES 
    12        a1           2046.18         0.23139       YES     YES 

NIr(N2) (Cs, 
1A’) 

Energy = -268.8194957881 
Ir   -1.0046934   -0.4350909    0.0000000  
N    -0.6944564   -2.0561243    0.0000000  
N     0.3500444    0.9867359    0.0000000  
N     1.3491054    1.5044794    0.0000000  
 
14NIr(14N2) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            146.66         7.90813       YES     YES 
     8        a"            310.09         1.70767       YES     YES 
     9        a'            342.87         4.01490       YES     YES 
    10        a'            417.83         3.83047       YES     YES 
    11        a'           1084.86        27.23003       YES     YES 
    12        a'           2109.59       388.12093       YES     YES 
 
15NIr(14N2) 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            143.44         7.46759       YES     YES 
     8        a"            309.89         1.73449       YES     YES 
     9        a'            342.83         3.96068       YES     YES 
    10        a'            416.59         4.05497       YES     YES 
    11        a'           1050.80        25.53628       YES     YES 
    12        a'           2109.57       388.23032       YES     YES 

IrIrN (Cs, 
2A’) 

Energy = -263.7144182651 
Ir   -0.5963376    1.8879672    0.0000000  
Ir   -0.3190028   -0.3927475    0.0000000  
N     0.9153404   -1.4952197    0.0000000  
 
IrIr14N 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            105.80         5.85343       YES     YES 
     8        a'            221.76         0.95737       YES     YES 
     9        a'           1054.29        60.02501       YES     YES 
 
IrIr15N 
#  mode     symmetry     wave number   IR intensity    selection rules 
#                         cm**(-1)        km/mol         IR     RAMAN 
     7        a'            102.86         5.46297       YES     YES 
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     8        a'            221.66         0.95186       YES     YES 
     9        a'           1021.00        56.40977       YES     YES 
 

BP86/ZORA-def2-TZVPP(N)/SARC-ZORA-TZVPP(Ir) 

Ir(N)2 (C1, 2A) 

Energy = -18527.459076532468 
Ir  -0.00000005284280      0.00000000000000     -0.63128496123684 
N   -1.41022715939508      0.00000000000000      0.31564266296423 
N    1.41022721223788      0.00000000000000      0.31564269827261 
 
 Mode    freq (cm**-1)   T**2         TX         TY         TZ 
------------------------------------------------------------------- 
   6:       392.86    0.015350  ( -0.000000   0.000000  -0.123897) 
   7:       878.80   37.913039  ( -6.157356  -0.000000   0.000007) 
   8:      1035.26    1.480248  ( -0.000023   0.000000   1.216654) 

Ir(N)2 TS (C1, 2A) 

Energy = -18527.365959366154 
Ir  -0.03866148720625      0.00000000000000     -1.00023248877844 
N   -0.97294630786287      0.00000000000000      0.47158165101008 
N    1.01160779506913      0.00000000000000      0.52865183776837 
 
 Mode    freq (cm**-1)   T**2         TX         TY         TZ 
------------------------------------------------------------------- 
   6:      -736.33    ***imaginary mode*** 
   7:       431.17    0.674613  ( -0.407012  -0.000001  -0.713410) 
   8:       908.13    1.997347  (  0.615350  -0.000000  -1.272278) 

Ir(N)2 TS (C1, 4A) 

Energy = -18527.361054029960 
Ir   0.03301036678652      0.00000000000000     -1.00750169971361 
N   -0.98054236764465      0.00000000000000      0.47425130571116 
N    0.94753200085812      0.00000000000000      0.53325139400246 
 
 Mode    freq (cm**-1)   T**2         TX         TY         TZ 
------------------------------------------------------------------- 
   6:     -2308.50    ***imaginary mode*** 
   7:       367.41    1.577166  (  1.255181   0.034555   0.022207) 
   8:       893.08    2.833148  ( -0.033693  -0.348179   1.646446) 

Ir(N2) (C1, 2A) 

Energy = -18527.508956688940 
Ir  -0.00000000066953     -0.00000000031987     -1.56484112101323 
N   0.00000000133903      0.00000000063987      0.21341197152127 
N   -0.00000000066950     -0.00000000031999      1.35142914949195 
 
 Mode    freq (cm**-1)   T**2         TX         TY         TZ 
------------------------------------------------------------------- 
   5:       392.74    1.514507  (  0.548736   1.101542  -0.000000) 
   6:       392.74    1.514508  (  1.101542  -0.548737   0.000000) 
   7:       602.92   11.393393  (  0.000000   0.000000  -3.375410) 
   8:      2074.84  327.932089  ( -0.000000  -0.000000  18.108895) 

Ir(N)3 (C1, 1A) RKS 

Energy = -18582.208568531445 
N       0.877993      1.520731     -0.000000 
Ir     -0.000001      0.000000      0.000000 
N       0.877993     -1.520731     -0.000000 
N      -1.755985      0.000000     -0.000000 
 
 Mode    freq (cm**-1)   T**2         TX         TY         TZ 
------------------------------------------------------------------- 
   6:       142.84    0.795457  (  0.000000   0.000000   0.891884) 
   7:       189.97    0.508095  ( -0.712808   0.000045  -0.000000) 
   8:       190.14    0.507954  (  0.000045   0.712709  -0.000000) 
   9:       788.71    0.688991  (  0.830055   0.000374  -0.000000) 
  10:       788.72    0.688937  ( -0.000374   0.830022  -0.000000) 
  11:       976.94    0.000000  (  0.000059   0.000000   0.000000) 

Ir(N)3 (C1, 1A) 

Energy = -18582.208568533388 
N       0.877996      1.520736      0.000000 
Ir     -0.000002      0.000000     -0.000000 
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N       0.877996     -1.520736      0.000000 
N      -1.755990      0.000000      0.000000 
 
 Mode    freq (cm**-1)   T**2         TX         TY         TZ 
------------------------------------------------------------------- 
   6:       142.86    0.795777  ( -0.000000   0.000000  -0.892063) 
   7:       189.98    0.508199  (  0.712881   0.000024   0.000000) 
   8:       190.15    0.507974  ( -0.000029   0.712723  -0.000000) 
   9:       788.70    0.689450  (  0.830266  -0.010414  -0.000000) 
  10:       788.70    0.689159  (  0.010430   0.830091  -0.000000) 
  11:       976.93    0.000000  (  0.000075  -0.000010   0.000000) 

Ir(N)3 TS (C1, 1A) RKS 

Energy = -18582.191698412571 
N    0.98504117841954      1.70618191713348     -0.01726953128539 
Ir   0.13626371759078      0.23596137442520     -0.00256235402343 
N    0.41847717313611     -1.53641771301031      0.00986257570181 
N   -1.53978106914643     -0.40572557854836      0.00996930960701 
 
 Mode    freq (cm**-1)   T**2         TX         TY         TZ 
------------------------------------------------------------------- 
   6:      -315.28    ***imaginary mode*** 
   7:       123.26    1.381596  ( -0.001127  -0.010960  -1.175362) 
   8:       189.88    5.598902  ( -2.049855   1.181945  -0.002140) 
   9:       799.34    0.086670  ( -0.255809   0.145710   0.000010) 
  10:       857.65   28.574006  (  2.672182   4.629386  -0.047255) 
  11:      1000.79   14.419617  ( -1.898642  -3.288417   0.032987) 

Ir(N)3 TS (C1, 3A) 

Energy = -18582.165316776885 
N   0.89916651760164      1.62753405912247      0.20507888528382 
Ir  0.23407666406960      0.21539804792815     -0.48693024802453 
N   0.32738784340781     -1.41585703748299      0.16654561326475 
N   -1.46063002507905     -0.42707506956763      0.11530574947595 
 
 Mode    freq (cm**-1)   T**2         TX         TY         TZ 
------------------------------------------------------------------- 
   6:      -689.42    ***imaginary mode*** 
   7:       213.83    3.072218  (  1.727321  -0.191056   0.228209) 
   8:       246.22    9.319231  (  0.115990  -0.589404   2.993055) 
   9:       587.63    4.374417  (  1.554629  -1.337964   0.409143) 
  10:       865.97   20.637535  ( -0.849950  -4.308688  -1.162034) 
  11:       972.20    8.060881  (  1.123561   2.607322   0.019021) 
 

Ir(N)(N2) (C1, 3A) RKS 

Energy =  
Ir  -0.99843601031668     -0.43465654378306      0.00001460729074 
N   -0.69857605006467     -2.05566281879788     -0.00000414845203 
N   0.35043497938319      0.98244325687028     -0.00002586909360 
N   1.34657708099816      1.50787610571065      0.00001541025489 
 
 Mode    freq (cm**-1)   T**2         TX         TY         TZ 
------------------------------------------------------------------ 
   6:       149.71    7.640629  (  2.542583   1.084390  -0.000051) 
   7:       315.22    1.726735  (  0.000292   0.000128  -1.314053) 
   8:       349.88    3.848438  (  1.712748   0.956521   0.000004) 
   9:       422.49    4.003985  ( -1.792344  -0.889656   0.000145) 
  10:      1095.70   25.572155  (  4.370009  -2.544636  -0.000227) 
  11:      2109.71  378.724859  ( 14.037302  13.478836  -0.000371) 

M06-L/ZORA-def2-TZVPP(N)/SARC-ZORA-TZVPP(Ir) 

Ir(N)2 (C1, 2A) 

Energy = -18525.467056933678 
Ir  -0.00000009045772      0.00000000000000     -0.62823498277550 
N   -1.40069500576939      0.00000000000000      0.31411766236377 
N    1.40069509622710      0.00000000000000      0.31411772041173 
 
 Mode    freq (cm**-1)   T**2         TX         TY         TZ 
------------------------------------------------------------------- 
   6:       406.40    0.119210  (  0.005129  -0.000348  -0.345230) 
   7:       875.66   48.032941  ( -6.930580  -0.000055   0.000232) 
   8:      1058.48    3.434843  (  0.002007  -0.000050   1.853332) 

Ir(N)2 TS (C1, 2A) 

Energy = -18525.372866912498 
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Ir  -0.05423592809509      0.00000000000000     -1.00715026943836 
N   -0.95916993255531      0.00000000000000      0.46383141403110 
N    1.01340586065041      0.00000000000000      0.54331985540728 
 
 Mode    freq (cm**-1)   T**2         TX         TY         TZ 
------------------------------------------------------------------- 
   6:      -711.55    ***imaginary mode*** 
   7:       437.25    0.311448  (  0.545333   0.000038   0.118574) 
   8:       911.08    4.595018  (  0.881119   0.000033  -1.954136) 

Ir(N)3 (C1, 1A) RKS 

Energy = -18580.193789971730 
N    0.87443135203633      1.51461844965352      0.00000094120495 
Ir  -0.00003416411595     -0.00000030039386     -0.00000282342226 
N    0.87443065827745     -1.51461784888252      0.00000094120706 
N   -1.74882784619783     -0.00000030037713      0.00000094101025 
 
 Mode    freq (cm**-1)   T**2         TX         TY         TZ 
------------------------------------------------------------------- 
   6:       126.46    1.535762  ( -0.010504   0.007064  -1.239194) 
   7:       193.03    1.102940  ( -0.799239   0.681121   0.015210) 
   8:       195.47    1.122133  ( -0.655602  -0.832056   0.001262) 
   9:       773.87    0.054071  ( -0.232480   0.004928  -0.000142) 
  10:       776.07    0.086261  ( -0.007649  -0.293597   0.001649) 
  11:      1003.90    0.000467  ( -0.020525   0.006719   0.000341) 

Ir(N)3 TS (C1, 1A) RKS 

Energy = -18580.178264754060 
N   0.97490410868930      1.68881126151210     -0.01770995567920 
Ir  0.13030719215327      0.22545450004475      0.00043654942375 
N   0.44375596989281     -1.53243636509665      0.00856198738820 
N   -1.54896627073538     -0.38182939646019      0.00871141886726 
 
 Mode    freq (cm**-1)   T**2         TX         TY         TZ 
------------------------------------------------------------------- 
   6:      -306.08    ***imaginary mode*** 
   7:       105.94    2.400416  ( -0.082091  -0.019473  -1.547029) 
   8:       184.62    8.962498  ( -2.605275   1.474798  -0.003351) 
   9:       819.45    0.035455  ( -0.030187   0.185858  -0.000671) 
  10:       869.51   38.409588  (  3.103273   5.364424  -0.047283) 
  11:      1023.99   13.526293  ( -1.835324  -3.186866   0.041968) 

CCSD(T)/aug-cc-pVTZ(-PP) 

IrN (C2v, 1A1) 

Energy = -158.596318228943 
Ir         0.00000        0.00000        0.10821 
N          0.00000        0.00000       -1.49116 
 
 
                     Normal Coordinate Analysis 
  ---------------------------------------------------------------- 
    Irreducible         Harmonic       Infrared        Type  
   Representation       Frequency      Intensity  
  ---------------------------------------------------------------- 
                       (cm-1)         (km/mol) 
  ---------------------------------------------------------------- 
       SG+              1195.3928        37.7081       VIBRATION  
  ---------------------------------------------------------------- 

Ir(N2) (C2v, 2A2) 

Energy = -213.296141642281 
Ir     0.000000     0.000000     0.300969 
 N     0.000000     0.000000    -1.511567 
 N     0.000000     0.000000    -2.635797 
 
Ir(14N2) 
                     Normal Coordinate Analysis 
  ---------------------------------------------------------------- 
    Irreducible         Harmonic       Infrared        Type  
   Representation       Frequency      Intensity  
  ---------------------------------------------------------------- 
                       (cm-1)         (km/mol) 
  ---------------------------------------------------------------- 
        PI               377.1830         2.7636       VIBRATION  
        PI               377.1830         2.7636       VIBRATION  
       SG+               548.5365        29.0796       VIBRATION  
       SG+              2140.2401       462.6555       VIBRATION  
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  ---------------------------------------------------------------- 
 
Ir(15N2) 
                     Normal Coordinate Analysis 
  ---------------------------------------------------------------- 
    Irreducible         Harmonic       Infrared        Type  
   Representation       Frequency      Intensity  
  ---------------------------------------------------------------- 
                       (cm-1)         (km/mol) 
  ---------------------------------------------------------------- 
        PI               364.5371         2.5891       VIBRATION  
        PI               364.5371         2.5891       VIBRATION  
       SG+               532.5155        27.4014       VIBRATION  
       SG+              2067.8968       431.9740       VIBRATION  
  ---------------------------------------------------------------- 

Ir(N2)– (C2v, 1A1) 

Energy = -213.357526833504 
Ir     0.000000     0.000000    -0.294152 
 N     0.000000     0.000000     1.449982 
 N     0.000000     0.000000     2.603441 
 
Ir(14N2)– 
                     Normal Coordinate Analysis 
  ---------------------------------------------------------------- 
    Irreducible         Harmonic       Infrared        Type  
   Representation       Frequency      Intensity  
  ---------------------------------------------------------------- 
                       (cm-1)         (km/mol) 
  ---------------------------------------------------------------- 
        PI               434.0213         3.3179       VIBRATION  
        PI               434.0213         3.3179       VIBRATION  
       SG+               648.4311        11.7478       VIBRATION  
       SG+              1962.7107      1017.9657       VIBRATION  
  ---------------------------------------------------------------- 
 
Ir(15N2)– 
                     Normal Coordinate Analysis 
  ---------------------------------------------------------------- 
    Irreducible         Harmonic       Infrared        Type  
   Representation       Frequency      Intensity  
  ---------------------------------------------------------------- 
                       (cm-1)         (km/mol) 
  ---------------------------------------------------------------- 
        PI               419.4812         3.1143       VIBRATION  
        PI               419.4812         3.1143       VIBRATION  
       SG+               629.4805        11.0542       VIBRATION  
       SG+              1896.4047       950.5014       VIBRATION  
  ---------------------------------------------------------------- 

Ir(N2)+ (C2v, 3A1) 

Energy = -212.992689411640 
Ir     0.000000     0.000000    -0.315136 
 N     0.000000     0.000000     1.617291 
 N     0.000000     0.000000     2.725297 
 
Ir(14N2)+ 
                     Normal Coordinate Analysis 
  ---------------------------------------------------------------- 
    Irreducible         Harmonic       Infrared        Type  
   Representation       Frequency      Intensity  
  ---------------------------------------------------------------- 
                       (cm-1)         (km/mol) 
  ---------------------------------------------------------------- 
        PI               313.1245         0.6018       VIBRATION  
        PI               313.1245         0.6018       VIBRATION  
       SG+               400.6114        14.3507       VIBRATION  
       SG+              2285.8884        23.5659       VIBRATION  
  ---------------------------------------------------------------- 
 
Ir(15N2)+ 
                     Normal Coordinate Analysis 
  ---------------------------------------------------------------- 
    Irreducible         Harmonic       Infrared        Type  
   Representation       Frequency      Intensity  
  ---------------------------------------------------------------- 
                       (cm-1)         (km/mol) 
  ---------------------------------------------------------------- 
        PI               302.6168         0.5625       VIBRATION  
        PI               302.6168         0.5625       VIBRATION  
       SG+               388.9122        13.5247       VIBRATION  
       SG+              2208.6143        22.0039       VIBRATION  
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  ---------------------------------------------------------------- 

IrNNIr (D2h, 
3B1u) 

Energy = -317.213761825221 
 N     0.000000     0.000000     0.569367 
 N     0.000000     0.000000    -0.569367 
Ir     0.000000     0.000000    -2.385426 
Ir     0.000000     0.000000     2.385426 
 
Ir14N14NIr 
                   Normal Coordinate Analysis 
---------------------------------------------------------------- 
  Irreducible         Harmonic       Infrared        Type  
 Representation       Frequency      Intensity  
---------------------------------------------------------------- 
                     (cm-1)         (km/mol) 
---------------------------------------------------------------- 
    PIu                115.1277         5.7702       VIBRATION  
    PIu                115.1277         5.7702       VIBRATION  
    SGg+               194.6052         0.0000       VIBRATION  
    PIg                345.5060         0.0000       VIBRATION  
    PIg                345.5060         0.0000       VIBRATION  
    SGu-               729.1069       361.6940       VIBRATION  
    SGg+              2102.6390         0.0000       VIBRATION  
---------------------------------------------------------------- 
 
Ir15N15NIr 
                   Normal Coordinate Analysis 
---------------------------------------------------------------- 
  Irreducible         Harmonic       Infrared        Type  
 Representation       Frequency      Intensity  
---------------------------------------------------------------- 
                     (cm-1)         (km/mol) 
---------------------------------------------------------------- 
    PIu                111.5034         5.4126       VIBRATION  
    PIu                111.5034         5.4126       VIBRATION  
    SGg+               194.6019         0.0000       VIBRATION  
    PIg                333.8749         0.0000       VIBRATION  
    PIg                333.8749         0.0000       VIBRATION  
    SGu-               706.1538       339.2793       VIBRATION  
    SGg+              2031.5923         0.0000       VIBRATION  
---------------------------------------------------------------- 
 
Ir14N15NIr (C2v, 3A1) 
                   Normal Coordinate Analysis 
---------------------------------------------------------------- 
  Irreducible         Harmonic       Infrared        Type  
 Representation       Frequency      Intensity  
---------------------------------------------------------------- 
                     (cm-1)         (km/mol) 
---------------------------------------------------------------- 
      PI               113.2602         5.5836       VIBRATION  
      PI               113.2602         5.5836       VIBRATION  
     SG+               194.6035         0.0000       VIBRATION  
      PI               339.7635         0.0077       VIBRATION  
      PI               339.7635         0.0077       VIBRATION  
     SG+               717.2738       349.9890       VIBRATION  
     SG+              2067.5765         0.4977       VIBRATION  
---------------------------------------------------------------- 
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