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Abstract

In this work, novel poly(thydrogen halide) halogenates (-I) and polychlorides have been
prepared while also new applications for polychlorides have been investigated. The reaction
of [Cat]X (Cat = PPhs, PNP; X = Cl, Br, I) with HF and HCl yielded in the formation of various
novel [Cat][X(HCI):] and [Cat][X(HX)(HF):] salts. A thorough characterization by X-ray
diffraction, Raman spectroscopy and quantum-chemical calculations resulted in a better
understanding of the hydrogen bonding within poly(hydrogen halide) halogenates.
Furthermore, the [Cl(Clz)4]- and [Cl»]* anion have been prepared for the first time by the
reaction of Clo with [NPr]Cl and decamethylferrocene, respectively. Structural
characterization by X-ray diffraction revealed a distorted tetrahedral structure for the
[C1(Cl2)4]- anion while the structure of the [Clzo]* is best described as two pyramidal [Cl(Cl2)4]-
units which are connected by a Cl- molecule. Additionally, [FeCp*2][Cl(Cl2)s«(HF)], which is the
first example of polychloride-HF network stabilized by strong hydrogen and halogen
bonding, was obtained when traces of HF were present in the reaction mixture of [FeCp*:] and

Cl.

A series of ammonium chloride salts have been tested towards their capability to act as a
chlorine storage medium. [NEtsMe]Cl was chosen to be the most promising candidate since it
has a high storage capacity of 0.79 kg Clz / kg storage material and is readily prepared from
the abundant starting materials MeCl and NEts while the loaded storage is stable for extended
times. A release of chlorine from the storage material can be achieved by heating, applying
vacuum or by the addition of water. However, as polychlorides where already shown to be
efficient chlorination reagents, a combined process was envisioned in which the loaded
storage is directly used for chlorination. To further develop this approach, [NEt:Me][Cls] was
used for the synthesis of industrial important chemicals. For instance, Phosgene, which is an
important intermediate chemical, is obtained by the reaction of [NEt:Me][Cls] with CO without
activation by heat or light. Additionally, also catalytic amounts of [NEts:Me]Cl result in a full
conversion of Cloand CO to COCL. Quantum-chemical calculations revealed that this reaction
can be understood as an insertion of CO into the weakened CI-Cl bond of a [Cls]- anion which

proceeds with an activation barrier of only 56.9 to 77.6 k] mol-'.

The reaction of [NEtsMe][Cls] with elemental sulfur yielded in the formation of the unknown

[SCle]* dianion. It has an octahedral structure in the solid state while co-crystallization of
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CH2Cl: results in a distortion yielding a Cs symmetric structure for the [SCls]> anion.
Quantum-chemical calculations showed that the lone pair at the sulfur atom is
stereochemically inactive for both structures and the distortion is a result of strong hydrogen
bonding interactions to the CH2Cl molecules. Furthermore, Raman spectroscopic
investigations showed that [NEtsMe]2[SCls] decomposes above 40 °C into [NEtsMe][Cls] and
various sulfur chlorine compounds making it significantly more stable than SCls which

already decomposes at -30 °C.



Kurzzusammenfassung

In dieser Arbeit wurden neuartige Poly(halogenwasserstoff)halogenate (-I) und Polychloride
hergestellt und gleichzeitig neue Anwendungen fiir Polychloride untersucht. Die Reaktion
von [Kat]X (Kat = PPhs, PNP; X = Cl, Br, I) mit HF bzw. HCl fiihrte zur Bildung verschiedener
neuer [Kat][X(HCl).] und [Kat][X(HX)(HF):] Salze. Eine griindliche Charakterisierung durch
Rontgenbeugung, Raman-Spektroskopie und quantenchemische Berechnungen fiihrte zu
einem besseren Verstandnis der Wasserstoffbriickenbindungen in
Poly(halogenwasserstoff)halogenaten (-I). Dariiber hinaus wurden die Anionen [CI(Cl2)4]-
und [Clxo]?> erstmalig durch die Reaktion von Cl2 mit [NPrs]Cl bzw. Decamethylferrocen
hergestellt. Die strukturelle Charakterisierung durch Rontgenbeugung ergab eine verzerrte
tetraedrische Struktur fiir das [CI(Cl2)s]- Anion, wahrend die Struktur von [Clxo]*> am besten
als zwei pyramidale [Cl(Cl2)4]-Einheiten beschrieben werden kann, die durch ein Cl>--Molekiil
verbunden sind. Dariiber hinaus wurde [FeCp*:][CI(Cl2)s(HF)], welches das erste Beispiel fiir
ein Polychlorid-HF-Netzwerk, das durch starke Wasserstoff- und Halogenbindungen
stabilisiert ist, erhalten, wenn Spuren von HF in der Reaktionsmischung von [FeCp*2] und Clz

vorhanden waren.

Eine Reihe von Ammoniumchloridsalzen wurde auf ihre Eignung als Chlorspeichermedium
getestet. [NEtsMe]Cl wurde als der vielversprechendste Kandidat ausgewahlt, da es eine hohe
Speicherkapazitit von 0,79 kg Cl:/kg Speichermaterial aufweist und leicht aus den
verfligbaren Ausgangsstoffen MeCl und NEts: hergestellt werden kann, wahrend der beladene
Speicher fiir langere Zeit stabil ist. Eine Freisetzung von Chlor aus dem Speichermaterial kann
durch Erhitzen, Anlegen von Vakuum oder durch Zugabe von Wasser erreicht werden. Da
sich Polychloride jedoch bereits als effiziente Chlorierungsreagenzien erwiesen haben, wurde
ein kombinierter Prozess ins Auge gefasst, bei dem der beladene Speicher direkt zur
Chlorierung verwendet wird. Um diesen Ansatz weiterzuentwickeln, wurde [NEt:Me][Cls]
fiir die Synthese von industriell wichtigen Chemikalien verwendet. So wurde beispielsweise
Phosgen, ein wichtiges chemisches Zwischenprodukt, durch die Reaktion von [NEtsMe][Cls]
mit CO ohne Aktivierung durch Warme oder Licht gewonnen. Aufierdem fiihren auch
katalytische Mengen von [NEt:Me]Cl zu einer vollstandigen Umwandlung von Cl2 und CO

zu COCL. Quantenchemische Berechnungen ergaben, dass diese Reaktion als eine Insertion
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von CO in die geschwéchte Cl-Cl-Bindung eines [Cls]- Anions verstanden werden kann, die

mit einer Aktivierungsbarriere von lediglich 56,9 bis 77,6 k] mol-' ablauft.

Die Reaktion von [NEt:Me][Cls] mit elementarem Schwefel fiihrte zur Bildung des
unbekannten [SCls]>- Dianions. Im festen Zustand weist es eine oktaedrische Struktur auf,
wahrend die Co-Kristallisation von CH2Cl2 zu einer Verzerrung fiihrt, die dem [SCl¢]?- Dianion
eine Cs-symmetrische Struktur verleiht. Quantenchemische Berechnungen ergaben, dass das
freie Elektronenpaar am Schwefelatom fiir beide Strukturen stereochemisch inaktiv ist und
die Verzerrung das Ergebnis starker Wasserstoftbriickenbindungen zu den Co-kristallisierten
CH:Cl2 Molekiilen ist. Dariiber hinaus zeigten Raman-spektroskopische Untersuchungen,
dass sich [NEt:Me]z2[SCls] oberhalb von 40 °C in [NEtsMe][Cls] und verschiedene Schwefel-
Chlor-Verbindungen zersetzt und damit wesentlich stabiler ist als SCls, das sich bereits bei

=30 °C zersetzt.
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1. Introduction

Chlorine is produced on a scale of 96 million tons per year worldwide,!!l making it one of the
most important base chemicals. It is involved in the synthesis of approximately 50% of all
industrial compounds, 20% of all small molecule drugs and 30% of all active compounds in
agrochemistry. However, elemental chlorine is a highly reactive and toxic gas which can
oxidize many materials and causes severe damage to the skin, eyes and the respiratory
system.”?l Furthermore, chlorine is primarily produced by the highly energy demanding
chloralkali process. For instance, 12 million MWh of electrical power are used for chlorine
production in Germany corresponding to ~2.5% of its total electrical energy consumption.’*-!
Due to its high toxicity, reactivity and vapor pressure, chlorine cannot be easily stored in large
amounts. Therefore, in Europe 95.7% of the produced chlorine is used in follow-up reactions

directly at the production sites.!

Polyhalides were already shown to be suitable replacements for elemental halogens being
safer and significantly easier to handle. Accordingly, their potential application in important

industrial processes is of interest for today’s research.

1.1 Chlorine
1.1.1 Properties and Danger of Chlorine

At ambient conditions elemental chlorine is a yellowish gas with a boiling point of —-34 °C and
a melting point of —101 °C. It has a vapor pressure of 7.7 bar and a liquid density of
1.38 g cm=at 25 °C. As a gas it has a 2.48 times higher density compared to air and persists to
the ground, which, combined with its toxicity, resulted in its use as a war gas in the World
War L2 Chlorine has the highest dissociation energy of 239 k] mol"' among the halogens
which is still significantly lower than that of other element chlorine bonds like, e.g., C-CI (267-
436 k] mol), Si-Cl (464 k] mol in SiCls) and H-CI (431 k] mol").ll Additionally, it has the
highest electron affinity (364.25 k] mol-) among all elements as well as a standard electrode
potential of 1.36 V explaining the high reactivity and oxidation power of elemental chlorine.

An overview of some physical properties of chlorine is given in Table 1.



1.1.1 Properties and Danger of Chlorine

Table 1. Overview of some properties of elemental chlorinel?!

Property Value
Boiling point -34°C
Melting point -101 °C
Vapor pressure at 25 °C 7.7 bar
Liquid density at 25 °C 1.38 g cm
Density (gas) relative to air 248 g cm™
Enthalpy of dissociation 239.44 k] mol™!
Electron affinity 364.25 k] mol-!
Standard electrode potential 1.359 V
LCso 300-400 ppm - 30 min

The toxicity of chlorine is mostly caused by its strong oxidation power. Additionally, it is
converted into hypochlorous acid under physiological conditions, which is a cytotoxic
substance. At low concentrations of 1-2 ppm, chlorine irritates the eyes and respiratory tract
while for expositor concentrations above 30 ppm nausea, vomiting, oppressive feeling,
shortness of breath, fits of coughing and sometimes bronchial spasms are classical symptoms.
The LCso value of chlorine is estimated to 300-400 ppm in 30 min.>”! Apart from the toxicity of
chlorine, many downstream products of the chlorine industry degrade slowly and are harmful

to humans and the environment (see 1.1.4).189



1.1.2  Uses of Chlorine

1.1.2 Uses of Chlorine

Even though chlorine is a highly toxic chemical it found numerous industrial applications
making our modern life hardly possible without it. Roughly 50% of all industrial chemicals
and polymers, 20% of small molecule pharmaceuticals and 30% of agrochemicals depend on
chlorine chemistry.l') An overview of the various applications and their share of European

chlorine consumption is given in Figure 1.

Chlormethanes (4.6%)

Silicon rubbers, decaffeination, Teflon,

paint strippers, cosmetics

Solvent and Epichlorhydrin (11.2%)

Metal degreasing, adhesives, dry cleaning,\.
pesticides, epoxide resins, printed circuits,
fishing rods

PVC (31.6%)

Door and window frames, pipes, flooring,
medical supplies, closing

Organics (9.0%) /

Detergents, ship and bridge paints,
lubricants, wallpaper adhesive, herbicides,
insecticides

Inorganics (12.7%) /

Disinfectants, water treatment, paint pigments,
pesticides, flame retardants

Isocyanates and Oxygenates (30.8%)

Upholstery, insulation, footwear, plastics,
pesticides, car paints

Figure 1. Uses of chlorine and their share of the European chlorine consumption.[*!!l Reproduced from Ref. 11 with
permission from the Royal Society of Chemistry.

One of the oldest applications for elemental chlorine is its utilization for the disinfection of
drinking water which can be achieved either by the direct use of elemental chlorine or by using
chlorine derivatives like calcium hypochlorite, chlorine dioxide or chloramines.l>'3 This
possible usage of elemental chlorine was already described in 1910 by Darnall and is
commonly used today.!"># For instance, in 2007, 61% of all municipal water systems in the
United States were disinfected with elemental chlorine, while another 30% wused
chloramines.'® When water is treated with chlorine, hypochlorous acid is formed which
rapidly destroys bacteria as well as other micro-organisms also preventing the growth of algae

and slime in pipes.['

Most of the time, chlorine is further processed to yield valuable intermediate chemicals. While
in some cases the end product still contains chlorine atoms, roughly one-third of all products
manufactured by the chlorine industry, are free of chlorine. The most prominent examples for

this class of compounds are polyurethanes (PU) and polycarbonates (PC) accounting for 30.8%



1.1.2  Uses of Chlorine

of the European chlorine consumption.''l Both polymers are made using phosgene as an
intermediate which is prepared by the reaction of chlorine with carbon monoxide over an
activated carbon catalyst on a scale of 12 million tons per year.l'l During the synthesis of
polyurethanes, phosgene reacts at first with diamines to yield diisocyanates which react
further with diols to give the polymer, while in the production of polycarbonates phosgene is

directly reacted with a diol (Scheme 1).[7:18]

1. R'(NH,),

2. R(OH), ; Q 1 Q

N RZ C. R C
H H

n
Polyurethane

activated

co + Cl carbon i
2
Cl Cl
Phosgene
0]
HO\RVOH -
R RL_C
O O
-2 HCI
n
Polycarbonate

Scheme 1. Synthesis of polyurethanes and polycarbonates using phosgene.

Polycarbonates have outstanding electrical insulation properties, e.g., good flame retardance,
high heat resistance, good fracture toughness, and are transparent. Therefore, they are used in
electronics, as in housings of mobile devices or in optics for LEDs, for data storage media like
CDs, DVDs and Blu-rays, in building and construction for window panes and roofing, as well
as for protection equipment like protection glasses or helmet visors.'8! On the other hand
polyurethanes are highly diverse in their properties depending on the monomers and
additives used as well as their processing. They are mostly used as foams in mattresses,
sponges as well as in upholstery of furniture and car seats, as fibers in swimsuits and cycling

uniforms and as two-component reactive adhesives.[”]

Poly vinyl chloride (PVC) was produced in a quantity of 37.5 million tons in 2012 making it
the most important product of the chlorine industry as well as the third most used plastic in

the EU after polyethylene and polypropylene.'>2 It is estimated that its production will

4



1.1.2  Uses of Chlorine

further increase to 58 million tons per year till 2027.12!1 PVC is produced by the polymerization
of vinyl chloride which is obtained from 1,2-dichloroethane by the elimination of HCl at higher
temperatures while dichloroethane is produced by the direct chlorination of ethylene.”» PVC
has various applications, e.g., in pipes, window frames, cable insulation, flooring as well as

medical equipment.[')

Chloromethanes are another major product of the chlorine industry and were produced on a
scale of 6.7 million tons in 2017 consisting of 50% chloromethane, 25% dichloromethane, 22%
chloroform and 3% tetrachloromethane.??l While the higher chlorinated chloromethanes are
produced by radical chlorination of methane or chloromethane, chloromethane itself is
nowadays usually prepared by the hydrochlorination of methanol using HCI.

The main application of chloromethane is its usage in the so-called Miiller-Rochow process
where it is reacted with silicon to yield dimethyldichlorosilane, a precursor for silicone
production. Additionally, it is used as a methylating agent in the synthesis of cellulose ethers,
which are wall paper adhesives, and for the synthesis of cationic polymers and ammonium
salts.[?l Dichloromethane and tetrachloromethane are mostly used as solvents in industry and
laboratories while chloroform is the starting material for the production of PTFE. Chloroform
can be fluorinated with HF and catalytic amounts of SbFs yielding CHCIF: which is than
pyrolyzed to give tetrafluoroethene (TFE), the monomer of PTFE. The polymerization of TFE

is achieved by radical polymerization (Scheme 2)24

80 °C 750 - 950°C Radical
bFs 1 atm starter F2
CHCl3 + HF——>—= CHCIF, — > C,f, ——>__C
—HCI —HCI C
F
2 Jp
PTFE

Scheme 2. Synthesis of PTFE from chloroform.

Other chlorinated alkanes are produced in significantly smaller amounts and are mostly used
as alkylation reagents and as solvents.?>?l However, some chlorinated alkenes possess
industrial applications and are therefore produced in larger amounts. For instance,
tetrachloroethene was produced by the chlorination of acetylene, ethylene, or C1-C3
hydrocarbons on a scale of 410000t in 2012 and is used for dry cleaning and metal
degreasing.l?) A total of 800 000 t of allyl chloride were prepared by radical chlorination of

propene at 500 °C in 1997.021 Most of it is further processed to epichlorohydrin which is then
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used to make epoxy resin.[””! Chlorinated aromatic compounds are the last important class of
organic substances produced by using chlorine. Monochlorobenzene is obtained by the Lewis
acid catalyzed reaction of benzene with chlorine and was produced on a scale of 365 000 t in
1993. It is used as a solvent and as a precursor for other aromatic compounds like
nitrochlorobenzene. In general, ring chlorinated aromatic compounds are important
intermediates in the synthesis of dyes, pharmaceuticals and fungicides.l'?l Also, side chain
chlorinated aromatic compounds are of interest with benzyl chloride, with a production of
320 000 t in 2015, being the most important one. It is prepared by radical chlorination initiated
by heat or light and is used for the production of benzyl alcohol, benzyl butyl phthalate (a
plasticizer in PVC), phenylacetic acid (for penicillin synthesis), as well as quaternary

ammonium salts.[28]

There are also several inorganic chlorine compounds which are produced by using chlorine.
Phosphorous trichloride is produced by the combustion of white phosphorous in a chlorine
stream on a scale of 350 000 t per year.*’! It is further processed to phosphorous pentachloride
and phosphor oxychloride. Phosphorous chloride compounds are important intermediates in
the synthesis of pesticides, and flame retardants, as well as in the pharmaceutical industry for

the production of antibiotics.?30

Additionally, titanium tetrachloride plays a major role in the purification of titanium dioxide,
which is the most important inorganic pigment with a production of 5 million tons per year,
as well as in the production of titanium sponge.®-*l Crude titanium dioxide is reacted with
carbon and chlorine yielding titanium tetrachloride, which can be purified by distillation, and
carbon dioxide. The titanium tetrachloride can then either be burned with oxygen to give
highly pure titanium dioxide or reduced with magnesium to give titanium sponge (Kroll

process).523l



1.1.3 Industrial Production of Chlorine

Chlorine was first synthesized by C. W. Scheele in 1774 by chemical oxidation of hydrochloric
acid with manganese dioxide.** Based on this outcome, Weldon developed a first process for
chlorine production which had a low yield of only 35%. Therefore, in 1868, Deacon developed
and patented a new method based on the oxidation of gaseous HCI using atmospheric oxygen
and a CuClz catalyst resulting in an increased yield of 65%.'>%1 Since the end of the 19th
century the chloralkali process has become the most important method for the industrial

chlorine production accounting for more than 95% of the annual produced chlorine to date.['?

During the chloralkali process an aqueous sodium chloride solution is electrolyzed resulting
in the oxidation of chloride ions to chlorine as well as the reduction of water to hydrogen and

hydroxide ions (Scheme 3).
Oxidation 2 NaCl —— > Cl,+2e +2Na"

Reduction 2H,0+2e~ —+——> H,+2O0OH"

2NaCl+2H,0O — > Cl, + H, + 2 NaOH

Scheme 3. General reaction scheme of the chloralkali process.

To avoid the reaction of the Clz, formed at the anode, with hydrogen or hydroxide, formed at
the cathode, the two electrodes must be separated. This was achieved in different ways by the
development of three processes namely the mercury cell process, the diaphragm cell process
and the membrane cell process, which all have been used in the industrial production of

chlorine.l2!

In the mercury cell process the separation of Cl2 from NaOH and Hz is achieved by using a
mercury cathode. During the electrolysis, chloride ions are oxidized to chlorine at the anode
while at the mercury cathode sodium cations are reduced to elemental sodium. Thus, the
formation of H: is suppressed because of the high overpotential of hydrogen at the mercury
electrode and the significantly reduced standard potential for the Na‘*/Na redox couple due to
the formation of sodium amalgam. The liquid amalgam is then removed from the electrolysis

cell and transferred to the amalgam decomposer where it is reacted with water
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at a graphite catalyst yielding highly pure sodium hydroxide, hydrogen and mercury which

is pumped back into the electrolysis cell (Figure 2).012!

Electrolysis Cell Amalgam Decomposer
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Figure 2. Schematic representation of the mercury cell process. Scheme was taken from reference [36] with data
added from reference [12].

In contrast to the mercury cell process, during the diaphragm and membrane cell processes
water is directly reduced to hydrogen and hydroxide at the cathode of the electrolysis cell. In
a diaphragm cell there is a flow of a sodium chloride solution from the anode compartment
through a permeable asbestos or PTFE diaphragm, which prevents the chlorine from passing
into the cathode compartment, where hydrogen and hydroxide are produced (Figure 3). The
resulting aqueous mixture of NaOH and NaCl is removed from the cathode compartment and

is further processed by removal of excess water.['?]

Anode Cathode

—— 10-12% NaOH_,
—18% NaCl,q,

> Na* 2H,0
NaCliaq) —> —i>CI
EA 3
Diaphragm

Figure 3. Schematic representation of diaphragm cell process. Scheme was taken and modified from reference [37]
under CC BY-SA 4.0 with data added from reference [12].
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The membrane process was developed 1970 and is based on the separation of anode and
cathode compartments by a cation-exchange membrane which can only be passed by the
sodium cations but not by chloride or hydroxide ions (Figure 4). Therefore, the anode
compartment of the cell is fed with a stream of sodium chloride solution of which the chloride
ions are oxidized to chlorine while the sodium ions pass the membrane into cathode
compartment. On the other hand, the cathode compartment is fed with a 30% NaOH solution
which is concentrated by the reduction of water to H2 and OH-.['

Anode Cathode
@

Clyg)

Depleted NaCl,,) <— —> 32% NaOH,,,

Enriched NaCl,,, —> <—— 30% NaOH,,

CI>< O

Cation exange membrane

A

Figure 4. Schematic representation of mercury cell process. Scheme was taken and changed from reference [38]
under CC BY-SA 4.0 with data added from reference [12].

All of the described methods have been used for the industrial production of chlorine and
come along with advantages as well as disadvantages. The mercury cell process give rise to
highly pure chlorine and hydrogen while also a chloride-free, highly concentrated NaOH
solution can directly be obtained from the amalgam decomposer. On the other hand, it
requires the highest amount of electrical energy for the electrolysis and requires costly
environmental protection to minimize the release of mercury. Therefore, the mercury cell
process is almost faced out today. For the diaphragm process, lower quality NaCl solutions
can be used as a starting material while the obtained NaOH has to be concentrated and
separated from NaCl using steam which result in an even higher total energy consumption
compared to the mercury cell. The membrane cell process is the most state of the art having
the lowest total energy consumption also yielding highly pure NaOH. However, the
membranes are relatively costly and the obtained chlorine has a high oxygen content.['?
Nowadays, all new build plants use membrane cells while the other production methods are
slowly phased out with the membrane cell process already being responsible for 85% of the

total production capacity in Europel*'12]
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For all described electrochemical processes of chlorine production there is a physicochemical
limit for the lowest amount of voltage needed for electrolysis which is given by the Nernst
equation and the standard potentials of the Cl-/Cl. and H2O/Hz2 redox couples. Recently, a new
process for chlorine production was developed in which instead of H20O, Oz is reduced to OH-

at an oxygen depolarized cathode (ODC, Scheme 4).1*]

Oxidation 4 NaCl ———> 2Cly,+4e +4Na"

Reduction O, +2H,O0+4e~ ——> 40H

4 NaCl + 2 H,0 + O, —— > 2 Cl, + 4 NaOH

Scheme 4. Reaction scheme for the chlor-alkali process using an oxygen depolarized cathode (ODC).

The cell voltage of this system is 1V lower compared to the conventional membrane cell
process, saving 30% electrical energy. In contrast to the classical methods for the chloralkali
process, no hydrogen is obtained when ODCs are used which is a valuable raw material for
further chemical reactions. Additionally, pure oxygen is needed for this process which is
obtained by the energy intensive air liquification method. Due to this two disadvantages the
chloralkali electrolysis using ODCs is only economical under some conditions, for example if
the hydrogen produced by the conventional chloralkali process is not required for chemical
reactions or if the price of electrical energy is high.[®#1 Nevertheless, the first large scale
chlorine production plant using this technology was put into operation by Covestro at the start

of 2023.141

Even after more than a century of optimization, chlorine production is still a very energy-
intensive process, with energy costs accounting for about 50% of production costs."'l To meet
the demand of chlorine, needed for the production of many valuable compounds (see 1.1.2), a
total of 260 million MWh of electrical power is needed to globally produce 96 million tons per
year while a further increase of the production capacities to 123 million tons until 2029 is

anticipated (Figure 5).014
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Figure 5. Market volume of chlorine worldwide from 2015 to 2029.11

To put this numbers into perspective, in Germany, which has a chlorine production capacity
of 5.4 million tons per year, the chlorine production is responsible for ~2.5 % of the total
electrical energy consumption and therefore has a significant influence on the electrical
grid.1 To reduce the environmental impact of chlorine production, it would be advantageous
to rely on renewable energy sources which is however difficult due to their fluctuating power
supply depending on the current weather circumstances. Even though the chloralkali
electrolysis itself was shown to be relatively adoptable to electrical fluctuation, most of its
downstream process are not.*2l Therefore, a flexible operation of the chloralkali electrolysis is
only possible if there is a safe and efficient way of chlorine storage to provide a constant supply
of chlorine for follow up processes.

Currently, chlorine is usually stored in its liquid form either by pressure liquefication at 7 bar
or by cooling below the boiling point of =34 °C.['2 This is, however, only done if its unavoidable
and with particularly high safety requirements, due to the danger of chlorine leakage when
the storage systems fail.[*?l Hence, Euro Chlor, the association of chlor-alkali plant operators in
Europe, concluded in their latest review on the chlor-alkali industry that: “[The adoption to
renewable energies] requires more support solutions to maintain stability in the electrical grid to prevent
black-outs. Chlor-alkali production units can partly contribute to this, but this capability is limited by

[...] the limited ability to store chlorine” .14l
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In the public perception, chlorine is often seen exclusively as a dangerous, toxic chemical and
the products of the chlorine industry are often associated with environmental disasters such
as the one in Seveso in 1976 where large amounts of the toxic 2,3,7,8-tetrachlordibenzo-p-
dioxin (TCDD) have been released into the environment.*! This is somewhat understandable
as many products of the chlorine industry do can be hazardous when handled without care.
Additionally, some properties which make chlorinated compounds useful, for example the
stability of chlorinated insecticides which allow a less frequent use of them, can lead to
environmental problems, for instance due to their persistent nature. Therefore, there is a large
responsibility by the chlorine industry to continuously evaluate their products and to
minimize their environmental impact or to find suitable replacements when a safe utilization
is impossible. On the other hand, chlorine, when used in a responsible manner, can have a
great benefit to society. In this chapter, some examples for achievements of the chlorine
industry as well as the responsible evaluation and the improvement of chlorinated products

are given.

The availability of clean drinking water is of major importance for human health as there are
many waterborne diseases which are transmitted by the consumption of contaminated water,
e.g., cholera, typhoid fever as well as hepatitis A and E.*I Even today, a total of 1.2 billion
people lack access to safe drinking water resulting in the death of 3.4 million people per year,
most of them children, as reported by the World Health Organization (WHO).*l Therefore the
“ensure availability and sustainable management of water and sanitation for all” is one of 17
sustainable development goals of the United Nations.*?l Whitin the United States and Europe,
water treatment by using chlorine was introduced at the start of the 20t century and since then
cases of waterborne diseases have been drastically reduced in these countries.[”! Today,
chlorine or chlorinated compounds are used for water disinfection in most developed
countries and the Life Magazine concluded that “The filtration of drinking water plus the use
of chlorine is probably the most significant public health advancement of the millennium.” 14!
Nevertheless, there are concerns regarding disinfectant by-products (DBPs) like
trihalomethanes or trichloroacetic acid which are potentially carcinogenic. Therefore, the

concentration of these compounds is monitored and reduced by the combination
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of chlorination with conventional water treatment methods like coagulation, sedimentation or
filtration lowering the level of organic precursors and consequently the level of DBPs.[44
Overall, the use of chlorine for water treatment has greatly benefited humanity and the gain
by preventing the transmittance of waterborne diseases highly outweighs the risks from DBPs

which was also acknowledged by the WHO. 4441

An example which illustrates the responsibility of the chlorine industry, is the release of
dioxins into the environment. This class of compounds include the toxic and carcinogenic
polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs) which are persistent
organic pollutants meaning they are poorly degradable in the environment and can

accumulate in the food chain due to their lipophilicity (Figure 6).5%

0
Cl O

ST 1T  ZF D
NNy N Cly — __J—cl,

PCDD PCDF

Figure 6. Structure of polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs) (m + n = 1-8).

Dioxins are formed as unintentional byproducts of chemical processes, for example chlorine-
bleaching of wood pulp, in the synthesis of chlorinated phenols (fungicides), and during metal
smelting, refining, and processing. However, the most important source of dioxins is the
combustion of organic materials in the presence of chlorine sources like in municipal and
medical waste incineration.['>5!l Since 1985, the release of dioxins in Europe and the United
States was drastically reduced by up to 90%.15'52 This was achieved by phasing out some
processes for example the previous mentioned bleaching of wood pulp with chlorine or the
use of leaded gasoline as well as by optimizing the waste burning process by including waste
gas cleaning.[°!l This indicates that a combination of strict legal regulations with voluntary

actions of industry can yield a significant reduction of risks associated with chemical industry.

The last example illustrating the ambivalence of some chlorinated products, is the insecticide
dichloro-diphenyl-trichloroethane (DDT) which was first synthesized by Othmar Zeidler in
1874.1531 It can easily be prepared by the condensation of chlorobenzene with chloral accessible
from ethanol and chlorine. The insecticidal properties of this compound where discovered

by Paul H. Miiller in 1939 for which he was awarded with the Nobel Prize for medicine in
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1948.012%%1 Since then, DDT was heavily used in agricultural pest control as well as in fighting
mosquito-borne diseases such as dengue fever and filariasis.* In addition, using DDT for
indoor residual spraying (IRS) was highly effective to fight malaria and for instance, reduced
the cases of malaria in India by 99% from 100 million in 1933 to 150000 in 1966. This was a
major factor for the increased life expectancy from 32 years in 1948, to 52 years in 1970.554
Furthermore until 1967, malaria was eradicated in developed countries as well as in many
subtropical Asian and Latin American countries.! Overall, it is estimated that the use of DDT
saved approximately 5 million human lives and prevented 100 million illnesses in the first ten
years after its introduction.’” However, the same factors which makes DDT an efficient
insecticide, like its low vapor pressure, its lipophilicity as well as its stability towards
photooxidation, lead to environmental problems. Like PCDDs and PCDFs, it was also shown
for DDT, that it is persistent in nature and accumulates in the food chain leading.> One of its
most severe impacts was the eggshell thinning and population decline of several bird of prey
species in North America and Europe. Consequently, DDT was banned for agricultural use
in many countries starting in the 1970s ultimately leading to the Stockholm convention on
persistent organic pollutants (POPs) which banned or restricted the use of DDT and eleven
other POPs in 2004 and was signed by 152 countries.’*>! Despite all concerns regarding the
environmental impact as well as the toxicity of DDT, in 2006 the WHO released a position
paper in which they promote the application of DDT for malaria vector control as a low-cost
insecticide which is why it is still used in 18 countries worldwide.l®¢l This highlights the
dilemma as DDT is highly efficient and can prevent the death of many people while there are
rising concerns regarding the potential risk to human health.562 Ultimately, a complete
abandonment of DDT can only be achieved through further research on new, safer insecticides
or by the introduction of other effective measures for malaria control for example by
vaccination, which is presumably reachable as a malaria vaccine with an efficiency of 75% was

developed recently.[!

In conclusion, products of the chlorine industry have a great impact on the society for the last
150 years. While byproducts of the chlorine industry such as dioxins are harmful, the
insecticide DDT has despite its disadvantages for the environment an enormous potency for
malaria pest control. For the degemination of tap water with chlorine, the advantages
significantly outweigh the disadvantages. However, the save storage of chlorine is still a major
problem of the chlorine industry which has not been resolved so far. In recent years,
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polyhalides were already shown to be efficient substitutes for elemental halogens raising the
question of their storage properties. Additionally, further research on chlorine chemistry still

offers the possibility to deal with central problems of humanity.
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1.2 Polyhalides

The ability of halide ions to interact with halogen molecules to form polyhalides is already
known since the discovery of strychnine triiodide by Pelletier and Caventou in 1819.% Since
then, the field of polyhalide chemistry has significantly advanced and a lot of research towards
their bonding situation, their structural diversity, and their possible applications have been
carried out.l®>¢”1 This is especially true for polyiodides of which a variety of mono, di, tri and
tetra anions are known for a long time.l’l Over the last years, also the lighter polyhalides
received much attentions as they could potentially be used as easy to handle replacements for
the toxic and volatile chlorine or bromine. The following section summarizes the chemistry of
the lighter polyhalides including their structural diversity, their applications as well as their

bonding situation.

1.2.1 Bonding Situation of Polyhalides

Trihalides tests the limits of molecular bonding by having 22 valance electrons and therefore
cannot be represented in one simple Lewis formular obeying the octet rule. Consequently,
their bonding situation has been the topic of research for a long time as one of the simplest
examples for hypervalent compounds. After initial research by Pauling!®! and Kimballl®’],
which suggested hybridization involving higher energy d and s orbitals, Rundle and Pimentel
presented an MO theoretic approach in 1951.7°711 They recommended that within linear D=h
symmetric [Xs]- the three p orbitals along the bond axes combine yielding three delocalized
orbitals of which one is bonding (W1), one is non-bonding (\¥2) and one is antibonding (Vs)
with the former two being occupied (Figure 7 left). This three-center-four-electron (3c-4e) bond
corresponds to a bond order of 0.5 for the X-X bonds, which explains the relatively long X-X
distance compared to free halogens (Figure 7 right). Additionally, also the charge distribution
within the [Xs]- anion (mostly on the outer X atoms) is in accordance to this simple MO picture

since there is a node through the central X atom in the HOMO of the molecule.
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Figure 7. Rundle-Pimentel scheme for the bonding situation in a three-center-four-electron bond (left) and bond
length as well as NPA charges of the [Xs]-anion (X =F (yellow), Cl (green), Br (red), I (violet)) calculated on CCSD(T)
level of theory (right).[6572-74]

In recent years, it has been outlined that this MO theoretic approach is oversimplified as
according to the Rundle-Pimentle scheme, all 3c-4e systems should be stable which is not the
case since many exceptions, e.g. [Hs]-, ArF2 and NFs, are known in the literature.”>”7I Therefore,
a valance bond (VB) theoretic approach was chosen by Coulsen to describe this bonding
situation in more detail. He showed that the Rundle Pimentel model can be transformed into
a VB-theorical description of a X-X-X (3c-4e) system by using four main resonance structures

I to IV (Scheme 5).1781

X XX+=>XX X =—>X X' X =—>X X X

0.320 0.320 0.163 0.152
0.322 0.322 0.157 0.146
I II II1 1\Y

Scheme 5. Main resonance structures of the [Xs]-anion X = F (yellow), Cl (green), Br (red), I (violet) and their weights
calculated at BOVB level of theory.[7

Breathing-Orbital Valance Bond (BOVB) calculations showed that all four resonance structures
significantly contribute to the overall electronic structure (Scheme 5) resulting in a stabilization
of the system by a large resonance energy.” This type of bonding, in which the covalent-ionic
resonance energy is the major contribution to the total bonding energy, is called charge-shift
bonding.%1 Similar to the MO theoretical description, the VB approach can be used to explain
the charge distribution of the [Xs]- by considering the charges within as well as the weight of

the respective resonance structures. Furthermore, this approach can be used to rationalize why
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certain 3c-4e systems are stable while others are not by considering the influence that results
in high resonance energies. If the energy levels and weights of the individual resonance
structures are comparable, a high resonance energy is expected. In VB structure III the central
atom has a positive charge (for neutral 3c-4e systems 2+). Therefore, low ionization potentials
of the central atom stabilize this resonance structure while high ionization potentials
destabilize it, resulting in less resonance energy. This explains the instability of compounds
like ArF2, NFs and OFsin which the central atom has a relatively high first and especially high
second ionization potential.””! To understand the instability of [Hs]-, the resonance energy of
the two covalently bound structures (H~H-H) I and (H-H~H) II must be considered. Within
these resonance structures, the H-H bond can be classified as a classic covalent bond. For
systems involving covalent bonds the resonance energy is about one-half of the H-H bond
energy or less.[8!1 On the other hand, if the X-X bond itself is a charge-shift bond, as for example
in [Cls]- or [XeF2], the resonance stabilization can be as large as twice the X-X bond energy,
which significantly stabilizes those systems.”” Therefore, it was concluded that the 3c-4e bond
can only be stable if the normal valent X-X bond is a charge-shift bond itself. This is true for,

e.g., X = Cl, making [Cls]- stable, but not for X = H making [Hs]- a transition state.[”””]

The presence of a charge-shift bond can be deduced from the experimental observable electron
density using tools like the electron localization functions (ELF) and the Laplacian in the
quantum theory of atoms in molecules.”801 Recent electron density measurements on the
symmetric [Cls]- within [NPr4][Cls] revealed a value of 0.48 for the ELF at the bond critical
point, which shows the delocalized character of the electrons, in addition to a positive

Laplacian. Both reflect the charge shift nature of these bonds. [

Hoffmann and co-worker further investigated the trihalide system using the transition state
energy decomposition procedure which breaks down the bonding energy between fragments
of a molecule into chemically intuitive contributions, namely Pauli repulsion, electrostatic
interaction and orbital interaction.®3 According to their results, all energy contributions are of
major importance for the bonding in trihalide systems while the orbital interaction is the main
reason for the linear geometry of the [Xs]- anion. It was shown that nearly 40% of the orbital
energy is lost when the angle within a [Is]- is changed from 180° to 120° while for the other
energy contributions only a small change is observed. This orbital interaction within the

trihalides can be understood as a charge transfer from the lone pair of the X- fragment into the
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o* orbital of the X-X bond. Shaik, Mo, and co-worker showed that this type of covalent donor
acceptor interaction is also the dominant contribution to the bonding in larger polyhalides
[X(X2)x]~ while the covalent character of the bond decreases with an increasing number of 7.4l
This is rationalized by the weakening of the Lewis basicity of the central halide ion with an
increasing number of coordinated halogen molecules. The impact of the charge transfer can be
seen in the structure of the polyhalides since the partial occupation of the o* orbital results in
an elongation of the X-X bond which is most prominent for the [Xs]- and gradually decreases
for larger polyhalides.® The electrostatic interaction, which is the second important
contribution to the binding in larger polyhalides, can be rationalized using the o-hole
concept.® Even though dihalogens do not have a dipole moment, their electrostatic potential
is anisotropic and shows an area of higher charge accumulating perpendicular to the
molecule’s main axis while a region of more positive potential is located at the extension of the

bonding axes, the so called o-hole (Figure 8).[I
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Figure 8. The electrostatic potentials of the halogens F2, Clz, Brz, and I» in the range of —0.01 a.u. (red) to 0.06 a.u.
(blue) have been mapped onto their electron densities (isosurface value 0.0035 a.u.); calculated at the B3LYP-
D3/def2-TZVPP level of theory .l Reproduced from Ref. 66 with permission from Wiley-VCH Verlag GmbH & Co.
KGaA.

Electron rich molecular entities, in this case the halide ions, can interact with this more positive

region forming a halogen bond.

1.2.2 Polyfluorides

Fluorine has the smallest o-hole among all halogens making it the worst halogen bond
donor.l¢81 Additionally, its high reactivity significantly limits the choice of cations for the
synthesis of polyfluorides while strict safety precautions and a specialized experimental setup
are required when working with Fa. This explains why only the [Fs]- as well as the [F(F2)2]-

anions have been described in the literature yet.[¥-%]
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The [Fs]-anion was first observed by Ault and Andrews in matrix isolation experiments. They
obtained the ion pairs M[Fs] (M =K, Rb, Cs) by thermally evaporation of alkali metal fluorides
and co-deposition of a fluorine/argon gas mixture under cryogenic conditions. The formed
species were characterized by IR and Raman spectroscopy showing one band at 550 cm™,
corresponding to the antisymmetric stretching mode of the Cs[Fs] in the IR spectrum, and two
bands at 461 cm™ (symmetric stretch of Cs[Fs]) and 389 cm™ (higher CsF/F2 complex) in the
Raman spectrum.®# In 2015, Riedel and co-worker also observed the combination band of
the two modes (vas+ vs) by using laser ablation of alkali metal fluorides to prepare Cs[Fs].["
Mass spectroscopic experiments where used to observe the free [Fs]- anion for the first time
and also to determine its bond dissociation energy to be 98+11 k] mol-."»*2 This value is in
good agreement to the calculated bond dissociation energy of 97 k] mol-' on CCSD(T)/aug-cc-
pV5Z level of theory.”l An isolated [Fs]- anion was also detected by vibrational spectroscopy
(metal independent IR band at 525 cm™) after co-deposition of laser-ablated transition metals
with F2 in neon matrixes. This was rationalized by the breaking of the F-F bond generating
fluorine radicals, initialized by UV light generated from the metal plasma, and subsequent
capture of free electrons, also generated by the laser ablation of a metal, yielding the formation
of fluoride ions. The formed fluoride ions combine with F> forming the [Fs]- anion.®! If an
excess of fluorine is present, an additional fluorine molecule can coordinate to the [Fs]- yielding
the only other known polyfluorides the [F(F2)2]-. This anion was calculated to be stable against
elimination of F2 by 17.4 k] mol-! on CCSD(T)/aug-cc-pVQZ and has a hockey stick-like
minimum structure in the gas phase which is favored over the V-shaped structure usually
observed for polyhalides by 6.2 k] mol-.[#%1 Spectroscopic evidence for a [F(F2)2]- was
obtained after co-deposition of laser-ablated transition metals with F2 in neon matrixes
yielding an additional metal independent band at 850 cm which was assigned to the

antisymmetric stretching mode of a [F(F2)2]-anion.®!

1.2.3 Polychlorides

The first evidence for the formation of a [Cls]- anion was given by Chattaway and Hoyle in
1923. They treated solid [NEts]Cl with elemental chlorine and observed a rapid gas absorption
resulting in the formation of a pale yellow, hygroscopic solid with the composition

[NEt4][Cl5].°4 First information on the structure of the [Cls]-anion were obtained by vibrational
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spectroscopy. Evans and Lo concluded that within [NPrs][Cls] the trichloride has a linear,
centrosymmetric D=h-structure since they only observed one band at 268 cm™' in the Raman
spectrum corresponding to the antisymmetric stretching mode, and one band at
242 cm!in the IR spectrum for the symmetric stretching mode.*” On the other hand, Ault and
Andrews investigated alkali metal trichlorides in matrix isolation experiments and observed
both stretching modes in the Raman spectrum indicating an asymmetric structure of the
[Cls]~. This is likely due to a stronger interaction between the metal cation and the [Cls]-
compared to the larger [NPr4]- cation. In recent years also the free linear trichloride could be
observed in neon and argon matrixes after co-deposition of laser ablated alkali metal chlorides

and Cl: confirming the centrosymmetric structure of the free ion.["”!

Bogaard and co-workers reported the molecular structure of [AsPhs][Cls] in 1981 which
corresponds to the first molecular structure of a [Cls]- anion. In [AsPha][Cls], the trichloride
exists as a discrete anion with an almost linear but asymmetric geometry and CI-Cl bond
lengths of 222.7(1) and 230.6(1) pm.I*®! Since then, eight additional molecular structures of
trichloride salts were published containing [Cls]- anions with a wide range of CI-Cl
distances.”-10U [NPr4][Cl3] is the only known compompound containing a completely symetric
[Cls]- anion with two equal CI-Cl distances of 228.3(1) pm (Figure 9A right). For all other
examples, two different Cl-Cl distances where observed with [NMes(C2HsCl)][Cls] beeing the
most asymmetric one having CIl-Cl bond lengths of 210.7 and 258.2(1) pm (Figure 9A left).[82!
The reason for the asymmetric structure of the [Cls]- in most trichloride salts is the interaction
with the cation in the solid state. For [NMes(C2H4Cl)][Cls] the Hirshfeld surface show strong
hydrogen bonding interaction between one chlorine atom and three cations while for
[NPr4][Cls] signifanctly weaker and also symmetric interactions between the anion and the

cation are observed (Figure 9B).
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Figure 9. Molecular structures in the solid state (top) and Hirshfeld surfaces (bottom) of [NMes(C2H4CI)][Cls] (left)
and [NPr4][Cls] (right).[82] The Hirshfeld surface of [NMes(C2H4Cl)][Cls] indicates short contacts between the [Cls]-
anion and the surrounding cations (red areas) indication strong hydrogen bonding interaction.

First evidence for the existence of polychlorides with a higher chlorine content were obtained
by Evans and Lo by investigation of an acetonitrile solution of [NPr4]Cl with different amounts
of Clz. For a 2:1 mixture of chlorine and [NPr4]Cl they observed an intense Raman band at
482 cm, besides two bands for the [Cls]- at 275 cm and for dissolved chlorine at 538 cm™.
After further increasing the chlorine content, the band corresponding to the [Cls]- vanished.
They assigned the new Raman band to the highest-frequency stretching mode of a [Cl(Cl2)z]-
ion since the molecular structure of the corresponding [I(I2)2]- was already known at this
time.[>1921 Subsequently, Riedel and co-workers used a combined quantum chemical and
Raman spectroscopical approach to investigate higher polychlorides.l® First, they optimized

22



1.2.3  Polychlorides

the geometries of different possible isomers of [Clzw]- (n = 2-4) and observed that for all n
symmetric structures (Cov (n = 2), Csv (n=3) and Ta (n=4)) with a central chloride and
coordinating Cl. molecules ([Cl(Cl2)x]") are the most stable. Additionally, quantum chemical
calculations on the SCS-MP2/def2-TZVPP level of theory predicted all [Cl(Cl2).]- anions (n = 1-
4) to be stable towards the loss of Cl2, which is the preferred decomposition channel for

polychlorides (Scheme 6).
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cr + Cl, AE =-112.0 kJ mol > [CI(CI,)]

- 1
[CIC™ + Clp -~ s [CI(Cl),]
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Scheme 6. Reaction energies for the formation of [Cl(Cl2)x]- calculated on SCS-MP2/def2-TZVPP level of theory.[5

When the optimized structures of the polychlorides [CI(Cl2).]- are compared, it can be seen
that with increasing n the distance between the chloride and the coordinating Cl> molecules
increases while the CI-Cl bond length of the coordinated Cl> molecule decreases. This can also
be observed in the calculated Raman spectra of these ions where the bands for the CI-Cl
stretching modes are shifted to higher wavenumbers with increasing n. Therefore, Raman
spectroscopy was claimed to be a good tool to investigate polychloride systems. However, as
shown above, the molecular environment in the solid state can have a significant influence on
the structure of polychlorides. Bond length of 210.7(1) — 228.3(1) pm were observed in the solid
state for different [Cls]- anions in dependency of the cation which also leads to a large shift of
the Raman band for the CI-Cl stretching mode (270 cm™! for [NPr4][Cls], 370 and 351 cm™! for
[NMes(C2HaCl)][Cls]).1821 Thus, Raman spectra of polychlorides can often not be assigned to a
certain [CI(Cl2).]- anion and for indisputable assignment the determination of the molecular
structure in the solid state is necessary.

The first structural proof for a polychloride with a higher chlorine content than the trichloride
was given by Taraba and Zak in 2003 who obtained single crystals of [PPh2Cl2][Cls-Cl2].[1% The
solid-state structure consists of anionic layers build up by [Cls]- and Cl2 units which are

arranged in a system of connected parallelograms (Figure 10). The trichloride unit, which is
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1.2.3  Polychlorides

rather asymmetric (R(Cl-Cl) = 214.4(3) and 241.9(3) pm), has contacts to the Clz units (317.1(3)
and 330.0(3) pm) which are shorter than the sum of the van der Waals radii (350 pm)!'* and
therefore indicate halogen bonding interactions. The anionic layers are interconnected by

additional short contacts to the [PPh2Clz]* cations.

Figure 10. Anionic layer within the structure of [PPh2Cl2][Cls-Cl2].[1%I Ellipsoids are shown at the 50% probability
level.

In recent years, Riedel and co-workers significantly increased the number of structurally
characterized polychlorides.l'%>-197 Single crystals of [NPrsMe][Cl(Cl2)s] could be obtained by
slowly cooling a solution of [NPrsMe]Cl in liquid chlorine to —40 °C.[1%I The structure contains
isolated [Cl(Cl2)s]- anions which strongly interact with the cations via hydrogen bonding. The
distance between the central chloride and the coordinated Cl> molecules is significantly lower
than the sum of the van der Waals radii (R(CI-Cl) = 276.0(1)-277.4(1) pm, } vaw(CI-Cl) = 350 pm)
and the bond length within the coordinated Cl2 molecules is significantly elongated (202.7(1)
to 203.8(1) pm) compared to solid chlorine (198.5(2) pm)!osl,

While the [Cl(Cl2)4]- has not been structurally characterized yet, for [CI(Cl2)s]- two different
motives have been observed in the solid state.['%] Within [PPhs][Cl(Cl2)s] and [AsPhs][CI(Cl2)s]
the [CI(Cl2)s]- units are connected to form one-dimensional chains yielding an octahedral
coordination for the central chloride. On the other hand, within [PNP][CI(Cl)s]-Cl2 the
[Cl(CL2)s]- anion are isolated and have a square-pyramidral structure with an additional co-

crystalized chlorine molecule which only weakly interacts with the [Cl(Cl2)s]- unit.

[PNP][CI(CL2)s] (Figure 11), which is the polychloride with the highest chlorine content known,
was obtained by condensing an excess of Cl: onto a solution of [PNP]Cl in acetonitrile. In this

salt the [CI(Cl2)e]- anion has an octahedral structure with distances of 277.6(1)-290.2(1) pm
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1.2.3  Polychlorides

between the central chloride and the chlorine ligands and CI-Cl bond lengths of 201.7(1)-
202.2(1) pm for the coordinated Cl: molecules. Due to the high coordination number, less
electron density is donated from the central chloride into the antibonding o* orbitals of the Cl-
Cl bonds. Therefore, the weakening of the CI-Cl bond is least pronounced for the [CI(Cl2)¢]-

anion when comparing all [Cl(Cl2).]- anions.

Figure 11. Molecular structure in the solid state of [PNP][Cl(Cl2)s].['%! Ellipsoids are shown at the 50% probability
level and hydrogen atoms are omitted for charity.

The first example for a polychloride dianion was the [Cls]*- dianion.!"”l It was obtained from a
solution of tetramethylchloroamidinium chloride [CCI(NMe2):]Cl and Cl: in [BMP][OT{]. In
[CCI(NMe2)2]2[Cls] the [Cls]* dianions areisolated and can best be described as two asymmetric
trichloride units which are connected by an additional Cl. molecule in a Z-shaped structure.
This structural motive is also observed for the heavier homologues [Brs]> and [Is]>.[10°-112]
Additionally, there is a two-dimensional polychloride network with the same chlorine content
(INEta]2[(Cl5)2-Cl2]) known in the literature.l''s] The only other known polychloride dianion is
[Cli2]> which was obtained by exposing [NMesPh]CI to an excess of Cl..[1%] The structure of
the [Cli2]* dianion can be described as two [CI(Cl2)2]- units which are connected by a Clz
molecule (Figure 12). Within [NMesPh]2[Cli2] the [Cli2]> units are further connected by strong

halogen bonding interactions forming a honeycomb-like three-dimensional network.

25



1.2.3  Polychlorides

Figure 12. Molecular structure in the solid state of [NMesPh][Cli2].l1%! Ellipsoids are shown at the 50% probability
level.

1.2.4 Polybromides

In recent years, a large number of polybromide anions have been synthesized, far exceeding
the number of known polychlorides and polyfluorides. This can be rationalized by the more
pronounced o-hole of bromine leading to stronger halogen bonding as well as the easier
handling of liquid bromine in comparison to gaseous chlorine and fluorine. A complete row
of polybromine monoanions [Br(Br2):]- (n = 1-5) as well as eight polybromine dianions, the

largest being [Bras]*, are known in the literature.[©]

More than 100 [Brs]- salts have been characterized by X-ray diffraction and their structures can
be found in the CCDC. Pichierri analyzed this data in 2011 and found, similar to the [Cls]-
anion, that with an amount of 71%, most [Brs]- anions are asymmetric in the solid state.l''l He
performed a relaxed potential energy surface scan on this system and found that although the
symmetric structure with two equivalent Br-Br bonds (R(Br-Br) = 254.2 pm) corresponds to the
energy minimum, the elongation of one Br-Br bond by 30 pm results in an energy increase of
only 10 kJ mol-.'" This small energy difference can easily be compensated by weak
interactions within the crystal, e.g. by hydrogen or halogen bonding. Indeed, the two most
asymmetric [Brs]- anions, found within [DBUH][Brs] (R(Br-Br)=242.7, 274.4 pm)l"5l and
[(H2N)(Me2N)CBr[5[SeBrs][Se2Bro][Brs] (R(Br-Br) =242.3 and 274.0 pm)®, interact strongly

with their environment within the crystal.
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1.2.4 Polybromides

The first structural prove for a [Br(Brz)2]- anion was given by Himmel and co-worker in 2012
by investigating single crystals of [(ttmgn-Bra(BF2):][Br(Br2)2]0.65Br2 as well as [(btmgn-
Brs)BF2][Br(Br2)2]- using X-ray diffraction.l''l Within these salts, V-shaped as well as
hockeystick-like geometries were observed for the [Br(Br2):]- unit. Quantum chemical
calculations as well as previously reported Raman spectroscopic investigations!''$1" predicted

a Cov symmetric V-shaped structure to be the most stable.

Simoncic and co-worker systematically investigated mixtures of [NEt:]Br and bromine using
Raman spectroscopy and compered their result to calculated spectra on MP2/6-31G(d) level of
theory. For a 1:3 mixture only one signal at 270 cm™" was observed in the Raman spectra which
they assigned to a Csv symmetric, pyramidal [Br(Br2)s]- anion which was also calculated to be
the minimum structure for this ion.l""”! Feldman and co-worker were able to structurally
characterize [PPhsBr]|[Br(Brz2)s] by growing single crystals from a 1:5 mixture of PPhs and
bromine using an eutectic mixture of the ionic liquids [CioMPyr]Br and [CsMPyr][OTf] as a
solvent.'”] The obtained [Br(Br2)s]- anion has a pyramidal structure and has short contacts to
the next [Br(Br2)s]- units (R(Br-Br)=331.7-339.5 pm) as well as to the cation (R(Br-
Br) = 349.9 pm) which are below the sum of the van der Waals radii (370 pm)%4.

The molecular structure of the next higher polybromide, [Br(Brz)s]-, was first reported by
Riedel and co-workers by characterizing [NPrs][Br(Brz)s], which contains [Br(Brz)s]- anions
with a slightly distorted tetrahedral structure (Figure 13).02 To investigate the influence of the
cation, they further prepared a complete series of [NAlks][Br(Brz2)s] (Alk = Me, Et, Pr, Bu) salts
and found that within [NPr4][Br(Br2)4] the anions are the most isolated and are only loosely
connected to the next anion by halogen bonding interactions. Polybromide networks are

obtained for the [NMea]* (chains), [NEts]* (layers) and [NBu4]* (3D-network) salts.!2?]
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1.2.4 Polybromides

Figure 13. Molecular structure in the solid state of [NPr4][Br(Br2)4]."?!l Ellipsoids are shown at the 50% probability
level.

The largest known polybromine monoanion is [Br(Brz)s]- which was observed in the salt
[PNP][Br(Br2)s]'Br2.1%%l It has a square pyramidal structure with only slightly elongated Br-Br
bond length of 232.0 to 233.5 pm for the coordinated Br. molecules compared to 229.5 pm for
solid Br2.'% In the solid state, it is further connected by the co-crystalized Br2 molecule to form

a weakly bound three-dimensional network.

In contrast to the polychlorides, where only two examples of polychlorine dianions are known,
a variety of polybromine dianions have been described.['*'? The first example which was
structurally characterized was the [Brs> which was obtained by adding diluted Br: to a
solution of [NMe2H:]Br in chloroform.'?! It has an almost linear geometry (ot(Br-Br-Br) = 173°)
with symmetric Br-Br distances of 303 pm (outer) and 242 pm (inner). Therefore, it is best

described as two bromide ions coordinating to one Br2 molecule.

The [Bre]> was recently observed by Riedel and co-workers and is best described as two [Brs]-
units which are connected yielding a L-shaped geometry.'”! This L-shaped geometry is
surprising as according to quantum-chemical calculations the negative charge of the [Brs]-
anion is mostly located on the outer two Br atoms, which is in line with the simple MO
description (see 1.2.1). Therefore, an L-shaped geometry should result in significant coulomb
repulsion between the [Brs]- units. Further quantum chemical investigations indicated that the

[Brs]- also has a weak o-hole which explains the interaction between the two anions. The
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1.2.4 Polybromides

dianion is further stabilized by halogen bond interactions to the [CsH10N2Br]* cation reducing

the negative charge of the anion.

The [Brs]*-anion was first prepared by Knop and co-workers in 199711l and has a Z-shaped
structure in all known crystal structures.[12120130] It consists of two tribromide units which are
connected by a Br2unit. The structure of the next larger polybromine dianion, [Brio]*, prepared
as a tetrazolium salt by McKee and co-workers in 1990, is closely related. It is best described
as two [Brs]- units which are connected by two Br. molecules giving a rectangular polybromine

anion.l'?]

Furthermore, Riedel and co-worker tested a series of fluorinated phosphonium cations [(CeHs-
«Fn)sPBr]* (n=0-3) in the synthesis of new polybromide anions.!"?] While the reaction of a 1:10
mixture of PPhs and Br: without an additional solvent (see above for comparison with
[PPhsBr][Br(Br2)s]2) gave [PPhsBr]2[Bris] containing an anion which is best seen as two
[Br(Br2)s]- units connected by halogen bonding, the use of a [CsH4F)sPBr]* cation yielded the
[Bris]> anion which is better described as a network consisting of a bromide ion which is
octahedrally coordinated by Br: molecules as well as a [Brs]- unit.l'?”! Further increasing the
degree of fluorination of the cation resulted in the formation of [(CsH2F3)sPBr]2[Bris] which

consists of two [Br(Brz)s]-units that are connected by a Br. molecule (Figure 14).127]

Figure 14. Molecular structure in the solid state of [(CsH2F3)sPBr]z[Brie].l'?1 Ellipsoids are shown at the 50%
probability level.
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1.2.4 Polybromides

The two largest polybromine dianions are [Br]*, first prepared by Feldmann and co-
workers, %l as well as [Br24]>> which was synthesized by Maschmeyer and co-workers.[?8! For
both anions strong interactions between the anions forming 3D-networks are observed. Within
[CsMPyr]2[Br] the bromide ions are distorted, octahedrally coordinated by Br2 molecules and
the network is formed by corner-sharing as well as an interlinking bromine molecule, while
within [PBus]2[Br2] the [Br2s]? anion can be described as two [Br(Brz)s]- ‘Br2 units which are

connected by an additional Br> molecule.

1.2.5 Applications of Polyhalides

Polyhalide salts are usually solids or low viscous ionic liquids with significantly reduced

vapor pressures compared to the neat halogens (Figure 15).

==

[NEt;Me][Cl;] [NPrJ[Br(Br,),]

Figure 15. Examples of a liquid ([NEt:Me][Cls], left) and a solid ((NPr][Br(Br2)a], right) polyhalide salt.

Therefore, polyhalides have become useful reagents in various fields over the last 25 years,
combining the strong oxidizing power of elemental halogens with significantly improved
handling properties. This is especially true for polychlorides which can replace the gaseous
and toxic Clz. In 1997, Mioskowski and co-worker prepared [NEt:][Cls] by saturating a solution
of [NEt]Cl in DCM with chlorine and removing the solvent afterwards. The obtained yellow
solid is stable for months under an argon atmosphere and can be used for chlorination

reactions.!"®!l Since then, many different reactions using [Cl(Cl2)x]- anions as reagents have been
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developed and also have been applied in the total synthesis of complex molecules (Scheme
7).[131-135]
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Scheme 7. Overview of the reactivity of [Cl(Cl)«]- with various substrates. R = alkyl, aryl, OR, NRe.

The reaction of alkenes 1 or alkynes 3 with polychlorides results in an anti-addition of Clz to
the multiple bond yielding vicinal dichlorinated alkanes 2 or E-alkenes 4, respectively.[3! Z-
1,2-dichloroalkenes 6 are accessible from chlorovinyl trifluoroborates 5 by
chlorodeboronation.3 Trichlorides also react with a,3-unsaturated ketones 7 yielding the
a,B-unsaturated a-chloroketones 8, presumably by dichlorination of the double bond and
subsequent elimination of HCl. While for aldehydes dichlorination in the a-position is
observed even without an excess of [Cl(CL):]-, ketones 9 selectively form the mono «-
chlorinated product 10. Surprisingly, even the tertiary C-H bond of acetals 11 are chlorinated
by polychlorides yielding the 2-chloro-1,3,-dioxolane 12. Additionally, aromatic compounds
with electron donating groups 13, e.g., ethers!®l and amines,'¥! are chlorinated yielding
chloroarenes 14. To achieve the chlorination of electron deficient aromatic systems, Goofsen

and co-worker recently developed a photochemical Sandmeyer-type chlorination reaction of
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1.2.5 Applications of Polyhalides

aryldiazonium salts 15.' They isolated a series of substituted chloroarenes 16 with electron
withdrawing functional groups (R = CN, NOz, CO:2Me). Due to its high oxidation potential,
[C1(Cl2)x]- can also be applied in oxidation reactions. For instance, primary alcohols 17 are
selectively oxidized to the corresponding aldehydes 18, while secondary alcohols 19 are
oxidized to ketones 20.0311 Polybromides show a similar reactivity compared to the [Cl(Cl2)]-
anion and have been used for the bromination of alkenes!'*-4ll and alkynes!'*?l, a-bromination

of ketones!'¥>14 as well as aromatic'4>14l and benzylicl'! bromination reactions.

For industrial applications, liquid reagents are often advantageous over solids as they can
easily be pumped through plants. Polyhalide salts with asymmetric cations are often liquids
at room temperature and therefore can be classified as room-temperature ionic liquids
(RTIL).[I In general, ionic liquids (ILs) are defined as compounds completely composed of
ions with a melting point below 100 °C. This class of compounds has received significant
attention in the last 25 years, while the number of publications regarding this topic have
increased from only a few in 1996 to over 5000 in 2016.0%71481 [Ls usually consist of bulky,
asymmetric, organic cations (e.g., imidazolium, pyridinium, ammonium or phosphonium)
and inorganic, often polyatomic anions (e.g., tetrafluoroborate, triflate, triflimide but also
halides, Scheme 8).1148141 This combination of large asymmetric ions with high charge

delocalization leads to a decreased lattice energy and therefore to low melting salts.[+]

2 2
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+ + +
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Imidazolium Pyridinium Ammonium Phosphonium
F O
(OO)
F\ |_/F B || F3C\ // A\ /CF3
B O—S—CF3 S - ClI-
| I g N
F O
Tetrafluoroborate Triflate Triflimide Chloride

Scheme 8. Example of cations and anions used in common ionic liquids. R!-R* = alkyl or aryl.

Ionic liquids have some unique properties such as low volatility, low flammability, a large
temperature span between melting and boiling point, high thermal stability, high conductivity

and a wide electrochemical window.[*8! Additionally, some features, as their polarity, can be
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tailored by permutation of the cation and the anion, resulting in solvents with exceptional
solvation properties. Therefore, ionic liquids are often regarded as so-called “designer”
solvents and found many academic and industrial applications like in the electrodeposition of
metals, for processing biomass and for gas storage.[143150-153 The first industrial process relying
on the use of ionic liquids, is the BASIL (Biphasic Acid Scavenging utilizing Ionic Liquids)
process and was introduced by BASF in 2002.1'%31541 In the production of PPh(OR)2 from PPhCl»
and an alcohol, HCl is released which has to be captured to prevent side reactions (Scheme 9).
To do so, 1-methylimidazole is added to the reaction mixture to form the corresponding
imidazolium chloride salt which has a melting point of 75 °C and forms a second phase which
can be separated from the reaction product. Afterwards, the 1-methylimidazole can be
regenerated by treatment of the obtained ionic liquid with a base like NaOH. Due to the
introduction of the BASIL process, the space-time yield of the reaction could be increased by
a factor of 80000 in comparison to the previously used process relying on acid scavenging

using tertiary amins.[>%

o N OR
N7 "N~
P *2 \—/ P
©/ Cl 4+ 2ROH - ©/ OR
H\ +4\ —
) N_N cr

Scheme 9. Synthesis of dialkoxyphenylphosphines by the BASIL process. R = alkyl.
The chlorination of alcohols is industrially performed using reagents such as phosgene, SOCl:
or PCls. In general, HCl would be the most efficient chlorination reagent but cannot always be
used due to the formation of site products. For instance, if diols are treated with HCl gas, the
main products are usually cyclic or open chain ethers. This can be changed by using
imidazolium or pyridinium chloride based ionic liquids as solvents for the reaction resulting
in the formation of dichlorinated alkanes as main product. While the diols are soluble in the
ionic liquid, the corresponding dichlorinated alkanes are not and therefore form a second
phase which can easily be separated. The ionic liquid can be recycled by distilling of the water

formed during the reaction.'415

Due to their large electrochemical window and high conductivity ionic liquids also found
many electrochemical applications.l'*¢-°l For instance, Abbott and co-worker developed a

method for the electroplating of chromium from an ionic liquid containing Cr(III) salts. This
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process is superior over previously used aqueous systems as those systems require more toxic
Cr(VI) salts and have lower current efficiencies. Additionally, the formation of hydrogen is
avoided, when ionic liquids are used as solvents resulting in crack-free, highly corrosion

resistant deposits.[14515]

The save storage and transport of toxic, pyrophoric or corrosive gases is very challenging and
is ideally realized under low pressure to overcome the risk of a fulminating gas release.
Therefore, Tempel and co-worker developed a method to reversibly store PHs and BFs, which
are both important intermediates in the semiconductor industry, within imidazolium based
ionic liquids (Scheme 10).[ The Lewis base PHs forms an acid-base adduct with the Lewis
acidic ionic liquid [BMIM][Cu2Cls] which explains its high solubility of 7.6 mol L. In the same
way, BFs can be bound within [BMIM][BF4]. Since the reaction energy for the adduct formation
is relatively low, the reaction is reversible and the gases can be released by heating or by

applying vacuum.[145160]

Me Me

17 [CuClal”  + PHy <~—= 1} [Cu,Cl]*PH;

Me Me

1} [BF," + BFy ~—= 17 [BF4]~BF3

Scheme 10. Storage of BFs and PHs in ionic liquids.

Furthermore, ionic liquids based on polyhalides are an interesting class of compounds which
have been used as reactive ILs in metal recycling processes.['*-1¢7l In 2018, Binnemans and co-
worker prepared and characterized a series of ionic liquids with the reactive [Cls]- anion and
tested their oxidation properties by dissolving a total of eight metals (Fe, Cu, In, Zn, Ga, Au,
Ge, Sb) as well as two alloys (InAs, GaAs) (Figure 16).061
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W 2o ‘

Figure 16. Metals and Alloys dissolved in [Pa44,14][Cls].111 [Paas,14] = Tributyl-tetradecylphosphonium. Reproduced
from Ref. [161] with permission from the Royal Society of Chemistry.

Additionally, they tested other polyhalide and polyinterhalide based ionic liquids
([Paas,10][An], An= [Cls]-, [Brs], [Is], [BrCl2]-, [CIBr2], [IBr2], [Brlz]-) and observed that all of them
are able to dissolve copper. Hence, they concluded that the properties of these reactive ILs can
be tailored for specific tasks by the choice of the anion.l'*l For instance, polychlorides are
prepared using Clz, which is the cheapest halogen, and have the highest oxidation potentiall'®®!
while the [Is]- based ILs are the safest to use since iodine is less volatile. Based on this initial
results, processes for the metal recovery from phased out magnets,[¢>197] semiconductors and

LEDs!'® as well as automotive catalysts!1%l have been developed.

Metal recycling is of major importance since it can lower the supply risk as well as reduce
environmental issues during mining.['® Therefore, Binnemans and co-worker developed also
a procedure for the recycling of gallium, indium and arsenic from semiconductors and LEDs
by oxidative leaching of those elements using [Pas,10][Brs] and successive stripping using NaBr
solutions for As, water for Ga and NaOH solutions for In. The residue [Pass10][Brs] can be

regenerated by treatment with Brz resulting in a closed cycle recycling process (Scheme 11).1164
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GaAs and InAs semiconductors
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Scheme 11. Proposed flowsheet for the recycling of As, Ga and In from semiconductors.'*4l [Pass,10]* = tributyl-
decylphosphonium. Reproduced from Ref. [164] with permission from the American Chemical Society.

Additionally, procedures for the recycling of SmCo and NdFeB magnets by dissolving them
in [Pees14][Cls] and a method for the selective leaching of palladium from automotive catalysts
have been developed.[®2193171 Chu and co-worker showed that polychloride based ionic
liquids can also be used to separated uranium from other lanthanides by the selective
crystallization of [BMIM]:[UO2Cls] from a mixture of dissolved uranium and lanthanide

oxides in [BMIM][Tf2N] and [BMIM][Cls].116¢

Besides their application as useful reagents in organic chemistry and as reactive ionic liquids,
polyhalides also show some useful electrochemical properties, which lead to some technical
applications. For instance, the conductivity of ionic liquids based on polyhalides anions is
surprisingly high being sometimes three orders of magnitude larger compared to the

corresponding  halide  salt  (conductivity = [HMIM][Br(Brzs] = 52.1 mScm?,
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[HMIM]Br) = 54.1 uScm™).”0 This was explained by a Grotthuss-type hopping
mechanism.'!l Additionally, organic bromide salts are used as complexing agents in zinc
bromine redox flow batteries. They bind bromine forming polybromide ionic liquids which
are insoluble in the aqueous electrolyte yielding an emulsion. The formation of the
polybromide results in a reduced vapor pressure, less corrosion as well as an increased
coulombic efficiency.'”?l More recent studies showed that the polybromide ionic liquid not
only acts as a complexing agent but also plays a vital role in the electro-oxidation of Br-.['73]
Another example for application of polyhalides is the use of [Is]- in dye-sensitized solar cells.
The I-/[I5]- redox couple is used as a redox mediator due to its good solubility, suitable redox
potential, rapid dye regeneration as well as a slow recombination kinetics with the electrons
of the TiO2 electrode.l'7 The Br-/[Brs]- redox couple can also be used and shows a higher open-
circuit photovoltage as well as a higher energy conversion efficiency while the more corrosive

nature of Brz, compared to I2, is problematic.'”>177]

In several previously mentioned chlorination reactions, HCI is formed as a byproduct. This
leads to a class of compounds closely related to polyhalides, the poly(hydrogen halide)
halogenides (-I) which can be described as anions containing a halide ion bonded to hydrogen
halide molecules by strong hydrogen bonding interactions with the formula [X(HX).]- (X=F,
Cl, Br, I). These species are of interest as they might be suitable replacements for the neat

hydrogen halides similar to polyhalides being substitutes for the neat halogens.
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The bifluoride ion, [FHF]-, as well as NEt:-3HF and [CsHsNH][F(HF):] (Olah reagent) are the
most prominent examples for poly(hydrogen halide) halogenides (-I). [FHF]- has the highest
hydrogen bond energy of 160 k] mol-l'78l and shows some promising applications for example
as efficient catalyst in the evolving field of sulfur(VI) fluoride exchange (SuFEx) reactions!'”!
while NEt::3HF and [CsHsNH][F(HF):] are convenient fluorination reagents in organic
chemistry which can replace highly toxic anhydrous HF.['>-184 Many other examples of
[X(HX)x]-are known in the literature and their structurally characterizations as well as further

applications will be presented in the following chapter.

1.3.1 Synthesis and Structural Characterization of [X(HX),]~ Anion

In general, poly(hydrogen halide) halogenides (-I) can be prepared using three different
synthetic routes (Scheme 12).'%>121 As all hydrogen halides are strong acids, they can
protonate suitable bases like pyridine, tertiary amines or dimethyl sulfide forming salts of the
type [BH][X(HX).-1]. Within these salts, strong interactions between the cation and the anion
are observed in the solid state since protonated bases are often strong hydrogen bond donors
as well.[1861871 To obtain poly(hydrogen halide) halogenides (-I) with less coordinating cations
also halide salts can directly be treated with halogen halides to give salts of the type
[Cat][X(HX)]. As many organic fluoride salts are unstable due to the high basicity of the naked
fluoridel’], another approach was developed for the synthesis of [Cat][F(HF).]. When a
chloride salt is treated with HF, HCI is formed in an equilibrium reaction. The HCI can be
removed from the equilibrium by purging the reaction mixture with nitrogen, since HCl is

more volatile than HF, yielding the desired species [Cat][F(HF).].11%21
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1.3.1 Synthesis and Structural Characterization of [ X(HX)u]- Anion

B + nHX —— > [BH][X(HX),_1]
[Cat]X + nHX ———> [Cat][X(HX),]

[CatlCl + nHF ——— [Cat][F(HF), 4] + HCI

Scheme 12. Synthetic routs for the preparation of poly(hydrogen halide) halogenates. B = base, Cat = Cation.
While for the [FHF]- anion many molecular structures in the solid state are known,["**1%1 larger
poly(hydrogen fluoride) fluorates (-I) ([F(HF).]- (n = 2-6)) were mainly prepared and
structurally characterized by the group of Mootz. They obtained single crystals suitable for X-
ray diffraction of [Cat][F(HF).] ([Cat] = [NEt:H]* (n = 2, 3),1°0 [NMesH]* (n = 2, 3, 4, 6),11°)
[NMed]* (n = 2, 3, 5),1151 NO (n = 4, 5)I%1 and [CsHsNH]* (n = 5)°) using a miniature zone-
melting technique with focused head ration. For [F(HF):]-and [F(HF)s]-, the structure of the
anion in the obtained salts can be described as a central fluoride which is coordinated by two
(V-shaped, Figure 17 left) or three (trigonal pyramidal or trigonal planar) HF molecules. On
the other hand, the structures of poly(hydrogen fluoride) fluorates (-I) with higher HF content
are more complex. In the compound [NO][F(HF):], the anion has a tetrahedral geometry with
four HF molecules bound to the central fluoride while the anion in [NMesH][F(HF)4] is better
described as a [FHF]- which is further coordinated by three additional HF molecules (two on
one side and one on the other). For a F-:HF ration of 1:5, also two isomers were observed which
can either be described as a [FHF]- coordinated by four HF molecules (two on each side, [Cat]
= [NMe4]*) or as a [F(HF)s]- unit which has an additional HF molecules attached to two of the
three HF ligands ([Cat]= [CsHsNH]", Figure 17 right). The poly(hydrogen fluoride) fluorate
with the highest HF content crystallographically characterized, is [NMesH][F(HF)s]. It is best

described as a [F(HF)s]-unit where an additional HF molecule is bound to every HF ligand.
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1.3.1 Synthesis and Structural Characterization of [ X(HX)u]- Anion

[NEt;H][F(HF),] [C;H;NH][F(HF);-2HF]

Figure 17. Molecular structure in the solid state of [NEtsH][F(HF)2] (NEts:3HF) and [CsHsNH][F(HF)s-2HF] (Olah
reagent).'”l Hydrogen atoms bound to carbon are omitted for clarity.

For the class of poly(hydrogen chloride) chlorates ([CI(HCl).]"), anions with n=1 -5 have been
structurally characterized. The bichloride ion [CIHCI], which is the most stable among
them!"*], can be obtained by, e.g., treating pyridine with two equivalents of HCLI$8 A V-
shaped [CI(HCL):]- anion was observed in the structure of
adamantylideneadamantanechloronium di(hydrogen chloride) chlorate (-I).1*1 Additionally,
it was found that the compound [CsHsNH]:[CI(HCI)2][CI(HCl)4] contains a [CI(HCl)2]- unit
which strongly interacts with two pyridinium cations as well as an isolated [CI(HCl)4]- anion
yielding a distorted tetrahedral coordination geometry for both CI- ions in this structure.!'sl
The salt [SMe2H][CI(HCl)3] contains a trigonal pyramidal [CI(HCl)s]- anion which strongly
interacts with the cation also yielding a tetrahedral geometry for the central chloride ion.'s”1 A
[CI(HCl)4]- anion was observed in [SMe:H][CI(HCI)]"¥”1 where the central chloride is
coordinated by four HCl units and one cation in a tetragonal pyramidal way. In contrast, in
the compound [NMesH][CI(HCI)4] the [CI(HCI)s]- anion possesses a trigonal bipyramidal
structure.'® An octahedral coordination of the chloride anions was observed in the species

[CsHsNH]2[CI(HCI)s] which is the largest known poly(hydrogen chloride) chlorate.['ss]

The polarization of the H-X bond is decreasing when going from iodine to fluorine which leads
to weaker hydrogen bonding interactions. This is likely the reason why for the heavier
homologues only [BrHBr] 2% and [Br(HBr)2]2"1 have been structurally characterized while

for [IHI]- no molecular structure is reported in the literature so far.
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1.3.1 Synthesis and Structural Characterization of [ X(HX)u]- Anion

Since many poly(hydrogen halide) halogenates, commonly used as reagents, are liquids at
room temperature, 8191 their behavior in the liquid form as well as in solution is of interest.
Campbell and Johnson performed NMR experiments with neat [Im][CI(HCl)x] ([Im]* = 1-ethyl-
3-methyl-1H-imidazolium, n = 0 — 2) at room temperature. They only observed one broad
signal for the [CI(HCI):]- anions in the '"H NMR which shifts to higher field when the HCl
contented increases. This is rationalized by a fast equilibrium between different [CI(HCI).]-
ions in solution.??l Low temperature NMR experiments at 110 to 150 K on the [F(HF).]-
systems confirm this assumption as signals belonging to [F(HF).]- (n =2 - 4) were detected in

the "H NMR spectra of a 1:2 mixture of [NBus]F and HF.[>%I

1.3.2 Applications of Poly(hydrogen halide) Halogenates (-I)

Poly(hydrogen halide) halogenates are often used as easy to handle replacements for the
gaseous, corrosive and toxic hydrogen halides which sometimes even have improved
properties. For instance, the industrial production of elemental fluorine relies on the
electrolysis of K[F(HF):] at temperatures between 70 and 130 °C, the so-called middle-

temperature method, to avoid the low conductivity of anhydrous HF (Scheme 13).[20420]

2 K[F(HF),] W H, + F, + 2K[FHF]
4-6 kKA

Scheme 13. Synthesis of F2by electrolysis of K[F(HF)2].

Additionally, many nucleophilic fluorination reagents based on [F(HF).]- were developed and
have been used in a variety of reactions.l'80182-1841921 Qlah’s regent, which is a complex of
pyridine with 9 HF molecules (70% HF by weight), was the first example described in the
literature.'$>1841 This mixture is strongly acidic and etches glass but has a significantly lower
vapor pressure compared to anhydrous HF which makes it much safer and easier to handle.?®
Over time, other reagents with lower HF content like NEt:-3HF have been developed.[80205]
This reagents are less acidic and can also be handled in glass even at elevated temperatures.
More recently, ionic liquids containing [F(HF)n]- anions and larger, organic cations like
[EMIM]* (EMIM = 1-ethyl-3-methylimidazolium) have been described.™” The advantage of

these systems is their immiscibility with organic solvent and thus they can be used in
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1.3.2  Applications of Poly(hydrogen halide) Halogenates (1)

a biphasic fluorination reaction not requiring an aqueous work-up. Therefore the fluorinated
product can be separated by decantation of the organic phase while the ionic liquid can be

recycled in further reactions.[%?!

Poly(hydrogen fluoride) fluorate based reagents are mostly used to generate carbon fluorine
bonds (Scheme 14). They react with alkanes 21 yielding the Markovnikov addition products
22 while reactions with alkynes 23 yield 1,1-difluorinated compounds 24.11822061 Additionally,
they react with cyclopropane 25 to the corresponding 1-fluoropropane 26.1'82 When alkanes 27
or alkynes 29 are treated with [F(HF).]- in the presence of electrophilic sources of halogens
(NXS = N-Chloro/Bromo/lodosuccinimide) the halofluorination products 28 or 30 are
obtained.!81183192206] Additionally, protected a,-unsaturated carbonyls 31 can be reacted with
N-(pheynlseleno)phtalimide) (NPSP) and [F(HF).]- yielding the phenylselenofluorination
product 32.12¢1 Poly(hydrogen fluoride) fluorates can also act as a fluoride source allowing the
substitution of labile leaving groups. For instance, alkyl methanesulfonates 33 and a-bromo
ketones 35 can be treated with NEt:2HF yielding the alkyl fluorides 34 and the a-fluoro
ketones 36.11%2071 Vayron and co-worker observed that the nucleophilicity of NEts-3HF can be
enhanced by adding NEts, likely due to a reduced stabilization of the F- ion by hydrogen
bonding interactions.?”l While K[HF:] is used for the synthesis of organotrifluoroborates
(RBFsK)2%8l, which are convenient precursors for Suzuki-Miyaura type coupling reactions since
they are stable, can easily be purified and withstand many reaction conditions,?®! [F(HF).]-
can also be applied in the synthesis of inorganic, fluorinated compounds. For example, Franz
described an efficient synthesis of SFi starting from SCl. and NEt::3HF.['] Furthermore,
epoxides 37 can be opened using poly(hydrogen fluoride) fluorate giving 1,2 fluoro alcoholes
38121 and, due to the strong Si-F bond, the [F(HF).]- anion can also be used as a mild reagent
for the deprotection of silyl ethers 39 yielding the free alcohol 40 and TMSF.'"2 At last,
Poly(hydrogen fluoride) fluorates have been used in the electrochemical fluorination of

activated C-H bonds, e.g., for the conversion of thioether 41 to difluro-thioether 42.210
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1.3.2  Applications of Poly(hydrogen halide) Halogenates (1)

Addition to
multiple bonds

Electrochemical
C-H fluorination

Cyclopropane
opening

Deprotection
of silyl ethers

R-OH + TMS
40

Epoxide R)\/OH
opening 38

Halofluorination
of multiple bonds

32 L.
34 Phenylselenofluorination

Nucleophilic of double bonds

fluorination

Scheme 14. Overview of the reactivity of [F(HF).]- with various substrates. R = alkyl or aryl; X = Cl, Br, [ NXS = N-
chloro/bromo/iodosuccinimide, NPSP = N-(phenylseleno)phtalimide).

Beside its applications as fluorination reagent, the [F(HF).]- anion has also been used as a
highly efficient catalyst in sulfur(VI) fluoride exchange (SuFEx) reactions. Sharpless and co-
worker revisited the field of SuFEx reactions in 2014 and described them as new kind of “click
chemistry”.12'1 This type of reaction can be used in the synthesis of pharmaceutically important
triflones and bis(trifluoromethyl)sulfur oxyimines (Scheme 15)1??l as well as in the synthesis

of polysulfates and sulfonates.!'”l.

o o KFHF (1 mol% o
I R—NH; TMSCF3 (2.2 eq.) I
[l 3
F—/S—F » N=S—F > N=S—CF;
F Et;N, MeCN, RT /S DMSO, RT, 30 min /|
R R CF;

Scheme 15. Bifluoride catalyzed trifluoromethylation using a SuFEx reaction.?'2!

While many applications are known for the [F(HF):]- anions, the heavier poly(hydrogen
halide) halogenates are mostly of academic interest as examples for strongly hydrogen bonded
systems. Their only application described in the literature is the use of [Hmim][Br(HBr).] for

the cleavage of ethers.?%
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2. Objective

Polyhalides and poly(hydrogen halide) halogenates are structural diverse classes of
compounds and many examples are already known for a long time. However, there are only
a few poly(hydrogen halide) halogenates containing two different halogen atoms known.
These compounds are of interest to investigate and thus to understand the hydrogen bonding
properties of the different halide ions. Therefore the first objective of this work was to
synthesize and characterize poly(hydrogen halide) halogenates of the type [X(HY)x].
Additionally, the structural diversity of polychlorides is significantly lower compared to their
heavier homologues while no examples of anions of the type [Cl(Cl2).(HX)]- are known. Thus,
different approaches for the synthesis of polychlorides and [CI(Cl2)»(HX)x]- anions should be
explored in this work.

Besides their structural characterization, polychlorides have already been applied as reagents
in organic synthesis to replace elemental chlorine. The storage, transportation and handling of
elemental chlorine is challenging due to its toxicity and corrosiveness. Therefore, the second
objective of this work was to screen various chloride salts towards their capability to act as
chlorine storage medium. The chlorine storage medium should have a high storage capacity,
a high long-term stability and needs to be accessible from cheap raw materials. Additionally,
efficient ways for releasing the chlorine from the storage media needs to be found.

Within polychlorides, the CI-Cl bond is weakened due to charge transfer into the o* orbital
which might result in an enhanced reactivity. In accordance with this, the third objective of
this work was to further explore the reactivity of polychlorides and compare it to the reactivity
of elemental chlorine. The reaction of polychlorides with CO is of major interest as phosgene
is an important intermediate chemical of the chlorine industry. Moreover, polychloride salts
could be used for the synthesis of unprecedented chlorinated anions. The [SCls]?- ion is not
known to the literature even though the heavier homologues [SeCls]*- and [TeCls]>- have been
prepared a long time ago. This type of anions are of interest as they belong to the class of 14
valance electron (VE) systems which have structures sometimes differing from the structures
predicted by the VSEPR model. A structural characterization of the [SCls]>- dianion would be
the first example for a 14 VE system from the third period and the first example of a

chlorosulfate anion at all.
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Abstract: Herein, we report the synthesis and characteriza-
tion of a variety of novel poly(hydrogen halide) halogenates
(—1). The bifluoride ion, which is known to have the highest
hydrogen bond energy of ~160kJmol™, is the most
famous among many examples of [X(HX),]~ anions (X=F, Cl)
known in the literature. In contrast, little is known about
poly(hydrogen halide) halogenates containing two different
halogens, ([X(HY),]7). In this work we present the synthesis

of anions of the type [X(HY),]~ (X=Br, I, CIO,; Y=, Br, CN)\
stabilized by the [PPh,]" and [PPN]* cation. The obtained
compounds have been characterized by single-crystal X-ray
diffraction, Raman spectroscopy and quantum-chemical cal-
culations. In addition, the behavior of halide ions in hydro-
gen fluoride was investigated by using experimental and
quantum-chemical methods in order to gain knowledge on
the acidity of hydrogen halides in HF.

J

Introduction

Polyhalides ([X(X,),]7), which are prominent examples for halo-
gen-bonded systems, show a large structural diversity as well
as a variety of possible applications." A related class of com-
pounds, the poly(hydrogen halide) halogenates (—I) (IX(HY),]17),
consists of a central halide (X™) that is coordinated to hydro-
gen halide molecules (HY). This combination of halide anions
with hydrogen halides, which has a large positive charge on
the hydrogen atom, yields compounds with quite strong hy-
drogen-bonding interactions. The most prominent example for
this class of compounds, the bifluoride ion [FHF]~, has the
highest known hydrogen bond energy of 160 kimol™'? To
gain knowledge on strongly hydrogen-bonded systems, the
synthesis of novel compounds containing [X(HY),]~ anions,
while X and Y are halogens, is of interest.

Three different synthetic routes have been used to synthe-
size a variety of different [X(HX),]™ anions (Scheme 1).5™

Mootz' group prepared and characterized salts containing
[X(HX),]” anions (X=F (n=1-6), Cl (n=2-5)). Crystal structures
of [Cat][F(HF),] ([Cat]=[NO]" (n=3, 4),”® [NMe;H]" (n=2-6),"
[NMe,]™ (n=2, 3, 5)%) as well as [Cat][CI(HCI),] (Cat=[SMe,H]"
(n=3, 4,7 [C;HsNH] ™ (n=1, 4, 5)°)) were determined by X-ray
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diffraction (XRD) using a miniature zone-melting technique for
crystallization. Structures containing a protonated base as a
cation, like [NMe;H]*, show strong hydrogen bonding be-
tween anion and cation, whereas less coordinating cations, for
example, [NMe,] ", yield more isolated anions. For the heavier
homologues only [BrHBrI "% and [Br(HBr),] ™" have been char-
acterized by X-ray diffraction while no molecular structure in
the solid state is known for [I(HI),]” anions. The behavior of
[X(HX),]” anions in solution was investigated using NMR spec-
troscopy by several groups. The group of Limbach performed
'H and "F NMR experiments on a 1:2 mixture of [NBu,JF and
HF in the temperature range between 110 and 150 K and was
able to identify [F(HF),]~ (n=1-4) which coexist in solution."?
Campbell and Johnson conducted 'H NMR experiments on the
[Im][CIHCD),.] (Im]" = 1-ethyl-3-methyl-1H-imidazolium) system
at room temperature, and only observed one signal, which
shifts to a higher field when the concentration of HCl is in-
creased. They explained this finding with a fast equilibrium be-
tween different [CI(HCI),]~ species.”® Further studies on the
ternary HCI:[Im]CI:AICl; systems have shown that various spe-
cies of the type [X(HCI)]™ are present in solution (X=CI~,
[CIHCII™, [CI(HCI),]~, [AICL]™, [ALCL]". By changing the ratios
between the components solutions with various acidities from
weakly acidic solutions (high concentration of [Im]Cl; [CIHCI]™
as dominant acidic species) to super-acidic solutions (high con-
centrations of AICl;; [Al,Cl,]*HCl as dominant acidic species)

B+nHX —— [BH]X(HX)n1]
[Cat][X] + n HX ——— [Cat][X(HX),]

[Cat][Cl] + n HF ——— [Cat][F(HF),.1] + HCIt

Scheme 1. Synthetic routes for the synthesis of poly(hydrogen halide) halo-
genates (—I).

© 2020 The Authors. Published by Wiley-VCH GmbH
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can be obtained."™ Electrochemical studies suggests that upon
dissolution of HCl in chloride free ionic liquids also [CIHCI]™ is
formed." Enthalpies, entropies and free energies for the
formation of poly(hydrogen halide) halogenates (—I)
([X(HY),_4]” + HY —=[X(HY),]") have been determined using high
pressure mass spectrometry. In general, the free energies of
formation are highest for the combination of the most basic
hydrogen bond acceptor (F7) with the best hydrogen bond
donor (HF). Vice versa, the weakest hydrogen bond is formed
by the least basic hydrogen bond acceptor (I") with the worst
hydrogen bond donor (HI). This tendency is observed for all
possible combinations of X and Y."®'”!

Poly(hydrogen halide) halogenates (—I), especially [F(HF),]",
show some useful properties which lead to a variety of appli-
cations. K[F(HF),] is electrolyzed in the synthesis of elemental
fluorine to avoid the low conductivity of anhydrous HF
@HR."® In  addition [Catl[F(HF),] (Cat=for example,
[NEt;H] 2% [CH NH]*, 22 [EMIM]* (1-ethyl-3-methylimida-
zolium)®®') have been used as a reagent in organic chemistry
which are safer and more convenient to handle when com-
pared to highly toxic anhydrous HF with its boiling point at
19.5°C. They can be used to perform hydro- and halofluorina-
tion reactions as well as epoxide ring openings and deprotec-
tion of silyl ethers.”'*?¥ Recently Sharpless et al. proposed the
sulfur(Vl) fluoride exchange (SUFEx) as a new kind of “click
chemistry”.* Since then, the reaction has been used in the
synthesis of pharmaceutically important triflones and bis(tri-
fluoromethyl)sulfur oxyimines® as well as in the synthesis of
polysulfates and sulfonates.”® For many SuFEx reactions bi-
fluoride anions as well as higher poly(hydrogen fluoride) fluo-
rates (—I) have been tested as catalysts and it was shown that
they have a significantly higher activity compared to previously
used organosuperbases.”®

Even though poly(hydrogen halide) halogenates have been
studied in detail over the last decades little is known about
the [X(HY),]” anion. In addition the known [CI(HCI),]” (n>?2)
compounds exhibit low melting points and in general a low
stability. Therefore, they were only characterized by X-ray dif-
fraction. Herein we present the synthesis of more stable [Cat]
[CI(HCI),] salts (Cat=[PPNI" (bis(triphenylphosphoranylidene)i-
minium), [PPh,1%, [AsPh,]") which allow further investigation
by low temperature Raman spectroscopy. In addition a variety
of [Cat][X(HY),] ([Catl=[PPh,]1*, [PPN]"; X=Cl, Br, I, CIO,; Y=F,
Cl, Br, CN) compounds were synthesized and characterized by
X-ray diffraction and Raman spectroscopy.

Results and Discussion
Tetraphenylphosphonium salts [PPh,1[X(HCI),]

Poly(hydrogen chloride) halogenates (—I) were prepared by
condensing stoichiometric amounts of hydrogen chloride onto
a dichloromethane solution of the respective halide salts
(Scheme 2).

By slowly cooling saturated solutions of the reaction mixture
to —40°C single crystals of the respective poly(hydrogen chlo-
ride) halogenate (—I) salts were obtained. The obtained crystals
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CH,Cl,
[Cat][X] + n HCI| ———— [Cat][X(HCI),]
-196 — 25 °C

Scheme 2. Synthesis of poly(hydrogen chloride) halogenates (—I)
([Cat]=[PPN]*, [PPh,]*; X=Cl, Br, I).

are stable at —40°C under a hydrogen chloride atmosphere
but show a noticeable loss of hydrogen chloride when handled
under a nitrogen stream of —40°C.

Using [PPh,X (X=Cl, Br, ) as a starting material single crys-
tals of [PPh,][CI(HCI),], [PPh,][Br(HCI),] and [PPh,][I(HCI);] were
obtained by using the method described above. [PPh,]
[CI(HCI),] and [PPh,][Br(HCl),] are isostructural and crystallize in
the tetragonal space group P4/n while [PPh,][I(HCI);] crystalli-
zes in the monoclinic space group P2,/c (Figure 1)

Since the position of hydrogen atoms cannot be determined
accurately by XRD only halogen-halogen distances will be dis-
cussed. [CI(HCI),]” as well as [Br(HCl),]~ show a square pyrami-
dal structure with R(CI-Cl)=340.1(1) pm and R(Br—Cl)=
353.4(1) pm. Those values are in good agreement with the hal-
ogen-halogen distances from quantum-chemical calculations
in the gas phase on the B3LYP(D3BJ)/def2-TZVPP (SCS-MP2/
def2-TZVPP) level of theory (R(CI—Cl)=341.1 pm (342.0 pm)
and R(Cl-Br)=358.1 pm (358.5 pm)). The observed increase of
the halogen-halogen distance going from [CI(HCI),]” to
[Br(HCI),]” also correlates well with the increase in ion radii
when going from chlorine to bromine (ARX—Cl)=13.3 pm,
AR, (Br, Cl)=15 pm™7),

When [PPh,]l is used as starting material the reaction with
four equivalents of HCl yields [PPh,I[I(HCI);]. [PPh,I[I(HCI),]
could not be obtained with this cation even when higher
amounts of HCl were used. Quantum-chemical calculations on
the B3LYP(D3BJ)/def2-TZVPP (SCS-MP2/def2-TZVPP) level of
theory show that the addition of the fourth HCl molecule to
[I(HCI);]~ is only by —8.8 (—4.5) kimol~" exergonic in the gas
phase. In comparison the formation of [CI(HCI),]~ (—13.6
(—8.8) kJmol™") and [Br(HCl),]~ (—=11.6 (—8.4) kJmol™") is more
favored. Free reaction energies were calculated for the forma-
tion of the most favorable geometry which is a tetrahedral
structure for all [X(HCI),]~ anions (Figure 4). These calculations
indicate a lower stability of the [I(HCI),]~ anion which might ex-
plain why it could not be isolated as a [PPh,]* salt. The
[I(HCl);]~ anion shows a distorted trigonal pyramidal structure
with R(I—Cl)=374.1(1)-377.2(1) pm that are in good agreement

?p'z H1Cl™ — ci1 B‘” @
Cl H1_.odiz- H1_ -G« H2 -7
= N 9 =~ ASQE CS o TN

’ + 5 D 7 4

' H1\5> Q’F”‘ Ne ‘H1 w3
@4” T CIT Hﬁﬁ) ci3
cir ci cir don N

Figure 1. Molecular structure of the anions in [PPh,][CI(HCI),], [PPh,][Br(HCI),]
and [PPh,][I(HCI),] in the solid state with thermal ellipsoids shown at 50 %
probability. Cations and disorders have been omitted for clarity (see Fig-
ures S1-S3 for representations including cations and disorders). Selected in-
teratomic distances [pm]: CI1-CI2 340.1(1), CI1-CI2-CI1"” 144.3(1), CI1-Br1
353.4(1), CI1-Br1-CI1” 145.1(1), CI1-11 374.1(1), CI2-11 374.1(1), CI3-11 377.2(1),
CI-11-CI3 70.7(1), CI1-11-Cl2 89.1(1), CI2-11-CI3 113.0(1).
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with the values obtained from quantum-chemical calculations
of R(I—Cl) =375.8 pm (377.9 pm).

The most important contributions to the binding energy for
strong hydrogen bonding are charge transfer, electrostatic and
Pauli repulsion. For hydrogen bonding between halide ions
and hydrogen halides the charge transfer contribution can be
described as a donation of electron density from the lone pair
of the halide ion into the o* orbital of the HX bond. The partial
occupation of the o* orbital leads to a weakening of the HX
bond. This results in an increase of the H—X distance as well as
a shift of the H—X stretching frequency to lower wavenumbers
which can be observed in the Raman spectrum.”® The experi-
mental Raman spectra recorded at —196°C as well as the cal-
culated spectra (B3LYP/def2-TZVPP and MP2/def2-TZVPP) of
[PPh,I[CI(HCI),], [PPh,][Br(HCI),] and [PPh,][I(HCI);] are shown in
Figure 2. For the C,, symmetric [CI(HCI),]- and [Br(HCl),]~
anions three H—Cl stretching modes are expected (A, B,, E). In
the experimental spectra, two bands are observed. The bands
at 2517 cm™' ([Br(HCl),]") and 2523 cm ™' ([CI(HCI),]") can be as-
signed to the symmetric stretching mode of the HCl molecules
(A,) while the bands at 2370 cm™' ([Br(HCl),]") and 2318 cm ™'
(ICI(HCN),]") can be assigned to one antisymmetric H—Cl
stretching mode (B,). The second antisymmetric stretching
mode () is calculated to have a significantly lower intensity
and to be in close proximity to the B, symmetric stretching
mode. This might explain why only one band is visible for the
antisymmetric stretching modes. In general the calculated
spectra on the B3LYP(D3BJ) level of theory agree well with the
experimental ones even though the calculation predicts the
symmetric and asymmetric stretching bands to be closer to-
gether. As known for calculations at the MP2 level of theory,
the HCl bond strength is overestimated and therefore the cal-
culated wavenumbers for the HCI stretching vibration are sig-
nificantly too high.
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Figure 2. Raman spectra of single crystals of [PPh,][X(HCI),] recorded at
—196°C (black) as well as calculated gas phase spectra (B3LYP/def2-TZVPP
(red) and MP2/def2-TZVPP (blue)) of [X(HCI),]” (n=4 for X=Cl, Brand n=3
for X=1).
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For [PPh,][I(HCI);] three bands at 2390, 2312, 2237 cm™"' are
observed in the H-Cl stretching region. This can be explained
by a reduced symmetry of the [I(HCl);]~ anion within the crys-
tal when compared to the C;, symmetric optimized gas-phase
structure. Therefore the degeneracy of the asymmetric stretch-
ing mode (E) is removed and the three crystallographically in-
dependent HCl molecules in the crystal and contribute each,
one band in the vibrational spectrum. The experimental spec-
tra again agree well with the calculated spectra on the B3LYP
level of theory.

All observed bands are significantly shifted to lower wave-
numbers compared to crystalline HCl at 2705 and 2748 cm™
(measured at —196 °C)** which indicates hydrogen bond inter-
actions. Three major trends can be emphasized in the recorded
Raman spectra:

1) The splitting between the symmetric and asymmetric
stretching modes is larger for [CI(HCI),]~ compared to
[Br(HCl),]". This tendency is observed in the experiment as
well as in the calculations.

2) The average wavenumber for the H—Cl stretching is lower
for [CI(HCl),]~ compared to [Br(HCl),]". This is expected
since chloride is the stronger base and can donate more
electron density into the LUMO of the H—Cl bond. Quan-
tum-chemical calculations (B3LYP(D3BJ)/def2-TZVPP (SCS-
MP2/def2-TZVPP)) show a decrease of the H—Cl bond
length from 132.3 pm (130.3 pm) for [CI(HCI),]” to 132.0 pm
(130.0 pm) for [Br(HCl),]~ which matches the observed shift
of the H—Cl stretching vibration.

3) For [I(HCI),]” the shift towards lower wavenumbers is more
pronounced compared to the four times coordinated
[CI(HCI),]~ and [Br(HCl),]". This indicates that the coordina-
tion number has a stronger influence on the weakening of
the H—Cl bond than the change of the central halide.
Quantum-chemical calculations (B3LYP(D3BJ)/def2-TZVPP
(SCS-MP2/def2-TZVPP)) predict a shortening of the H—CI
bond by 2.1 pm (1.6 pm; X=Cl), 1.7 pm (1.2 pm; X=Br)
and 13 pm (0.9pm; X=I) going from [X(HCI),  to
[X(HCI);]~ (X=dl, Br, I). In contrast the difference in the H—
Cl bond length is calculated to be 0.3 pm (0.3 pm) between
[CI(HCl),]” and [Br(HCl),]- and 0.2 pm (0.4 pm) between
[Br(HCl),]~ and [I(HCI),]". These calculations support the ex-
perimental results.

Bis(triphenylphosphoranylidene)iminium salts [PPN][X(HCI),]

The weakly coordinating [PPN]* cation has been used to stabi-
lize large anions like [Cl,5]~,B% [CI(BrCl)] " and [Br(BrCN);]~ .
Therefore [PPN]IX was used as a starting material to investigate
whether higher coordinated poly(hydrogen halide) halogen-
ates (—I) can be stabilized. Single crystals of [PPN][X(HCI),] (X=
Cl, Br, 1) were obtained using the method described above. The
three isostructural salts crystallize in the monoclinic space
group C2/c (Figure 3).

In contrast to the [PPh,][X(HCl),] (X=Cl, Br) salts the
[X(HCI,]~ (X=CI, Br, 1) anions show a distorted tetrahedral ge-
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Figure 3. Molecular structure of [PPN][CI(HCI),], [PPN][Br(HCI),], and [PPN]
[I(HCI),] in the solid state with thermal ellipsoids shown at 50% probability.
Cation and disorders have been omitted for clarity (see Figures S5-S9 for
representation including cations and disorders). Selected interatomic distan-
ces [pm]: CI2-CI1 334.8(1), CI3-Cl1 341.6(1), CITA-Br1A 347.7(1), CI2A-Br1A
354.0(2), CIA-11A 370.4(2), CI2A-11A 374.8(2).

ometry when [PPN] ™ is used as a cation. The halogen-halogen
distances of 334.8(1)-341.6(1) pm (X=Cl), 347.7(1)-354.0(2) pm
(X=Br) and 370.4(2)-374.8(2) (X=1) are comparable with those
obtained for [PPh,]J[X(HCI),] (X=Cl, Br) and are again in good
agreement with the calculated distances. Quantum-chemical
calculations show that the tetrahedral structure is the global
minimum in the gas phase while the C,, symmetric pyramidal
structure is only 3.46 kJmol™" (for X=I) to 6.03 kimol™" (for
X=Cl) higher in energy (Figure 4).

The Raman spectra of the single crystals of [PPNI[I(HCI),]
show three bands in the HCl stretching region (2472, 2415,
2301 cm™', Figure S17). The bands at 2472 and 2415 cm™' are
in good agreement with the calculated bands at the
B3LYP(D3BJ)/def2-TZVPP level of theory for the [I(HCI),]~ anion
(Table S33). Within the crystal the position of the [I(HCI),]™
anion is sometimes occupied by a [I(HCl);]” anion due to a dis-
order (ratio [I(HCI),] /[I(HCl);]~ =78:22; Figure S9). This explains
a third broad band at 2301 cm™' For [PPN][CI(HCI),] and [PPN]
[Br(HCl),] no bands are observed in the HCI stretching region
which might be due to the low intensity of these bands (Fig-
ure S17).

10 !
8 s O |
—~ N\
,"_— 64 6.44 (5.59)
e 6.03 (5.59) L
1S i 7549 (3.72)
= PR il 4.94 (3.63)
X, 44 . 4.46 (3.72) &
= 4h
> P P
= 3.46 (3.47)
2 |
G 2- H b
; / [CI(HCI),I
o T T —— [Br(HCI),I
.. . [I(HCI),I

Figure 4. Relative energies of possible geometries for [X(HCl),]  calculated at
the B3LYP(D3BJ)/def2-TZVPP (SCS-MP2/def2-TZVPP) level of theory. The pyra-
midal structures (C,,) are transition states (one imaginary frequency) be-
tween tetrahedral structures, while the planar structures (D,;) are saddle
points (two imaginary frequencies) at the B3LYP level of theory and either
transitions states ([CI(HCI),]") or minima ([Br(HCl),]~, [I(HCI),]") at the MP2
level of theory.
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Halides in aHF

Even though poly(hydrogen fluoride) fluorates (—I) have been
extensively characterized and applied in various fields of
chemistry®'>224 Jittle is known about adducts between the
heavier halide ions and HF. Slowly cooling a solution of [PPh,]X
(X=Br, 1) in anhydrous HF to —80°C yields single crystals of
[PPh,][X(HF),(HX)] (Scheme 3).

The two isostructural salts crystallize in the monoclinic space
group P2/n (Figure 5).

Analyzing the molecular structure of [PPh,][I(HF),(HI)]
(Figure 5. 1) in detail reveals that there are different possibili-
ties to describe the structure of the anion. The position of H1
can only have an occupation number of 0.5 to obtain an over-
all neutral compound. Different occupations of the H1 posi-
tions lead to two possible descriptions of the anion structure.
An alternating occupation of H1 (1: H1, H1” occupied, H1’,
H1”" unoccupied) leads to isolated [I(HF),(H)]™ units (2). In
comparison, when two neighboring H1 positions are occupied
(1: H1, H1" occupied, H1” and H1"" unoccupied) alternating
[I(HF),]~ and [I(HF),(HI),]~ anions are present (3). Vibrational
spectroscopy is the method of choice for a further analysis of

F

H
2[PPhaIIX] + 3 HF ————= 2 [PPhaIIX(HF)2(HX)] + [PPh4]IF(HF),]

Scheme 3. Synthesis of poly(hydrogen fluoride) halogenates (—I) (X=Cl,
Br, I).
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Figure 5. Molecular structure of [PPh,][I(HF),(HI)] (1) and [PPh,][Br(HF),(HBr)]
(4) in the solid state with thermal ellipsoids shown at 50% probability. Cat-
ions have been omitted for clarity (see Figures S10 and S11 for representa-
tion including cations). The positions of Br1, Br2 and H1 (in both structures)
have an occupation number of 0.5. Compounds 2 and 3 show two possible
descriptions of the anion in [PPh,][I(HF),(HI)] as either isolated [I(HF),(HI)]
anions (2) or alternating [I(HF),]” and [I(HF),(HI),]” anions (3). Selected intera-
tomic distances [pm]: Br2-F1 300.0(3), Br2-F1’ 320.2(3), Br2-Br1 371.9(3), Br2-
Br1” 416.1(3), 11-12 422.1(1), 12-F1 323.7(2).
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the described compound. The Raman spectrum of a single
crystal of [PPh,][I(HF),(HI)] shows three bands (2017, 1963 and
1904 cm™) in the region of the HI stretching mode (Fig-
ure S18). The position of these bands correlates well with the
calculated bands (MP2/def2-TZVPP) for the [I(HF),(HI),]~ anion
while the number of bands indicates a mixture of [I(HF),(HI)]~
and [I(HF),(HI),]™ anions within the crystal.

[PPh,I[Br(HF),(HBN)] is isostructural to [PPh,I[I(HF),(HI)]. Be-
sides the occupational disorder of H1, the molecular structure
of [PPh,][Br(HF),(HBr)] exhibits a positional disorder of Br1 and
Br2. The disorder of the bromine atoms results in two symme-
try-equivalent, pyramidal anions (Figure 5. 4, red and yellow
lines). Due to the disorder of Br2 a [Br(HF),(HBr),]~ anion is
conceivable which would have two Br-Br distances of R(Br1-
Br2) =371.9(3) pm and R(Br2-Br1’) =416.1(3) pm which differ by
45 pm. The calculated (B3LYP(D3BlJ)/def2-TZVPP (SCS-MP2/
def2-TZVPP)) distances of 358.7 (355.2) pm for [Br(HF),(HBr)]~
and 367.8 (369.5) pm for [Br(HF),(HBr),]~ are significantly short-
er than the Br2-Br1’ distance which might indicate only a weak
bonding interaction. Therefore the pyramidal description as
[Br(HF),(HBr)]~ anions seems to be more reasonable. Unfortu-
nately, no bands for the HBr stretching modes were observed
in the Raman spectrum of [PPh,][Br(HF),(HBr)] which might be
due to the low Raman intensity of these bands (Figure S20).
Therefore, there is no clear evidence whether isolated
[Br(HF),(HBr)]~ anions or alternating [Br(HF),(HBr),]” and
[Br(HF),]™ units are present within the crystal.

The formation of heteroleptic adducts between halides and
halogen halides is unexpected as the hydrogen bond donor
strength of the halogen halides decreases from HF to HI due
to the decreasing polarization of the HX bond. An adduct be-
tween the halide ion and the strongest hydrogen bond donor
should be most favorable which should favor the formation of
homoleptic complexes. The exchange of one HF against one
HX molecule (X=Cl, Br, I) was calculated to be 2 to 7 kJmol™"
endergonic for [X(HF);]~ while the exchange of two HF against
two HX in [X(HF),]” was calculated to be 10 to 24 kJmol™" en-
dergonic (Scheme 4, Table S12 and S13). This indicates that in
solution the most stable anions are of the [X(HF),]~ type while
the small energy differences between the homoleptic and het-
eroleptic complexes can be compensated by small interactions
within the crystal.

[X(HF)3]”+ HX =———== [X(HF),(HX)]” + HF
[X(HF)4]” + 2 HX =—=——== [X(HF)y(HX),]” + 2 HF

Scheme 4. Equilibrium between the homoleptic [X(HF),]~ and the heterolep-
tic [X(HF),_y(HX),] ™.

When halide salts are dissolved in aHF there are in general
three possible scenarios depending on the relative acidities of
the hydrogen halide and HF:

1) HF is a stronger acid than the hydrogen halide: The
halide will be completely protonated forming HX and F~.
Therefore, ions of the type [F(HF),]” should be the domi-
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nant anionic species in solution; HX is also present in solu-
tion.

2) HF is a weaker acid than the hydrogen halide: The halide
will not be protonated but solvated by the HF molecules.
lons of the type [X(HF),]~ should be the dominant anionic
species in solution; no HX is present.

3) HF and HX in HF have similar acidities: The halide ion will
be partially protonated forming HX and F~. As a conse-
quence, ions of the type [X(HF),]~ and [F(HF),]~ should be
present in solution; HX is present as well.

The obtained molecular structure of [PPh,][X(HF),(HX)] (X=
Br, 1) indicates that scenario 3 is the preferred one for HBr and
HI. To enable the crystallization of [PPh,][X(HF),(HX)] (X=Br, )
sufficient quantities of X~, HX and HF have to be present in so-
lution. When [PPh,]X and HF are used as starting materials this
can only be the case when there is an equilibrium between X~
and HX in solution. Because the concentration of the salt in HF
is very large (8 equiv HF per X") the influence of the concen-
tration on the equilibrium should be rather small. The formed
HX is mostly dissolved in HF and since the reaction is per-
formed in a closed reaction vessel the shift of the equilibrium
by removal of HX by evaporation can also be neglected. There-
fore, it can be concluded that HBr/HI in aHF should have simi-
lar acidities as aHF. To further verify this hypothesis the free re-
action energies and equilibrium constants for the protonation
reaction of X~ in HF were calculated (Tables S7-S10). Gas-
phase calculations on the B3LYP(B3BlJ)/def2-TZVPP (SCS-MP2/
def2-TZVPP) level of theory predict a free reaction energy of
171.81 (173.96) kimol™" (X=Cl) to 266.50 (270.64) kJmol™" (X=
1) for the protonation reaction of X~ with HF (see Table S 9).
This large discrepancy from the expected ~0kJmol™" for an
equilibrium reaction can be explained by not taking solvation
into account. The high acidity of aHF results from the high sol-
vation energy of the fluoride ion in HF, which is formed during
the protonation reaction. Therefore, a proper consideration of
solvation effects is essential for a correct description of this
system. The solvation of the molecules was therefore modeled
by an explicit calculation of the first solvation shell of the
halide ions, which was estimated to consist of four HF mole-
cules, and solvation was additional treated using the Cosmo
model (Scheme 5).

HF

[X(HF)4]” + HF [F(HF)4]” + HX

Scheme 5. Equilibrium between solvated X~ and F~ in HF.

Free reaction energies of 3.0 kJmol™ for X=Cl (Keq=0.29,
ratio HCI/ClI-=0.54 for  ¢,(HF)=c¢,(Cl7),  Scheme S1),
14.8 kJmol™" for X=Br (K.,=0.0025, ratio HBr/Br =0.05 for
Co(HF) =¢o(X7) and 7.4 kimol™" for X=I (Koq=0.050, ratio HI/
I7=0.22 for c¢o(HF)=c¢,(X™)) have been calculated (SCS-
MP2(COSMO)/def2-TZVPP) for the protonation reactions in HF.
The calculated free reaction energies are decently close to 0;
this supports the thesis that all hydrogen halides have similar
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acidities in HF. In addition, the calculated ratios between HX
and X~ indicate that in solution sufficient quantities of X~, HF
and HX should be present to enable the crystallization of
[PPh,IIX(HF),(HX)].

Further investigations on hydrogen bond donors and ac-
ceptors

Besides the halide-HCl and halide-HF systems, further investi-
gations have been carried out on weaker hydrogen bond
donors and acceptors. Therefore, hydrogen bromide and hy-
drogen cyanide have been tested as hydrogen bond donors.
In addition, the hydrogen bond acceptor abilities of the per-
chlorate anion have been investigated (Scheme 6).

CH,Clp, MeCN or HF

[CatliX] + n HY =2 22—

[Cat][X(HY),]

Scheme 6. Synthesis of hydrogen-bonded adducts between anions (X=Br, |,
ClO,) and HY (Y=F, Br, CN). [Cat]=[PPh,]", [PPN]".

The molecular structures of [PPh,][I(HBr),] (Cc), [PPNI]
[Br(HCN)] (Pca2,) and [PPh,I[CIO4(HF),] (C2/c) have been deter-
mined by XRD (Figure 6).

Hydrogen bromide is a weaker hydrogen bond donor com-
pared to HCl and HF and only two examples of halide HBr ad-
ducts are known in the literature ([BrHBr] ™" and [Br(HBr),] ™).
The reaction of bromide salts with over-stoichiometric
amounts of HBr leads to the formation of rather instable com-
pounds which could not be characterized while the reaction of
[PPh,]I with four equivalents of HBr and slowly cooling to
—40°C led to the crystallization of [PPh,][I(HBr),]. In the crystal
the [I(HBr),]” anion shows an asymmetrically V-shaped struc-
ture. The obtained Br—I distances of 373.4(2) and 387.1(1) pm
are in good agreement with the distance calculated on the
B3LYP(D3BJ)/def2-TZVPP (SCS-MP2/def2-TZVPP) level of theory
of 379.5 pm (381.7 pm).

Recently it was shown that BrCN forms adducts with bro-
mide to form [Br(BrCN),]~ anions (n=1, 3) by halogen bonding
interactions.®? Therefore it was tested whether similar hydro-
gen-bonded compounds can be synthesized. [PPN][Br(HCN)]
was obtained by the reaction of [PPN]Br with four equivalents
of HCN. The nearly linear geometry of the anion is in agree-

1
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Figure 6. Molecular structures of A) [PPh,][I(HBr),], B) [PPN][Br(HCN)] and

C) [PPh,][CIO4HF),] in the solid state with thermal ellipsoids shown at 50%
probability. Cations and disorders have been omitted for clarity (see Fig-
ures S13 to S15 for representations including cations and disorders). Select-
ed interatomic distances [pm]: Br1-11 387.1(1), Br2A-11 373.4(2), Br1-C1
340.5(6), F1-03 256.1(4), F1'-02 255.7(5), Cl1-O1 143.2(6), Cl1-02 145.9(7),
CI1-03 145.0(6), CI1-O4 143.6(4), F1-Cl1 353.3(4), F1'-Cl1 352.3(4).
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ment with a strong hydrogen bond interaction. This observa-
tion is also supported by quantum-chemical calculations
(B3LYP(D3BJ)/def2-TZVPP (SCS-MP2/def2-TZVPP)) which show
that the bromide HCN adduct has a similar stability as [BrHCI]~
(Scheme 7) of which the hydrogen bond energy was experi-
mentally determined to be 54 kJmol~".1"?

[Br(HCI)]” + HCN [Br(HCN)]” + HCI
AG® =3.2 (2.2 kJ mol™)

Scheme 7. Comparison of the stabilities of [Br(HCN]~ and [Br(HCI)].

The equilibrium constant for the protonation reaction of the
perchlorate ion in HF forming bifluoride and perchloric acid
was determined to be K,=(7.5+1.5) 107> Lmol' by Raman
spectroscopy.®® Therefore perchlorate is a promising candidate
to act as a hydrogen bond acceptor in HF without forming
higher amounts of fluoride ions. When [PPh,][CIO,] was treated
with 8 equivalents of HF and cooled to —80°C single crystals
of [PPh,][CIO,(HF),] were obtained. The short F—O distances of
255.7(5) to 256.1(4) pm are in good agreement with the calcu-
lated distances (B3LYP/def2TZVPP and MP2/def2-TZVPP) of
259.6 (261.5) pm and indicate a strong hydrogen bond interac-
tion. This is also in agreement with thermochemical calcula-
tions on the B3LYP(D3BJ)/def2-TZVPP (SCS-MP2/def2-TZVPP)
level of theory which predict [CIO,(HF),]” to be —755
(—=61.1) kJmol™" more stable with respect to the decomposi-
tion into HF and CIO, ™.

Conclusions

By using weakly coordinating cations ([PPh,]", [PPN]*) eight
hitherto unknown poly(hydrogen halide) halogenate (—I)
anions ([X(HCl),]~ (X=Br, 1), [I(HCD5]71, [I(HBr,]~, [X(HF),(HX)]
(X=Br, 1), [Br(HCN)]" and [CIO4(HF),]") were synthesized and
thoroughly characterized by X-ray diffraction, Raman spectros-
copy, and quantum-chemical calculations. The measured
Raman spectra of [PPh,J[X(HCI),] (X=Cl, Br (n=4), | (n=3))
were used to investigate the influence of the central base and
the coordination number on the hydrogen bond strength. It
was observed that the hydrogen bond energy decreases from
chloride to iodide as a central base, and with increasing coor-
dination number. In addition, quantum-chemical calculations
on halide ions in aHF were carried out. These calculations
show that HF and HX (X=Cl, Br, I) have a similar acidity in aHF,
which explains why mixed poly(hydrogen halide) halogenate
anions [X(HF),(HX)]~ (X=Br, I) were obtained starting from
[PPh,I[X] and HF. Furthermore, it was shown that weaker hy-
drogen-bond donors, like HBr and HCN can form adducts with
halide ions. Additionally, it was observed that even the per-
chlorate anion, which is often used as a weakly coordinating
anion, forms hydrogen-bonded adducts with HF.
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Experimental Section

Apparatus and materials: All substances sensitive to water and
oxygen were handled under an argon atmosphere using standard
Schlenk techniques and oil pump vacuum up to 102 mbar. Reac-
tions with HF as a solvent or reactant were performed on a stain-
less steel vacuum line in self-built reactors consisting of 8 mm o. d.
PFA (perfluoroalkoxy alkanes) tubing which where heat sealed on
one end and connected to a steel valve on the other end. Dry
MeCN and CH,Cl, were obtained by distillation from P,O,,. n-Pen-
tane was dried over molecular sieve. All solvents were stored over
activated 3 A molecular sieves. Commercially available [AsPh,]CI,
[PPh,IX (X=CI, Br, 1), [PPN]ICI (PPN = bis(triphenylphosphoranylide-
ne)iminium), HF, HCl and HBr were used without further purifica-
tion. [PPN]Br.¥ [PPN]I,? [PPh,I[CIO,]®Y and HCNE” were prepared
according to literature procedures. All salts were dried in vacuo at
100°C for 10 min prior to use. Raman spectra were recorded on a
Bruker MultiRAM Il equipped with a low-temperature Ge detector
(1064 nm, 100-180 mW, resolution of 4cm™'). Spectra of single
crystals were recorded at —196 °C using the Bruker RamanScope IlI
(see part g of the Supporting Information for a description of the
method used). X-ray diffraction data were collected on a Bruker D8
Venture CMOS area detector (Photon 100) diffractometer with
Moy, radiation. Single crystals were coated with perfluoroether oil
at low temperature (—40/—80°C) and mounted on a 0.1-0.2 mm
Micromount. The structures were solved with the ShelXT®® struc-
ture solution program using intrinsic phasing and refined with the
ShelXL®” refinement package using least squares on weighted F2
values for all reflections using OLEX2.”’ For quantum chemical cal-
culations (structure optimization (with and without solvent model
COSMO™") and frequency calculations (including Raman intensi-
ties)) the program package TURBOMOLE 7.3? was used. Function-
als (B3LYP(D3BJ)*! and SCS-MP2“Y) and the basis set (def2-
TZVPP)“! were used as implemented in TURBOMOLE. Minima on
the potential energy surface were characterized by harmonic vibra-
tional frequency analysis. Thermochemistry was provided with
zero-point vibration correction, AG values were calculated at
298.15 K and 1.0 bar.

[Cat][X(HCI),)I: In a typical experiment 0.4 mmol [Cat]X (Cat=
PPN*, PPh,", AsPh,™ (only for X=CI"); X=CI", Br~, I") were dis-
solved in 0.2 mL CH,Cl,. 1.6 mmol HCl were condensed onto the
obtained suspension and the reaction mixture was allowed to
warm to room temperature. A clear solution was obtained after
carefully heating to a maximum of 40°C and mechanically agitat-
ing. Colorless single crystals of [PPN][X(HCI),] (X=CI~, Br~, IV),
[PPh,JIX(HCD,] (X=CI~, Br’), [PPh,]I(HCI);] and [AsPh,][CI(HCI),]
were obtained by slowly cooling the reaction mixture to —40°C.
[AsPh,][CI(HCI),]: CCDC number: 1995595

[PPh,][CI(HCI),]: Raman (—196°C): ¥=3083 (w), 3068 (m), 3059 (M),
2523* (w) 2318* (w), 1589 (m), 1576 (w), 1187 (w), 1164 (w), 1114
(w), 1102 (w), 1024 (w), 1001 (s), 727 (w), 682 (w), 615 (w), 295 (w),
251 (w), 200 cm ™" (w). CCDC number: 1995600.

[PPh,][Br(HCI),]: Raman (—196°C): ¥=3081 (w), 3068 (m), 3059
(m), 2525% (w) 2370% (w), 1589 (m), 1577 (w), 1186 (w), 1164 (w),
1114 (w), 1102 (w), 1025 (w), 1001 (s), 728 (w), 702 (w) 682 (w), 616
(W), 296 (w), 252 (w), 199 cm ™" (w). CCDC number: 1995596.
[PPh,][I(HCI);]: Raman (—196°C): ¥ =3084 (w), 3063 (s), 2388* (m),
2309*% (m), 2232* (m), 1588 (m), 1575 (w), 1184 (w), 1164 (w), 1112

[PPNI[Br(HCl),]: Raman (—196°C): ¥=3065 (s), 3056 (s), 1590 (m),
1576 (w), 1114 (w), 1026 (w), 1001 (s) 701 (w), 669 (w), 617 (w), 287
(W), 269 (w), 240 cm™~' (w). CCDC number: 1995603.

[PPNI[I(HCI),]: Raman (—196°C): ¥=3058 (s), 2472 (w), 2415 (w),
2301 (w), 1590 (m), 1575 (w), 1182 (w), 1114 (w), 1026 (w), 1001 (s),
809 (w), 751 (w), 668 (w), 617 (w), 238 cm™" (w) CCDC number:
1995604.

Bands marked with an asterisk belong to the [X(HCI),]™ species.

[PPh,I[I(HBr),]: In a typical experiment [PPh,]l (0.4 mmol, 186 mg,
1 equiv) was dissolved in 0.2 mL CH,Cl,. HBr (1.6 mmol, 4 equiv)
was condensed onto the obtained suspension and the reaction
mixture was allowed to warm to room temperature. A clear solu-
tion was obtained after carefully heating to a maximum of 40°C
and mechanically agitating. Colorless single crystals of [PPh,]
[I(HBr),] and [AsPh,][CI(HCI),] were obtained by slowly cooling the
reaction mixture to —40°C. CCDC number: 1997012.

[PPN][BrHBr]-CH,Cl,: In a typical experiment [PPN]Br (0.4 mmol,
246 mg, 1equiv) was dissolved in 2mL CH,Cl,. HBr (1.6 mmol,
4 equiv) was condensed onto the obtained solution, and the reac-
tion mixture was allowed to warm to room temperature. Colorless
single crystals of [PPN][BrHBr]-CH,Cl, were obtained by vapor diffu-
sion of n-pentane into the CH,Cl, solution at room temperature.
CCDC number: 1995599.

[PPh,IIX(HX)(HF),]: In a typical experiment 0.4 mmol [PPh4]X (X=
Cl~, Br7, I") were filled into an 8 mm o.d. PFA tubing which was
heat sealed on one end. The PFA tube was connected to a steel
valve and HF (3.2 mmol, 64 mg, 8 equiv) was condensed onto the
solid. The reactor was flame-sealed and mechanically agitated until
a clear solution was obtained. Colorless single crystals of [PPh,]
[X(HX)(HF),] (X=CI", Br, I") were obtained by slowly cooling the
reaction mixture to —80°C.

[PPh,III(HF),(HN]: Raman (—196°C): ¥=3065 (m), 2017* (m), 1963*
(m), 1904* (m), 1589 (m), 1575 (w), 1189 (w), 1165 (w), 1103 (w),
1028 (w), 1001 (s), 671 (w), 616 (w), 329 (w), 252 (w), 199 (w),
164 cm™' (w). CCDC number: 1995598.

[PPh,][Br(HF),(HBr)l: Raman (—196 °C): v=3070 (m), 1590 (s), 1577
(w), 1487 (vw), 1439 (vw), 1382 (w), 1343 (vw), 1319 (vw), 1305
(vw), 1215 (vw), 1191 (w), 1166 (vw), 1112 (w), 1101 (m), 1028 (M),
1002 (vs.), 733 (s), 681 (w), 616 (w), 576 (vw), 385 (w), 294 (m), 250
(m), 198 (m). CCDC number: 1995605.

Bands marked with an asterisk belong to the [X(HF),(HX)]™ species.

[PPh,][CIO4(HF),]: In a typical experiment [PPh4][CIO,] (0.4 mmol,
175 mg, 1 equiv) was filled into an 8 mm o.d. PFA tubing which
was heat sealed on one end. The PFA tube was connected to a
steel valve and HF (3.2 mmol, 64 mg, 8 equiv) was condensed onto
the solid. The reactor was flame-sealed and mechanically agitated
until a clear solution was obtained. Colorless single crystals of
[PPh,][CIO,(HF),] were obtained by slowly cooling the reaction mix-
ture to —80°C. CCDC number: 1995606.

[PPN][Br(HCN)l: In a typical experiment [PPN]Br (0.4 mmol,
246 mg, 1 equiv) was dissolved in 0.4 mL MeCN. HCN (1.6 mmol,
4 equiv) was condensed onto the obtained suspension and the re-
action mixture was allowed to warm to room temperature. Color-
less single crystals of [PPN][Br(HCN)] were obtained by slowly cool-
ing to —40°C. CCDC number: 1995601.

Crystallographic data: Deposition numbers 1995595 (for [AsPh,]

(w), 1102 (w), 1028 (w), 1000 (s), 681 (w), 292 (w), 253 (W),  [CI(HCI),]), 1995596 (for [PPh,I[Br(HCI),]), 1995597 (for [PPh,]
198 cm ™' (w). CCDC number: 1995597. [(HCD;D), 1995598 (for [PPh,II(HF),(HN]), 1995599 (for [PPN]
[PPN][CI(HCI),]: Raman (—196 °C): ¥=3067 (m), 3057 (m), 1589 (m),  [BrHBr]-CH,Cl,), 1995600 (for [PPh,J[CI(HCI),]), 1995601 (for [PPN]
1114 (w), 1027 (w), 1001 (s) 669 (w), 616 (w), 240 cm™' (w). CCDC  [Br(HCN)]), 1995602 (for [PPNI[CI(HCI),]), 1995603 (for [PPN]
number: 1995602. [Br(HCI),]), 1995604 (for [PPNI[I(HCI),]), 1995605 (for [PPh,]
Chem. Eur. J. 2020, 26, 13256 - 13263 www.chemeurj.org 13262 © 2020 The Authors. Published by Wiley-VCH GmbH
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[Br(HF),(HBN]), 1995606 (for [PPh,][CIO,HF),]), and 1997012 (for
[PPh,][I(HBr),]) contain the supplementary crystallographic data for
this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service www.ccdc.cam.ac.uk/
structures.
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Patrick VoBnacker,” Thomas Keilhack,” Nico Schwarze,” Karsten Sonnenberg,

[a]

Konrad Seppelt,”) Moritz Malischewski,*® and Sebastian Riedel*®

Herein we report the synthesis and structural characterization
of four novel polychloride compounds. The compounds
[CCI(NMe,),][CI(Cl,);] and [NPr,[CI(Cl,),] have been obtained
from the reaction of the corresponding chloride salts with
elemental chlorine at low temperature. They are the missing
links in the series of polychloride monoanions [CI(CI),]~ (n=1-
6). Additionally, the reaction of decamethylferrocene with

Introduction

In recent years, polyhalides have received much attention due
to various possible applications.”" They exist as either solids or
low viscous ionic liquids with significantly lower vapor pressure
compared to the neat halogens.” Therefore, trihalides as well
as higher polyhalides have been applied as easy-to-handle
halogenation reagents which react with ketones,” alkenes®
and alkynes.” Additionally, polychlorides have shown to be
efficient and safe materials for the storage of elemental
chlorine.”’ Recently it was shown that ionic liquids based on
polyhalogen- and polyinterhalogen anions can be used for the
oxidative dissolution of metals and alloys. Since even noble
elements can be dissolved, an application in metal recycling
and urban mining might be possible.® Besides their potential
as oxidation reagents, ionic liquids based on polyhalogen
anions possess a surprisingly high conductivity” and it was
shown that polybromides are present in zinc-bromine (redox
flow) batteries.”

Polybromides and polyiodides display a structurally rich and
diverse chemistry and large anions up to [Bry]l*", [L*~ and
[l,”~ can be isolated (Figure 1).®' In contrast, the more
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elemental chlorine was studied yielding [Cp*,Fel,[Cl,,], which
contains the largest known polychloride [Cl,]*” to date, and
[Cp*,Fel[CI(Cl,),(HF)], which is the first example of a polychlor-
ide-HF network stabilized by strong hydrogen and halogen
bonding. All compounds have been characterized by single-
crystal X-ray diffraction, Raman spectroscopy and quantum-
chemical calculations.

Figure 1. Overview of experimentally known homoatomic polyhalogen
mono- and dianions. These anions have been crystallographically charac-
terized except for the shaded ones, which have only been observed
spectroscopically. Reproduced from ref.!"

challenging handling of gaseous chlorine as well as the lower
stability of polychlorides have so far hampered the exploration
of the structural chemistry of polychlorides.”’ Polyfluorides have
only been detected under matrix conditions."” So far, the only
structurally characterized polychlorine monoanions were [Cl;]7,
[CI(Cl,),] """ and only very recently crystal structures of [CI(Cl,)s]~
and [CI(Cl,)s]~ were reported."”” The [Cl;]” anion possesses a
nearly linear structure in the solid state while the structure of
the [CI(CL,),]~ within [PPh,CL][CI(CL,),]] ([PPh,Cl,]* =diphenyl-
dichlorophosphonium) can best be described as a hockey stick
structure.""™ [CI(Cl,)s]~ exists as either isolated square pyrami-
dal structure ([PPN][CI(CL,)s] - Cl,, [PPN]* =bis
(triphenylphosphine)iminium) or as square pyramidal [CI(Cl,)s]™
unit which are connected by one Cl, molecule (octahedral
coordination for the central halide) forming infinite chains
(IPPh,IICI(CI,)s], [AsPh,IICI(CL,)s]; [PPh,]* =tetraphenylphospho-
nium, [AsPh,]* =tetraphenylarsonium). The polychloride with

© 2020 The Authors. European Journal of Inorganic Chemistry
published by Wiley-VCH GmbH
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the highest chlorine content, [CI(Cl)s]", has an octahedral
geometry in the solid state.? So far, only two polychlorine
dianions are known in the literature. The [Cl]*~ ([CCl
(NMe),],[Clg]"?, [CCI(NMe),] ™ =tetramethylchloroamidinium)
which shows a discrete, Z-shaped structure and the [Cl,,]*~
(INMesPh],[CI,,]"%, [NMe;Ph]* = trimethylphenylammonium)
which possesses inversion symmetry and can be described as
two [CI(Cl,),]” units which are connected by a Cl, molecule. The
[Cl,,]* units are further connected to form a three-dimensional
network resembling a honeycomb. In 2015 the molecular
structure of a 2D layered infinite polychlorine structure
consisting of [Cl;]~ and Cl, building blocks ([NEt,][Cl;),-Cl,],
[NEt,] " =tetraethylammonium) was described."”

The bonding situation of such higher polyhalogen anions
can be described as a Lewis acid-base interaction between the
halide (Lewis base) and the dihalogen (Lewis acid). Two major
interactions contribute to the bonding: First there is charge
transfer from the HOMO of the halide ion (lone pair) into the
LUMO of the dihalogen (c*(X—X)) which leads to an elongation
of the X—X bond. Additionally, the electrostatic potential of the
dihalogen is anisotropic. This results in a belt of higher electron
density perpendicular to the molecule’s bonding axis and an
area of lower electron density along the extension of the
covalent bond, the so called o-hole. Between the negatively
charged halide ion and the positive o-hole there is an attractive
electrostatic interaction." Very recently the bonding situation
of the [Cl;]™ has been studied by experimental and computed
electron densities determination. It was shown that a genuine
ppo bond is formed if a chlorine molecule interacts with a
“naked” chloride ion. Furthermore, it appears to be a smooth
transition from the asymmetric to the symmetric compound
which is a crucial property for its chemical reactivity."®

Herein, we report the synthesis and characterization of four
hitherto unknown polychloride compounds. It was possible to
obtain the first molecular structures of a heptachloride ([CCI
(NMe,),][CI(Cl,);])) and a nonachloride (INPr,J[CI(Cl,),]). In addi-
tion, the first polychloride-HF network was synthesized
([Cp*,Fel,[CI(Cl,),(HF)]) and the largest known polychloride, the
[Cl,ol>~ could be obtained by oxidation of Cp*,Fe with a large
excess of chlorine.

Results and Discussion
The Heptachloride [CI(Cl,);]™

An anion, which can formally be described as a [CI(Cl,);]", was
obtained by the reaction of the Vilsmeier salt [CCI(NMe,),]Cl
with a large excess of chlorine without additional solvent
(Equation 1).

cl,
[CCI(NMe,),]Cl + 3Cl, ————[CCI(NMe,),][CI(Cl,)5] | 6]
25°C——40°C
By slowly cooling the reaction mixture to —40 C single
crystals of [CCI(NMe,),][CI(Cl,);] were obtained which crystalize
in the orthorhombic space group P2,2,2, (Figure 2).
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Figure 2. Molecular structure of [CCI(NMe,),][CI(Cl,);] in the solid state with
thermal ellipsoids shown at 50% probability.

The anion within [CCI(NMe,),][CI(Cl,),] is best described as a
polychloride network in which the central chloride is coordi-
nated by five chlorine molecules, four of them are bridging to
the next chloride ion while one is terminal. Four chloride ions
connected by four chlorine molecules form a bent rectangle,
with the fifth chlorine alternatingly pointing up and down-
wards. The bent rectangles are connected by all four edges to
form an extended network (Figure 3).

The distance between the central halide and the terminal
Cl, unit (275.1(1) pm) as well as the Cl, bond length
(204.9(1) pm) are in good agreement to the bond length
calculated on SCS-MP2/def2-TZVPP for a square pyramidal
[CI(Cl)s]~ anion (277.8-282.2 pm, 203.9-204.8 pm). In compar-
ison to crystalline Cl, (R(CI-Cl)=198.4(1) pm) the Cl, bond
length is elongated by 6.5(2) pm which can be explained by the
aforementioned donation of electron density into the o*-orbital
of the CI—Cl bond which leads to a bond weakening effect. The
distance between the central halide and the bridging Cl, units
is significantly longer (287.8(1)-302.5(1) pm). Nevertheless, the

A B S U S
Y2 R
\"’\n‘_\%ﬁ_4./%‘"TI‘**N\\#_M_”;’:‘_N‘

Figure 3. Structure of the polychlorine monoanion within the solid state
structure of [CCI(NMe,),][CI(Cl,);]. Thermal ellipsoids are shown at 50%
probability. Cations are omitted for clarity.
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weakening of the CI-Cl bond is comparable for the bridging Cl,
units (R(CI—Cl)=204.0(1)-204.5 pm) which is due to a charge
transfer from two chloride ions. The shortest distances between
cation and anion are a Cl-H distance of 274.0(3) pm and a CI-Cl
distance of 339.1(1) pm which indicate moderate hydrogen and
halogen bonding interactions.

The Raman spectrum of the single crystal of [CCI(NMe,),][CI-
(Cl,);] shows three bands at 471, 451 and 430cm™' (see
Figure S8). Those bands correspond to the stretching modes of
the three crystallographic independent Cl, units in the crystal.
The experimentally obtained spectra is rather similar to the
computed spectra at SCS-MP2/def2-TZVPP level for a C,,
symmetric [CI(Cl,);]” anion in the gas phase while no exact
match can be expected due to the network structure in the
solid state (see Figure S9).

The Nonachloride [CI(Cl,),]™

[NPr,ICI(Cl,),] (INPr,]* =tetrapropylammonium) was prepared
by condensing stoichiometric amounts of chlorine onto an
acetonitrile (MeCN) solution of [NPr,ICI (Equation 2).

[NPr,]Cl + 4Cl, &[NPH] [CI(Cly)a] | (2)
25°C—-15°C

By slowly cooling to —15 C single crystals of [NPr,][CI(Cl,),]
were obtained which crystalize in the tetragonal space group
14. (Figure 4). The structure of the anion can best be described
as a distorted tetrahedron. Quantum-chemical calculations
(B3LYP(D3BJ)/def2-TZVPP and SCS-MP2/def2-TZVPP (value in
parentheses) predicted the tetrahedral structure to be the
minimum in the gas phase. In comparison the pyramidal
structure (C,,) is 8.54 (4.29) kJmol™" higher in energy and shows
one imaginary frequency (transition state between two tetrahe-
dral structures) while the planar structure (D,) is 9.7
(4.4) kJmol™" higher in energy and shows one (MP2) or two
(B3LYP) imaginary frequencies (transition between tetrahedral
as well as pyramidal structures). The bond length of the
coordinated Cl, is elongated by 8.1(6) pm when compared to
crystalline Cl, (R(CI—CI)=198.4(1) pm)"” which agrees well with
the computed bond length on MP2 level of theory (R(CI-Cl)=
205.6 pm). In the Raman spectrum of the single crystal two
bands at 477 and 450 are observed in the Cl, region. Those
bands are in good agreement to the calculated bands on SCS-
MP2 level at 472 and 438 cm™' (Figure S9).

. o g
13am .
3 ci2 Brt
Br 83"
1\92.” ciA \ Bt & \ E;vﬁ/‘
Y ci2 < ~
®< ‘Zm;m s ot o= Tz S B .- EEsomm

12~ "274.2(1) pm
"WC12

ci2 >,
CI3A", L
/ x ciA'

R “2786(1) pm
® (1) pr

Brin o .
1
CI2';H? X o

3 Zoeampm
B3y’

Figure 4. Comparison of the molecular structure of [NPr,J[CI(Cl,),], [NPr,][CI-
(BrCl),] and [NPr,][Br(Br,),] in the solid state. Thermal ellipsoids are shown at
50% probability. Disorders are omitted for clarity (see Figure S2 for structure
including disorder). Bond angles in [ ]: CI2—CI1—CI2’ 93.2(1), Cl2—CI"—CI2"”
152.6(1), Br1—CI1-Br1’ 100.3(1), Br1—CI1—Br1"” 130.1(1), Br3—Br2—Br3’ 99.8(1),
Br3—Br2—Br3"" 131.2(1).
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Two isostructural compounds, [NPr,J[CI(BrCI),]"® and
[NPr][Br(Br,),I"", are known in the literature. When the
structures of the polyhalogen anions are compared it can be
seen that the distortion of the tetrahedra is most pronounced
for the [CI(Cl),]” anion (bond angles of 93.2(1) and 152.6(1) ,
compared to 100.3(1) , 130.1(1) for [CI(BrCl),]- and 99.8(1) ,
131.2(1) for [Br(Br,),]"). This can be explained by inter-
molecular interactions. Within the molecular structure of
[NPr,][Br(Br,),] there are short Br3—Br1 distances of 339.5(1) pm
(Zvawradii =370 pm)?® yielding a connection between the [Br-
(Br,),]” units by forming eight-membered folded rectangles (see
Figure 5B). When going from Br, to BrCl the structure of the
anion does not change much but the inter-molecular inter-
actions get weaker (Br1—Cl2 distances of 350.8(2) pm, gy adi =
360 pm®”) due to the shorter Br—Cl bonds which increases the
distance between the [CI(BrCl),]” units (see Figure S4). Due to
the even shorter CI-Cl bond lengths the distances between the
[CI(Cl,),]” units would become so large that there would be no
inter-molecular interactions. Therefore, for the [CI(Cl,),]” unit, a
stronger distortion is observed which allows inter-molecular
interaction by short CI3A—CI3A distances of 319(1) pm
(Zawradii = 350 pm)?® forming four-membered folded rectangles
(see Figure 5A).

Reactions of [Cp*,Fe] with Cl,

The reactions of ferrocene with dihalogens are known for a
long time.?" Ferrocenium is well known to form a series of
polyiodide complexes, from the triiodide [Cp,Felll;]*",
[Cp,Felll;]?, [Cp,Fel,ll]® to [Cp,Felsll]® (Cp,Fe=ferrocene,
Cp*,Fe =decamethylferrocene) However, elemental bromine or
chlorine are so reactive, that they partially or completely
destroy the ferrocene moiety, leading to either [Cp,Fe][FeX,] or
pentahalocyclopentane CsHiXs (X=Cl, Br).*¥ Only a small
number of ferrocenium derivatives with tribromide counter
anions have been isolated so far.*

Recently it was shown that ferrocene derivatives can be
oxidized twice to form stable compounds containing tetravalent
iron ([Cp*,Fel**, [Cp*,FeCOI** and [Cp,FeH"1).?" Therefore it
was attempted to oxidize [Cp*,Fe] using an excess of the strong
oxidizer Cl, to form either [Cp*,Fe]*" or the unknown

Figure 5. Anion network within the solid state structures of [NPr,J[CI(Cl,),] (A)
and [NPr,][Br(Br,),] (B). Intermolecular interactions are indicated by red
dotted lines.
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[Cp*,FeCl]™. Although oxidation to [Cp*,Fe]™ occurs rapidly in
dichloromethane, longer reaction times at room temperature
(especially in the sunlight) lead to chlorination or cleavage of
the Cp* ligand. A two-electron oxidation of the [Cp*,Fe] was
not observed. Slowly cooling the reaction mixture to —75 C
yields green single crystals of [Cp*,Fe][CI(Cl,),(HF)] (Equation 3).

(Cp*,Fe] + 4.5C1, + HF — . [Cp*,Fe][CI(Cl,)4 (HF)] |

—35°C—-75°C

®3)

Co-crystalized HF is most likely a result of adventitious
traces of HF which were present since the reaction was
performed in a PFA reactor on a steel line which was previously
used for reactions involving HF. To rule out a contamination
with water (differentiation between HF and H,O is not always
possible by XRD) the reaction was repeated, and stoichiometric
amounts of HF and H,0 were added, respectively. The addition
of milligram amounts of HF led to the formation of the same
crystals, while addition of water was inconclusive.

[Cp*,FellCI(CI,),(HF)] crystalizes in the monoclinic space
group C2/m (Figure 6).

The structure of the anion can be described as an
intermediate between a square pyramidal structure with HF on
the top of the pyramid (C,,) and a trigonal bipyramidal (C,,)
structure with HF in an equatorial position. This interpretation is
further supported by the structural parameter t which was
calculated to be 0.56 (t=(p-a/60 , o and f are the largest angle
in the coordination sphere; T=0 for perfect square-pyramidal
structure and 1 for perfect bipyramidal symmetric structure)?”.
Quantum-chemical calculations in the gas-phase predict both
structures to be very close in energy. On B3LYP(D3BJ)/def2-
TZVPP level of theory the G, structure is favored by 0.5 kJmol™
with the C,, being a transition state while on SCS-MP2 level of
theory the C,, symmetric structure is equal in energy both
being minima, indicating a very shallow potential energy
surface. The bond length of the coordinated Cl, is only slightly
elongated by 2.7(2) to 4.3(2) pm when compared to crystalline
Cl, (R(CI-CI)=198.4(1) pm)"” while the short F1—CI1 distance of
289.1(2) pm indicate strong hydrogen bonding interaction. A
comparison with the molecular structure of [PPN][CI(Cl,)s]-Cl,,
in which the central chloride also has a coordination number of
five, shows a comparable weakening of the CI-Cl bond with

CI3
201.9
i ci2
e m& 1 crz
1288.5(1) pm Cl6
ClB" ™y &
- 202.7(1) pm

\ -
Cl 1[@‘ 285.4(1) pm
\

7 4298.3(1) pm
Do

H1.s
Fd  How
2011
cis

Figure 6. Molecular structure of [Cp*,Fe][CI(Cl,),(HF)] in the solid state with
thermal ellipsoids shown at 50% probability. The F1—CI1 distance is
289.1(2) pm. Hydrogen atoms are omitted for clarity.

(1) pm

(1) pm
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bond length of 201.5(1) to 202.6(1) pm." This indicates that
the Lewis acidity of the HF molecule is at least comparable to
the Lewis acidity of Cl,. Quantum-chemical calculations support
this observation since the addition of a HF molecule to
[CI(Cl,),]~ was calculated (B3LYP(D3BJ)/def2-TZVPP and SCS-
MP2/def2-TZVPP (value in parentheses) to be 8.6 (13.3) kJmol™’
exergonic while the exchange of one Cl, unit from [CI(Cl,)s]™
against one HF molecule is 17.2 (32.0) kJmol™' exergonic
(Scheme 1).

This also explains why a mixed anion containing HF and Cl,
is obtained even when an excess of chlorine was used. Further
quantum-chemical calculations show that in principle all
exchange reactions of Cl, against HF are exergonic for the
system [CI(Cl,)s.,(HF),] +HF—[CI(CI,)s5..1(HF), ;1" +Cl, (n=0-4,
see Table S6) while an exchange of Cl, in [CI(Cl,);]~ against HCI
is also exergonic (Table S7).

The Raman spectrum of the single crystal of
[Cp*,Fel[CI(CL,),(HF)] shows three bands at 507, 488 and
477 cm™'. Those bands agree well to the bands calculated on
SCS-MP2/def2-TZVPP level of theory for a C,, symmetric
[CI(Cl,),(HF)I~ (499, 480, 477 cm™") while again no exact match
can be expected due to the reduced symmetry in the crystal
and the formation of the polyhalide network (see Figure S9).

When an even larger excess of Cl, (21 equiv.) is used in
absence of HF slow cooling of the reaction mixture to —75 C
yields single crystals of [Cp*,Fel,[Cl,,] which represents the
largest known polychloride today. (Equation 4).

DCM/Cl,

* / *
2[Cp™,Fe] + 10Cl, —————[FeCp™,],[Cly] |

—50°C—-75°C

4

[Cp*,Fel,[Cly,] crystallizes in the monoclinic space group C2/
c (Figure 7).

The structure of the anion is interpreted as two [CI(Cl,),]~
units which are connected by a single bridging Cl, molecule.
Overall, the structure of the anion is rather asymmetric with
large differences in the distance between the central halide and
the coordinated Cl, unit (R(CI-Cl)=271.4(1) to 299.2(1) pm).
This might be due to further inter-molecular interactions to
other [Cl,o]*~ units. The Cl, bond length of the coordinated Cl,
units correlates well to the distance to the central halide. It
increases when the distance is shorter which can be explained
by a stronger interaction and therefore more donation of
electron density into the o* orbital of the CI-CI bond. The only
exception is the bridging Cl, which has a significantly elongated
bond (203.6(1) pm) even though the distance to the chloride
ion is rather large (299.2(1) pm). This is due to the interaction
with two CI~ ions. The Raman spectrum shows five bands
between 490 and 419 cm™' (see Figure S8). This is in agreement
with the symmetry of the anion as the [Cl,,]*~ exhibits inversion

AG =-8.6 (-13.3) kJ mol™

[CI(Cl2)s]” + HF [CICl2)a(HF)”

AG =-17.2 (-32.0) kJ mol~"
[C'(C|2)5]7 + HF

[CICl2)a(HF)]" + Cl2

Scheme 1. Free reaction energies for the reaction of [CI(Cl,),]~ with HF and
for the substitution of one Cl, against one HF in [CI(Cl,)s]".

© 2020 The Authors. European Journal of Inorganic Chemistry published
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Figure 7. Molecular structure of [Cp*,Fel,[Cl,] in the solid state with thermal
ellipsoids shown at 50% probability. Only one cation and no hydrogen
atoms are shown for clarity.

symmetry (C). Therefore, the rule of mutual exclusion holds,
and only vibrations of g symmetry are visible in the Raman
spectrum. For a C; symmetric [Cl,)*~ five bands with Ag
symmetry are computed on B3LYP(D3BJ)-COSMO/def2-TZVPP
and SCS-MP2-COSMO/def2-TZVPP (g, =100) level of theory
(see Figure S9). The broad area of wavenumbers over which the
bands are spread can be explained by the rather large differ-
ences in the Cl-Cl bond length (R(CI-Cl)=202.0(1)-
205.7(1) pm).

Both the [CI(Cl,),(HF)]” and the [Cl,,]*~ form three-dimen-
sional networks in the solid state. The [CI(Cl,),(HF)]~ forms
hexagonal prisms via short inter-molecular F—Cl distances of
F1-CI3  2739(2) pm, F1-CI5 287.8(2)pm and F1-CI7
283.2(2) pm  (Z,qwraai =322 pm™, see Figure 8). This gives a
coordination number of five for the central chloride as well as
for the fluorine of the HF molecule. In this case the fluorine acts
as a halogen bond acceptor (Lewis base) to connect the
[CI(Cl,)4(HF)]~ units. The center of the hexagonal prism is
occupied by a [Cp*,Fe]* cation with the prisms being
connected via all eight phases to translate in all three

Figure 8. Anion network within the solid state structure of [Cp*,Fe][Cl-
(Cl,)4(HF)] and [Cp*,Fel,[Cl,,]. Thermal ellipsoids are shown at 50 % proba-
bility. Hydrogen atoms are omitted for clarity. Intramolecular interactions
between the [Cl,o]*~ units are indicated by red dotted lines.
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dimensions (see Figure S5.) For the [Cl,]*~ the same hexagonal
prismatic arrangement is observed in the solid state, even
though the prism is heavily distorted (See Figure 8). The
Hirshfeld surface of the [Cl,J*~ unit shows significant inter-
actions between the anions while only weak interactions with
the cations are observed (See Figure S7). Nevertheless, a
description as discrete [Cl]*~ units is reasonable since the
inter-molecular distances of R(CI6—CI3)=326.9(1) pm, R-
(Cl6—CI5)=336.9(1) pm,  R(ClI6—CI9)=324.8(1)pm and R-
(CI7-C17)=321.8(2) pm  (Z,qwraaii =350 pm)®® are significantly
longer than the longest intramolecular distance (at least
22.6 pm).

Conclusion

In this work the synthesis of the four hitherto unknown
polychlorides compounds, [CCI(NMe,),][CI(Cl,);], [NPr[CI(CI,),],
[Cp*,Fel[CI(CL,),(HF)] and [Cp*,Fel,[Cl,,] was reported. All com-
pounds have been thoroughly characterized by single-crystal X-
ray diffraction, single crystal Raman spectroscopy as well as
quantum-chemical calculations. With the syntheses of [CI(Cl);]~
and [CI(Cl),]~ the row of polychloride monoanions [CI(Cl,),)]~
(n=1-6) was completed while with [Cp*,Fel,[Cl,]] we suc-
ceeded in the synthesis of the largest known polychloride.
Additionally, the [CI(Cl,)4(HF)]~ anion is the first example for a
polychloride-HF network which is stabilized by strong hydrogen
and halogen bonding interaction. Overall, it could be shown
that polychloride chemistry shows a surprising structural
diversity, which is comparable to that of the heavier polyhal-
ogen anions.

Experimental Section

Apparatus and Materials

All substances sensitive to water and oxygen were handled under
an argon atmosphere using standard Schlenk techniques and oil
pump vacuum up to 1072 mbar. Some reactions were performed on
a stainless steel vacuum line in self-built reactors consisting of
8 mm o. d. PFA (perfluoroalkoxy alkanes) tubing which where heat
sealed on one end and connected to a steel valve on the other end.
Dry DCM was obtained by storage over activated 3 A molecular
sieves. Commercially available [NPr,JCI and Cp*,Fe were used
without further purification. Chlorine (Linde, purity 2.8) was passed
through calcium chloride to remove traces of water.
[CCI(NMe,),]CI*® was prepared according to literature procedures.
All salts were dried in vacuo at 100 C for 10 min prior to use.
Raman spectra were recorded on a Bruker (Karlsruhe, Germany)
MultiRAM 1l equipped with a low-temperature Ge detector
(1064 nm, 100-180 mW, resolution of 4 cm™). Spectra of single
crystals were recorded at —196 C using the Bruker RamanScope llI
(see supporting information part g for description of the used
method). X-ray diffraction data were collected on a Bruker D8
Venture CMOS area detector (Photon 100) diffractometer with Moy,
radiation. Single crystals were coated with perfluoroether oil at low
temperature (—40/—80 C) and mounted on a 0.1-0.2 mm Micro-
mount. The structures were solved with the ShelXT®? structure
solution program using intrinsic phasing and refined with the
ShelXL®” refinement package using least squares on weighted F2

1038 © 2020 The Authors. European Journal of Inorganic Chemistry published
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values for all reflections using OLEX2"". For quantum chemical
calculations (structure optimization (with and without solvent
model COSMO®?) and frequency calculations (including Raman
intensities)) the program package TURBOMOLE 7.3%% was used.
Functionals (B3LYP(D3BJ)®** and SCS-MP2B%) and the basis set
(def2-TZVPP)® were used as implemented in TURBOMOLE. Minima
on the potential energy surface were characterized by harmonic
vibrational frequency analysis. Thermochemistry was provided with
zero-point vibration correction, AG values were calculated at
298.15 K and 1.0 bar. Representations of Hirshfeld surfaces were
generated using CrystalExplorer17%”

[CCI(NMe,),]ICI(CL,)s]

1.57 g (22.45 mmol, 15.4 equiv.) Cl, were condensed onto 250 mg
(1.46 mmol) [CCI(NMe,),] Cl at —196 C. Warming to room temper-
ature yields a clear yellow solution. Yellow single crystals of [CCI
(NMe,),][CI(Cl,);] were obtained within several days by slowly
cooling to —40 C.

[CCI(NMe,),][CI(Cl,);] Raman (—196 C): v=2950 (vw), 2985 (vw),
1456 (vw), 1389 (vw), 618 (vw), 471 (vs), 451 (vs), 430 (m), 272 (m),
146 cm™' (vw).

CCDC number: 2031714

[NPr,JICI(CI,),]

601 mg (2.7 mmol) [NPr,JCI was dissolved in 1.4 mL MeCN. 766 mg
(10.9 mmol, 4.0 equiv.) Cl, are condensed onto the solution at
—196 C. The reaction mixture was warmed to room temperature
and a clear yellow solution was obtained. Yellow single crystals of
[NPr,J[CI(Cl,),] were obtained within several days by slowly cooling
to —15 C.

INPr,JICI(Cl,),] Raman (—196 C): ¥=3003 (vw), 2982 (vw), 2954
(vw), 2937 (vw), 2872 (vw), 1458 (vw), 1445 (vw), 1315 (vw), 477 (vs),
450 (vs), 151 cm~"(w).

CCDC number: 2031713

[Cp*,Fel[CI(Cl,)4(HF)]

Inside a 8 mm PFA tube connected to a stainless steel valve, 32 mg
(0.1 mmol) Cp*,Fe were dissolved in 1.5ml dichloromethane.
90 mg Cl, (1.25 mmol) were condensed in at —196 C. The mixture
was warmed to —70 C and mechanically agitated resulting in a
dark green suspension. After some minutes 3 mg anhydrous
hydrogen fluoride were condensed in at —196 C. The mixture was
warmed to approximately —35 C, resulting in a clear dark-green
solution. The mixture was frozen at —196 C, and the PFA tube was
flame-sealed in vacuum. The sealed-off tube was placed inside a
Dewar filled with 1-2 liters of —35 C cold ethanol and placed in a
—75 C freezer. After one day, dark-green crystals had formed.

[Cp*,Fe][CI(Cl,),(HF)] Raman (—196 C): v=2931 (m), 1423 (w), 735
(w), 588 (w), 507 (s), 488 (s), 477 (vs), 367 (w), 292 (vw).

CCDC number: 2031710

[Cp*,Fel,[Cly]

Inside a 8 mm PFA tube connected to a stainless steel valve, 32 mg
(0.1 mmol) Cp*,Fe were dissolved in 1.5ml dichloromethane.
180 mg Cl, (2.5 mmol) were condensed in at —196 C. The mixture
was warmed to —70 C and mechanically agitated resulting in a
dark green suspension. After some minutes, the mixture was
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warmed to —50 C, resulting in a clear dark-green solution. The
mixture was frozen at —196 C, and the PFA tube was flame-sealed
in vacuum. The sealed-off tube was placed inside a Dewar filled
with 1-2liters of —50 C cold ethanol and placed in a —75 C
freezer. After one day, dark-green crystals had formed.

[Cp*,Fel,[Cl,,] Raman (—196 C): v=2986 (vw), 2965 (vw),
1480 (vw), 1442 (vw), 1425 (v
(s), 473 (vs), 450 (vs), 417 (m
182 cm™" (vw).

( 2914 (w),
w), 1025 (vw), 700 (vw), 591 (vw), 490
), 366 (W), 291 (m), 242 (vw), 223 (vw),

CCDC number: 2031711.

Deposition Numbers 2031714 (for [CCI(NMe,),][CI(Cl,);]), 2031713
(for [NPr,][CI(CI,),]), 2031710 (for [Cp*,Fe][CI(CI,),(HF)]), and 2031711
(for [Cp*,Fel,[Cl,,]) contain the supplementary crystallographic data
for this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service www.ccdc.cam.ac.uk/
structures.
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ABSTRACT: Herein, we report the use of alkyl ammonium
chloride salts as safe and sustainable chlorine storage media. The
most promising candidate, [NEt;Me]Cl, stores up to 0.79 kg
chlorine/kg storage material, is readily prepared, and stable against
chlorination for extended times. Chlorine release can be achieved
by applying heat or vacuum, or, alternatively, by the addition of
water. The combination of these properties emphasizes
[NEt;Me]Cl as a suitable storage medium to facilitate the
flexibilization of industrial chlorine production. As polychlorides
can be used for various chlorination reactions, a combined

STORAGE [NEt;Me]Cl RELEASE
.,“'.v e
Cl, Cl,
Storage: Cl, release:
* Cheap * Heat
« Safe to handle * Vacuum

* Low Cl, pressure * H,0O addition

[NEtsMe][Cla]

industrial process is envisaged utilizing [NEt;Me]Cl as the storage medium and the loaded system, [NEt;Me][CI(CL,),] (n =

1.68), as the reagent for industrial chlorinations.

KEYWORDS: chlorine, polychlorides, halogen bonding, sustainable chemistry, ionic liquid, industrial chemistry

Bl INTRODUCTION

With a production of 75 million tons per year, chlorine is one
of the most important base chemicals. It is used in numerous
reactions and involved in the synthesis of roughly 50% of all
industrial compounds, 20% of small-molecule pharmaceutical
products, and 30% of agrochemicals." Primarily, chlorine is
applied in the synthesis of precursors for polymers, e.g., vinyl
chloride for PVC and phosgene for polyurethanes and
polycarbonates.”

However, the production of chlorine by chloralkali
electrolysis is an extremely energy-demanding process
requiring, for instance, 2% of the entire electrical energy
production in Germany.® To realize the vision of an exit of coal
and nuclear energy, the production of renewable energy (e.g.,
solar and wind energy) is currently expanded, which results in
a more inconsistent energy supply depending on local weather
circumstances. Therefore, achieving higher flexibility for
energy-intensive processes is a key challenge.* Currently, the
flexibilization of chlorine production is mainly limited by the
lack of techniques for efficient chlorine storage.™®

Typically, chlorine is stored either by pressure liquefication
at 7 bar or by cooling below the boiling point of —34 °C.” Both
methods are energy-intensive and require circumstantial
corrosion protection and safety concepts in case of a failure
of the storage system, resulting in the expansion of toxic
chlorine gas.” This is of particular importance for the transport
of large quantities of chlorine.® In this context, porous silicon
dioxide particles have been investigated by the Polarz group in
cooperation with Covestro for chlorine storage at milder

© 2022 The Authors. Published by

American Chemical Society
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conditions still requiring relatively high pressures (3.5 bar at
30 °C for 0.4 kg Cl, stored on 1 kg SiO,) or low temperatures
(1 bar at —26 °C for 1.1 kg Cl, stored on 1 kg SiO,).” This
indicates that the main challenges of chlorine storage are only
partially solved thus far. Therefore, safe chlorine storage
materials, which allow the storage of chlorine at ambient
pressure and temperature, are highly desirable.

In general, the storage of chlorine by liquefication and
consecutive chlorine release for further reactions is an energy-
demanding process (Figure 1A). Thus, we aimed for a medium
that is able to store chlorine under ambient conditions without
requiring additional energy. To further pursue the idea of
sustainability, we envisioned to develop a storage medium that
is not only able to store chlorine gas but ideally also to serve
directly as a reagent for chlorination reactions. In this way, an
industrial process could be realized, combining chlorine
storage and chlorination reactions in an energetic “downhill
process” (Figure 1B).

At the outset of this work, we anticipated that organic
chloride salts can reversibly bind chlorine by forming
polychlorides (also known as polychlorine anions). Due to
their large structural diversity and possible applications,
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A: Energy Scheme for Chlorine Reactions

Storage Release
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Reaction
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B: Envisioned Process

[NEt;Me]CI

Cl,
Chlorine
Storage

Chlorination
Reaction

RCl,
[NEtzMe][Cl:]

Figure 1. (A) Comparison of the energy profile for conventional chlorine storage as well as chlorine storage as polychlorides and (B) proposed
scheme for the direct use of [NEt;Me][CL;] as a chlorination reagent.

polychloride salts received much attention in recent years."® It
was shown that a complete row of polychlorine monoanions
[CI(CL),]” with n = 1—6""""° can be stabilized using weakly
coordinating cations (e.g, PPh, or NPr,), while the recently
reported [Clyy]*™ represents the largest known polychloride."
Polychlorides with lower chlorine content exist either as solids
or as low viscous ionic liquids (Figure 2) with a significantly

Figure 2. Examples of a solid ([NEt,][Cl;], left) and a liquid organic
trichloride system ([NEt;Me][Cl;], right) at ambient temperature.

reduced vapor pressure compared to Cl, gas. This makes them
easy-to-handle chlorination reagents that have been used in
numerous organic transformations.'® Very recently, we found
that [NEt;Me][Cl;] can directly react with CO, without
further activation by light or heat, to form phosgene (COCL,),
a major intermediate in the synthesis of polyurethanes and
polycarbonates.'” Additionally, trichloride ionic liquids are
useful for the oxidative dissolution of metals and alloys for
metal recycling applications, as demonstrated by the group of
Binnemans and others.'®™>°

In this work, we show that ammonium chlorides are an
enabling technique for an efficient chlorine storage at ambient
pressure and temperature, as some of them have a high storage
capacity, are accessible from cheap raw materials, are stable
against undesired chlorination, and the formed polychlorides
have a low viscosity. As the application of polychlorides for
industrial transformations has been demonstrated, ammonium
chlorides could be used as storage media and the obtained
polychlorides as versatile reagents to enable flexible production
of chlorinated materials in a combined process.
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B RESULTS AND DISCUSSION

Synthesis of Storing Materials and Their Physical
Properties. To find suitable candidates, we determined the
storage capacities of various alkyl ammonium chloride salts and
investigated the physical properties of the corresponding
polychlorides. These chloride salts are either commercially
available or can readily be prepared by methylation of amines
using, e.g., methyl chloroformate or inexpensive methyl

chloride (Scheme 1).

Scheme 1. Preparation of Ammonium Chlorides by
Methylation of Amines

o)
NR; + — = [NRsMe[CI
° CI*OMe CH,Cl; °
40°C
-CO, R = Alkyl

To determine the chlorine storage capacities of these
chloride salts, an excess of Cl, gas was condensed onto a
defined amount of the chloride salt. Warming the reaction
mixture to room temperature and allowing unreacted chlorine
gas to evaporate until the system reaches atmospheric pressure
yields polychloride salts as the loaded chlorine storages.

Alternatively, the system can be loaded by exposing the
chloride salt to an atmosphere of chlorine gas. This procedure
is more convenient for large-scale preparations and is applied
for the synthesis of 1 kg of [NEt;Me][CI(CL,), 4] (Scheme 2
and Video $1).*!

The amount of stored chlorine was determined by
gravimetric analysis. Additionally, the melting points, densities,
and viscosities (for selected systems) of the obtained
polychlorides [NR;Me][CI(CL,),] were determined. The
results for selected ammonium salt systems are summarized
in Table 1 (see Table S2 for full data).

The physicochemical properties of symmetric and asym-
metric ammonium polychlorides show significant differences.
In general, polychlorides with symmetric cations have higher
melting points and viscosities compared to asymmetric cations.

Notably, ammonium salts with short alkyl chains, e.g,
methyl or ethyl, have the lowest viscosities rendering them
advantageous candidates for industrial applications as they can
be more easily pumped and transferred within a plant. The
amount of chlorine, which can be stored per mole of chloride,
is highest for asymmetric cations with propyl and butyl groups.

https://doi.org/10.1021/acssuschemeng.2c02186
ACS Sustainable Chem. Eng. 2022, 10, 9525-9531
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Scheme 2. Reaction of Organic Chlorides with Chlorine to the Corresponding Polychlorides

Screening

cly

INRsMe]Cl+ n Cl, ———
-196 °C > 25 °C

Large Scale

[NEtzMe]Cl+n Cly —————— [NEt;Me][CI(Cl,),]

RT

[NR5Me][CI(Cl),]

Table 1. Storage Capacities of [NR;Me]Cl and Physical Properties of [NR;Me][CI(CL,),]

dynamic
melting point density at viscosi

substrate polychloride [°C] 25 °C [kg L™'] [mPag
cL,> —101, =357 1.38
[NBu,]Cl 5 1.30 684
[NEtMe,]Cl 8 1.24 low viscosity
[NEt,Me,]Cl -19 120 16
[NEt;Me]Cl 1 (-10)¢ 1.21 19
[NBuMe,]Cl 21 1.2 low viscosity
[NBuEt,Me] ~19 1.30 46

Cl
[NMePr;]Cl 9 123 141
[NBu,Me,]Cl —27 1.17 low viscosity
[NBu;Me]Cl 8 1.19 low viscosity

storage capacity by amount of

storage capacitY Ll,)y storage capacity by
]

substance [mol mol™']* mass [kg kg~ volume [kg L™']¢

1.38
2.18 0.55 0.46
1.44 0.82 0.56
1.57 0.8 0.54
1.68 0.79 0.53
2.57 1.19 0.68
2.72 1.06 0.67
2.13 0.77 0.54
229 0.83 0.53
2.46 0.73 0.51

“Storage capacity by the amount of substance is equal to the amount of substance of Cl, that can be stored on 1 mol of the chloride salt. bStorage
capacity by mass is equal to the mass of Cl, that can be stored on 1 kg of the chloride salt. “Storage capacity by volume is equal to the mass of Cl,
that is stored in 1 L of [Cat][CI(CL),]. “b.p. of elemental chlorine. “Determined by cooling liquid [NEt;Me][CI(CL,), ¢]-

This is likely due to a weaker interaction between the cation
and the chloride ion. The storage capacity by mass is only
slightly larger for asymmetric cations with propyl and butyl
groups compared to cations with ethyl groups due to their
higher molar mass. For example, [NBuEt,Me]Cl has a higher
storage capacity by the amount of substance than [NEt;Me]Cl
(2.72 vs 1.68 mol mol™"), while the difference of the storage
capacity by mass is significantly smaller (1.06 vs 0.79 kg kg™").

To allow a comparison to liquified chlorine, we investigated
how much chlorine can be stored in a certain volume of
[Cat][CI(CL,),]. Values between 0.5 and 0.7 kg Cl, per L
polychloride are obtained for the best candidates compared to
1.38 kg L™! for liquefied chlorine at 7 bar and 25 °C. Even
though the storage capacity by volume for liquefied chlorine is
higher, these results are promising since chlorine storage at
ambient conditions allows for a more efficient design of the
storage containers and holds enormous advantages in terms of
safety and handling.

Then, we tested the long-term stabilities of
[NBu,][CI(CL,),] and [NEt;Me][CI(CL),] as we expected
that ammonium salts with butyl groups could undergo possible
chlorination over prolonged time. When we stored a sample of
[NBu,][CI(Cl,),] and measured Raman spectra after 6 month,
we found that the bands for polychloride species disappeared
(Figure 3 top), while further investigations by electrospray
ionization (ESI)-mass spectrometry revealed signals for the
chlorinated cation with up to four hydrogen atoms substituted
by chlorine (Figures S18 and S19). In the case of [NEt;Me]-
[CI(CL,),], no changes in the Raman spectra were observed
even after more than 2 years (Figure 3 bottom). Additional
experiments with [NEt;Me][Cl;] and [NEt;Me][CI(CL),¢]

9527
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—— [NBu,J[CI(Cl,),] after 0 days [CICly)n™

—— [NBu,J[CI(Cl,),] after 180 days
2
‘»

C-Cl

§ I
< Nrmm i
S [ INEt;Me][CI(Cl,),] after O days .
£ [NEt,Me][CI(Cl,),] after 804 days [C/(Cl2)]
o

Mm T M pkihin J-\’ Al
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4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [cm™]

Figure 3. Comparison of the long-term stabilities of [NEt;Me][Cl-
(C12)n] and [NBu,] [CI(C12)n]~

showed that even storing at 50 °C or in the sunlight for
2 months did not lead to any decomposition (see Figures
$10-S17).

By evaluating all collected data, we selected [NEt;Me]Cl as
the most promising candidate for chlorine storage as it shows a
high stability against chlorine, has one of the highest storage
capacities, and the lowest viscosities. Additionally, it can be

https://doi.org/10.1021/acssuschemeng.2c02186
ACS Sustainable Chem. Eng. 2022, 10, 9525-9531
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prepared from cheap and abundant starting materials, e.g,,
NEt; and MeCl

Methods of Chlorine Release. The efficiency of chloride
salts as chlorine storage media can be explained by two
different bonding situations, namely, the multicentered
bonding as 3c4e bonding in [Cl;]” and the strong halogen-
bonding interaction between [Cl;]™ and additional Cl,. This is
supported by experimentally determined dissociation energies
of 99 + 5 kJ mol™ for [CL,]™ in the gas phase.”” In the
condensed phase, there is an attractive interaction between the
chloride and the organic cations that reduces the basicity of the
chloride ion, resulting in a lower dissociation energy of [Cl;] ™.
This leads to an equilibrium between [NEt;Me][CI(CL,),] and
free chlorine gas and, consequently, a chlorine vapor pressure.
Therefore, chlorine release can be performed by shifting this
equilibrium using heat, vacuum, or a gas stream (Figure 4A).

(A) release
[NEt;Me][CI(Cly),] =————>= [NEt;Me][CI(Cly),.] + XxCl,
storage
Chlorine release by: - heat (79 °C)
- vacuum
- gas stream (e.g., argon, nitrogen, dry air)
- addition of water
(B) g (Chlorine) / g (INEt;Me]Cl)
0.467 0.561 0.654 0.748 0.841 0.935
5000 T T T T T T
4000 /. 4
E 3000
2 - 4
— unload
g
2 heat to 79 °C
§ 2000 - =
o /././.
1000 + =
cool to /
load
26°C '
0 T T

T T
14 16
n = Equivalents Cl,

1.0 1.2 1.8 2.0

Figure 4. (A) Release of x equiv of chlorine by shifting the
equilibrium between polychloride species [NEt;Me][CI(CL,),] with
various chlorine contents n. (B) Envisioned storage—release process
based on vapor pressure curves measured for [NEt;Me][CI(CL,),] at
26 and 79 °C.

As we aimed for the development of an industrial chlorine
storage, we envisioned a simple storage—release process for a
liquid system that maintains ambient pressure and utilizes
abundant process heat at ~80 °C to release chlorine gas.
Therefore, we measured vapor pressure curves of
[NEt;Me][CI(CL,),] at 26 and 79 °C in dependency of n
(see Figure S22). Based on these results, starting from liquid
[NEt;Me][CI(Cl,),] with n = 1.1 chlorine is stored until a
vapor pressure of p = 1 bar is achieved at n = 1.6, keeping the
system at ambient pressure (Figure 4B). By heating to 79 °C,
the chlorine vapor pressure is increased to p = 3.9 bar, resulting
in the release of chlorine gas until the system reaches its
equilibrium at p = 1 bar with n = 1.1. By cooling to ambient
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temperature (26 °C), the storage can again be loaded with
chlorine gas.

For many applications, a mobile chlorine storage is required
that does not build up an overpressure at higher ambient
temperatures on warm days. Given these considerations,
chlorine storage has to be utilized in a range with a limited
vapor pressure translating to a lower chlorine load (e.g,
p = 70 mbar at n = 1.0; see Figure S21). However, in this
range, chlorine release by physicochemical methods as
described above is less effective (see Figures S25 and S26).
Therefore, we aimed for an alternative method, enabling a
simple and complete chlorine release from the storage, leading
back to [NEt;Me]Cl. As this chlorine-free system is
significantly less hazardous than the loaded system, it could
be easily disposed, rendering the sustainable of chlorine
storage.

To realize this idea, we took advantage of the higher
solvation energy of [NEt;Me]Cl compared to
[NEt;Me][CI(CL,),] in polar solvents such as H,0 due to a
more localized charge of the chloride compared to the
polychloride. Indeed, the addition of 10 equiv of H,O led to
a release of 70% Cl, from [NEt;Me][CL] (n = 1) in an
endothermic reaction. The obtained aqueous solution of
[NEt;Me]Cl can be recycled by evaporation of the solvent
yielding pure [NEt;Me]Cl as shown by '"H NMR spectroscopy
(Figure S27). Since the evaporation of H,O requires energy,
we tried to limit the amount of H,O to the lowest possible
amount. Therefore, H,O was added portionwise to
[NEt;Me][Cl;] until the stored Cl, was completely released,
which was achieved after the addition of 5 equiv of H,0O
(Figure S28).

The phenomenon why a smaller amount of H,O results in
an increased chlorine release can be explained by taking the
contrary equilibria of chlorine release and chlorine solvation
into account (see eqs 1 and 2). According to Le Chatelier’s
principle, an excess of water should shift the equilibrium from
[NEt;Me][CI(CL,),] to solvated [NEt;Me]Cl and free Cl,
(eq 1). On the other hand, the dissolution of chlorine is also
increased with the amount of water (eq 2). Therefore, it can be
assumed that solvation of [NEt;Me]Cl with S equiv of water is
sufficient to release chlorine completely, while increasing the
water content above this point results in the dissolution of
chlorine

[NEt;Me][CI(Cl,),] + H,0 = [NEt;Me]Cl,y + n Cl,
1)

2)

The observed value for the optimal amount of water correlates
well to the determined maximal solubility of [NEt;Me]Cl in
water of 2152 g L™, which corresponds to 4 equiv of water per
equivalent [NEt;Me]Cl. Therefore, by adding S equiv of water,
an almost saturated solution of [NEt;Me]Cl is obtained,
resulting in a minimal solubility of chlorine. A similar behavior
was observed for the solubility of chlorine in aqueous solutions
of sodium chloride (see Table S$1).** In fact, the addition of 5
equiv of water to [NEt;Me][CI(CL,),] led to the release of
97% Cl, after 40 min. Thus, the release of chlorine from the
storage by the simple addition of water is a useful alternative to
the industrial methods applying heat or vacuum, allowing a
substantial liberation of chlorine within minutes (see Video
S2). Several other solvents for releasing chlorine gas from
polychloride-based storage media have been patented as well.**

Cl, + H,0 = Cly,,)

https://doi.org/10.1021/acssuschemeng.2c02186
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Investigation of Process Enthalpies. As an industrial
application of [NEt;Me]Cl as chlorine storage is envisioned,
we investigated the thermodynamic parameters of the storage—
release cycle by heat flow calorimetry. First, the enthalpy of
chlorine release from [NEt;Me][CI(CL,),,] by the addition of
S equiv of water was elucidated to be endothermic with
H,gease = 354 k] mol™". In this reaction, chlorine is completely
released, while the formed [NEt;Me]Cl is hydrated, leading to
[NEt;Me]Cl,q). Therefore, the formation enthalpy (Hyumation)
of [NEt;Me][CI(CL,),,] from [NEt;Me]Cl and Cl, can be
estimated by correcting the enthalpy of chlorine release
(H,eease) by the hydration enthalpy of [NEt;Me]Cl (H,,,)
(eq 3)

Hformation([NEt3Me] [CI(C12)17])
= Hsolv([NEt3M€]C1) — H

release

(INEt;Me][CI(CL,), ,])

()
The hydration enthalpy was determined to be
Hy, = —19.0 k] mol™ yielding Hiymation([NEt;Me][CL-

(CL)5]) = —54.4 kJ mol™". In the same way, the formation
enthalpy (Hpymation) Of [NEt;Me][CI(CL,),,] was determined
to be —38.0 kJ mol™". The energy required for chlorine release
from [NEt;Me][CI(Cl,),,] to [NEt;Me][CI(ClL,),,] is the
difference of these formation enthalpies and is calculated to be
16.4 kJ mol ™%,

These experimentally determined enthalpies can be
summarized in a thermodynamic cycle representing the
energetic pathways of chlorine storage and release (Scheme
3). This could streamline the upscaling of this chlorine storage
technique for industrial applications.

Scheme 3. Thermodynamic Cycle for Chlorine Storage and
Release”

Chlorine Release

dehydration +5 H,0O
> Claq) =
19.0 kJ mol 35.4 kJ mol
+1.2Cl, +0.5 Cl,
cr [CICl) 2" ———— > [CI(Cly)17]"
—38.0 kJ mol ™" —16.4 kJ mol™’
+1.7 Cl,
- 54.4 kJ mol™!

Chlorine Storage

“The cation was neglected for clarity.

B CONCLUSIONS

In this work, we investigated alkyl ammonium chlorides as
sustainable chlorine storages at ambient pressure and temper-
ature. Several alkyl ammonium chlorides have been prepared
and the physical properties of the corresponding trichlorides
have been studied. As [NEt;Me]Cl is readily prepared from
abundant starting materials, is essentially nontoxic, and is
stable against chlorination over a prolonged period of time, we
selected this system for further studies. Up to 0.79 kg kg™
chlorine can be stored on [NEt;Me]Cl, forming
[NEt;Me][CI(ClL,),], and can be completely released by the
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addition of water. Alternatively, heat can be used to achieve
partial release of chlorine. Based on the investigation of
chlorine vapor pressure of [NEt;Me][CI(CL,),], controlled
chlorine release from [NEt;Me][CI(Cl,);,] to
[NEt;Me][CI(Cl,),,] can be achieved by increasing the
temperature to 80 °C. As this temperature can be easily
realized by an abundant process and [NEt;Me][CI(ClL,),,] is
still an ionic liquid, which can be pumped within a plant, the
utilization of chlorine storage in this range is industrially
advantageous. To investigate the potential of upscaling for
flexibilization of chlorine production, we investigated the
reaction enthalpy of chlorine storage and release showing that
the formation of [NEt;Me][CI(CL),,] from [NEt;Me][Cl-
(ClL),,] is only moderately exothermic with 16.4 kJ mol™.
The collection of further process parameters is envisioned to
allow an economic analysis as well as a life cycle assessment
and will be published elsewhere. As [NEt;Me][CI(Cl,),] can
directly react with CO to industrially crucial phosgene, a
process can be envisioned, combining [NEt;Me]Cl as a storage
medium and [NEt;Me][CI(CL,),] as a reagent for industrially
important chlorination reactions.

B EXPERIMENTAL SECTION

Apparatus and Materials. All substances sensitive to water and
oxygen were handled under an argon atmosphere using standard
Schlenk techniques and oil pump vacuum up to 107 mbar.
Commercially available alkyl ammonium chloride salts, amines, and
methyl chloroformate were used without further purification.
[NR,'R,R,*]Cl, [PR;Me]Cl, and [SMe,]Cl were prepared according
to literature procedures.”® All salts were dried in vacuo at 100 °C for
1 h to 1 day prior to use. Raman spectra were recorded at room
temperature on a Bruker (Karlsruhe, Germany) MultiRAM II
equipped with a low-temperature Ge detector (1064 nm,
100—180 mW, resolution of 4 cm™). Electrospray ionization mass
spectrometry was performed on an Advion expression LCMS
spectrometer with low fragmentation and acetonitrile as the solvent.
NMR spectra were recorded on a 400 MHz ECS or ECZ
spectrometer by JEOL. Melting points are determined by placing
the sample in a beaker with cold ethanol that is slowly heated until the
sample melts. Viscosities are measured using an Ubbelohde
viscometer. Densities are determined using a pressure-stable Schlenk
tube with a volume scale in which a defined volume of the substance
is weighted, or by transferring a sample into a measuring cylinder
followed by weighing the sample. Vapor pressure determinations
above one bar were performed in a glass autoclave (tinyclave by
BiichiGlasUster). Calorimetric measurements were performed with an
EasyMax 102 Thermostat System by Mettler Toledo (100 mL glass
reactor, temperature sensor: Pt100 FEP-coated) using the HFCal
upgrade kit. Deviating from the standard system, all experiments
involving [NEt;Me][Cl;] were performed with a glass-mantled
calibration heater and a glass-mantled Pt100 thermometer.

General Procedure for the Preparation of [Cat][CI(Cl,),]. The
preparation of polychlorides was performed following two different
procedures: (A) In a pressure vessel, an excess of chlorine is
condensed onto a chloride salt. Warming to room temperature yields
1-2 liquid phases. Surplus chlorine is evaporated until the system
reaches 1.0 bar chlorine pressure. (B) The chloride salt is placed in a
flask, dried, and chlorine is added until the system retains a pressure of
1 bar. While for smaller sample sizes, the amount of stored chlorine is
higher when method A is used compared to method B, at larger
sample sizes, the same results are observed. This indicates that
absorption via the gas phase is kinetically hindered to some extent.
Therefore, for the determination of the storage capacities and physical
properties, the polychlorides were prepared according to method A.

Determination of Storage Capacities. A defined amount of
chloride salt was loaded into a pressure-stable flask. Polychloride was

https://doi.org/10.1021/acssuschemeng.2c02186
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prepared according to method A described above. The amount of
chlorine stored on the chloride salt was determined by weighing.

Long-Term Stability Tests for [NEt;Me][CI(Cl,),] and [NBu,]-
[CI(Cl,),]. Samples of [NEt;Me][CI(CL,),] (n = 1 and 1.45) and
[NBu,][CI(CL,),] (n = 2.18) were prepared and stored in sealed glass
ampules. The sample of [NBu,][CI(Cl,),] was stored at room
temperature in the presence of light for half a year. For
[NEt;Me][CI(CL,),] (n = 1 and 1.4S), four samples were prepared
that were stored under the following conditions for 75 days: r.t. in the
presence of light, r.t. in the absence of light, 0 °C in the absence of
light, and S0 °C in the absence of light. After 75 days, all samples were
stored at room temperature in the presence of light. The samples were
monitored by Raman spectroscopy and the decomposition products
of [NBu,][CI(Cl,),] were analyzed by ESI-mass spectrometry.

Chlorine Release Experiments. To determine how much
chlorine can be released from the polychloride system, a setup was
designed in which a sample of polychloride is stirred in a Schlenk flask
and an argon stream was passed over the sample (Figure S20). The
released chlorine was condensed in a cooling trap at —145 °C and
weighted afterward. The experiment was repeated while the sample
was heated to 80 °C. For chlorine release by the addition of water,
10 equiv of water was added to a stirred sample of [NEt;Me][Cl-
(CL),]. An additional cooling trap at —30 °C was used to hold back
water vapor. To determine the minimal amount of water needed to
complete chlorine release, water was added in portions of 0.1 equiv.

Vapor Pressure Determination for [NEt;MeCI][CI(Cl,),]. The
vapor pressure of [NEt;MeCl][CI(ClL,),] for different values of n was
determined by two different methods: (A) [NEt;Me]Cl (13.8 g) was
placed in a 100 mL flask, dried, and chlorine was added until the
system retained a pressure of 840 mbar (the pressure was determined
using a Solid Sense II pressure sensor from Brooks Instruments). The
amount of chlorine was determined by weighing the flask. Vacuum
was applied to the sample for a short time to remove some chlorine.
After equilibration of the system, the amount of remaining chlorine
was determined by again weighing the flask. (B) Predried
[NEt;Me]Cl (6.4 g) was placed in a glass autoclave. Defined amount
of chlorine was added using a mass flow controller (SLAS850 from
Brooks Instrument). The temperature in the system was controlled by
immersing the autoclave into an oil bath. Vapor pressures for different
values of n were determined using a Solid Sense II pressure sensor
from Brooks Instruments.

Determination of the Hydration Enthalpy of [NEt;Me]lCl. A
100 mL reactor vessel was charged with 50 mL of water and equipped
with a calibration heater and a thermal sensor of the EasyMax 102
system. Then, a predesigned program (for details, see Supporting
Information e2) was run, including the portionwise addition of
[NEt;Me]Cl (10 g, 66 mmol) that was preheated to 25 °C. Using the
EasyMax 102 software, the solvation enthalpy for the solvation of
0.066 mol [NEt;Me]Cl in water was determined. This can be used for
the calculation of the molar solvation enthalpy at p = 1 atm and
T = 25 °C according to eq 4: All measurements were performed in
triplicate and the reported solvation enthalpy (AH™MS! = 18.95 kJ/mol)
is the arithmetic average of all three values (18.73, 18.14, and
19.98 kJ mol ")

mol _

solv. = solv

4)

Determination of the Reaction Enthalpy of [NEt;Me][Cl-
(Cl,),] (n = 1.16, 1.68) with 5 equiv of Water. A 100 mL reactor
vessel was charged with [NEt;Me][CI(Cl,),] (see Supporting
Information e3 and e4) and equipped with a calibration heater and
a thermal sensor of the EasyMax 102 system. Then, a predesigned
program was run including the continuous addition of 19 mL of water
over 20 min using a syringe pump (Fisherbrand KDS100). Using the
EasyMax 102 software, the reaction enthalpy for the reaction of
[NEt;Me][CI(Cl,),] with water was determined. This can be used for
the calculation of molar reaction enthalpy. All measurements were
performed in triplicate and the reported reaction enthalpies (AHT .
= 18.99 kJ/mol for n = 1.16 and AH™SL;., = 35.36 k] /mol for n = 1.68

reaction

9530

68

and) are the arithmetic averages of all three values (18.73, 18.14, and
19.98 kJ mol™ and 34.01, 37.02, and 35.05 kJ mol™).
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at room temperature and atmospheric pressure. Control experiments rule out a radical mechanism and highlight
the role of triethylmethylammonium trichloride, [NEt;Me][Cls], as active species. In the catalytic reaction, commercially
available [NEtsMe]Cl reacts with Cl, to form [NEtsMe][Cls], enabling the insertion of CO into an activated CI—Cl
bond with a calculated energy barrier of 56.9 to 77.6 kJ mol™". As [NEt;Me]Cl is also a useful chlorine storage medium,
it could serve as a catalyst for phosgene production and as chlorine storage in a combined industrial process.

INTRODUCTION

Since its discovery in 1812 by Davy (1), phosgene [C(O)Cl;] has
evolved as one of the most important industrial chemicals along
with, sulfuric acid, ammonia, ethylene, and chlorine. As an
“intermediate” chemical, it serves as starting material for polymers,
agrochemicals, and pharmaceuticals to mention only a few (2).
Currently, 12 million metric tons are produced per year mainly for
the synthesis of polyurethanes and polycarbonates, and it is esti-
mated that the production of phosgene will rise to 18.6 million
metric tons/year until 2030 (2). Because of its high toxicity, phosgene
is only manufactured by a few specialized companies, typically on
multi-ton scale requiring a multilevel safety concept. It is obtained
by gas phase reaction of carbon monoxide and chlorine at elevated
temperature using activated carbon as a catalyst (Eq. 1) (2)

cat.
CO(g) + Clz(g)=C(O) Clz(g) (1)

Although the exact mechanism of the phosgene formation is still
under debate, it is widely accepted that the reaction is initiated by
activation of the CI—Cl bond. As proposed by Lennon and co-workers
(3), the first step is a dissociative chemisorption of Cl, on the carbon
surface. The adsorbed chlorine atoms react with gaseous CO
(Eley-Rideal mechanism) to form a surface-bound acyl chloride
entity [C(O)Cl(,q)], which further reacts with a surface-bound chlo-
rine atom, leading to phosgene (Langmuir-Hinshelwood mechanism).
In contrast, Lercher and co-workers (4) assume a two-step Eley-Rideal
mechanism, when Cg fullerene is used as model system, while the
catalytically active species is the surface-bound triplet diradical
[Ceo-+CL] ™. Further studies on nitrogen-modified carbon materials
propose a polarization of the CI—Cl bond by interaction with elec-
tropositive carbon sites of the material (Lewis acid catalysis). Reaction
with CO leads to an acyl chloride cation [C(O)Cl'] and a weakly
bound C17%, which react with each other to form phosgene (5).

The carbon-based catalysts lower the activation energy for phos-
gene formation to relatively low values of 32 to 56 kJ mol™! (4, 6-8).
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However, the high exothermicity of the reaction (AH = —107.6 kJ
mol™") and subsequent dissipation of process heat is more problematic
as the temperature in the iron tube reactors can rise up to 550°C at
hotspot reaction sites (2). Because of the high temperatures, the
catalysts also slowly degrade by attack of Cl, and CI' atoms on
carbon defects, leading to the corrosive formation of HCl and CCly,
which leads to shorter maintenance cycles of the reactor (7, 9).

At the outset of this work, we anticipated that the reaction of CO
and Cl, to C(O)Cl, could be catalyzed by activation of Cl, using a
weakly coordinated chloride anion. In the reaction of ClI” and Cl,,
polychlorides are formed, which show a broad structural diversity
and promising applications (10).

The bonding properties of various trichlorides, the simplest
polychlorides, were recently analyzed by experimental and computed
electron density studies. Accordingly, there seems to be a smooth
transition from an asymmetric [Cl---Cl—Cl]” unit to a symmetric
[CI—CI—CI]™ anion with two equal Cl—Cl bonds in a crystalline
environment. These different bonding types of the [Cl;]™ anion are
crucial for its chemical reactivity (11).

Depending on the cation, the trichloride [Cl3]™ is a yellowish salt
or a room temperature ionic liquid (RT-IL). Alkylammonium salts

[NEtsMe]Cl + x Cl, —— [NEtzMe][CI(Cly),]

[NEt,Me]CI x=0.3
x=08 x=12 [NEt,Me][CI(Cl,); 45)]

Fig. 1. Treatment of solid [NEt;Me]Cl with elemental chlorine afforded a
stable yellowish RT-IL. Photo credit: Patrick VoBBnacker, FU Berlin.

1of7



3.4 Novel Synthetic Pathway for the Production of Phosgene

SCIENCE ADVANCES | RESEARCH ARTICLE

cocl,

Absorbance

T T T T 1 T T 1
2200 2150 2100 2050 1750 1700 1650 1600

Wave number (cm™")
A

0.6
0.5
0.4

0.3

Absorbance

0.2
0.1
0.0
T T T T T T T T T 1
200 220 240 260 280 300 320 340 360 380 40
Wavelength (nm)
B

Fig. 2. Monitoring the reaction of CO with [NEt;Me][CI(Cl,),] (x=1.45). R (A) and UV spectra (B) were recorded for 420 min and are shown with 30-min (IR) and 5-min

intervals (UV).

oDCB
2) COy) + Clyg > C(O)Cly,
oDCB
NEt;MeCl
b) COy * Clygy ——= CO)Clyy
oDCB
©) COy + [Cll” — C(O)Clyg + CI”
NE4,Cl
d) COy + Clyg — C(O)Clyy,

Fig. 3. Control reactions of CO with Cl, and [NEt;Me][Cl;] or catalyzed by chlo-
ride salts.

such as triethylmethylammonium chloride, [NEt;Me]Cl, are considered
to be potential materials for the efficient and convenient storage of
elemental chlorine as an RT-IL at atmospheric pressure (12). This could
enable a more flexible chlorine production that can be adapted to
the availability of (renewable) electrical energy and thus represents
a secondary energy storage system. Here, we report a preparation of
phosgene from carbon monoxide and elemental chlorine that pro-
ceeds in a homogeneous reaction at room temperature and atmo-
spheric pressure usinga [NEt;Me]Cl/[NEt;Me] [Cl;] catalyst system.

RESULTS AND DISCUSSION
First, [NEt;Me]Cl was reacted with elemental chlorine gas, forming
[NEt;Me][Cl3] and higher polychlorides. The amount of absorbed
chlorine can be expressed by the general sum formula [NEt;Me]
[CI(Cly),] where x depends on the partial pressure of chlorine and
the size of x has a great influence on the properties of the system (see
the Supplementary Materials). When x < 0.8, the system exists as a
yellow solid, while an increase of the chlorine concentration (x > 0.8)
results in the formation of an RT-IL (see Fig. 1 and movie S1).
Initially, the stoichiometric reaction of CO with liquid [NEt;Me]
[CI(CLy)4] (x =1.1) to C(O)Cl, at room temperature was investigated
by gas-phase infrared (IR) spectroscopy, indicating rapid formation
of phosgene. If by consumption of Cl, x becomes smaller than 0.8,
[NEt;Me][CI(Cly),] starts to solidify, which results in a decreased
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reaction rate. Thus, [NEt;Me][CI(Cl,),] was dispersed in ortho-
dichlorobenzene (0DCB), a standard solvent in phosgene manufac-
turing. Using an excess of CO (2.3 equiv.), a quantitative conversion
of [NEt:Me][CI(Cly),] to C(O)Cl, and [NEt;Me]Cl was observed.
An excess of CO avoids chlorine contamination of the phosgene
product, which is difficult to remove, whereas separation of CO and
C(0)Cl, is industrial praxis. CO consumption proceeds with a half-
life time of 287 + 14 min (see the Supplementary Materials).

Because the reaction of [NEt;Me]Cl and Cl, is very fast, we
envisaged a catalytic process by in situ regeneration of [NEt;Me]
[CI(CLy),]. Even with a relatively low catalyst loading of 3.5 mole
percent (mol %) [NEt;Me]Cl, full conversion of Cl, to phosgene
was achieved.

To improve the contact time between liquid and gaseous reac-
tants, we designed a flow setup, which consists of a gas-washing
bottle, filled with a dispersion of [NEt;Me][CI(Cl,),] in oDCB, and
a peristaltic pump for continuously circulating gaseous CO and
already formed C(O)Cl, in the system (see figs. SI1 and S2). This
setup allows a spectroscopic in situ monitoring of the reaction
progress by passing the gas mixture through IR and ultraviolet/
visible (UV/Vis) cells. The consumption of CO (IR spectrum;
Fig. 2A) and Cl, (UV/Vis spectrum; Fig. 2B) as well as a simultaneous
formation of C(O)Cl, were recorded, indicating an immediate start
of the reaction.

Control experiments with Cl, and CO in our setup have shown
that both the beam of the UV/Vis spectrometer and visible light
slightly contribute to the formation of C(O)Cl, by photolytic
activation of Cl,. Therefore, all experiments were conducted in the
dark to avoid light-induced radical formation and to emulate industrial
processing of phosgene in stainless steel tubes. To demonstrate that
the phosgene formation requires no photoactivation, we conducted
a series of control experiments. CO was treated with Cl, without a
chloride salt (a), in the presence of catalytic amounts of solid [NEt;Me]
Cl (b), and with liquid [NEt;Me][CI(Cl,),] (x = 1.45), to mimic the use
of a chlorine storage medium, instead of Cl, (c; see Fig. 3 and the
Supplementary Materials). In experiment a, no formation of phosgene
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was observed in the dark, but in experiments b and ¢, C(O)Cl, was
formed (see fig. S22), highlighting the involvement of [NEt;Me]
[Cl3] as reactive species. In addition, [NEt,]Cl, which forms at room
temperature the solid trichloride salt [NEt,][Cls], was applied as
another catalyst to investigate whether a solid/gas reaction could
be used for the production of phosgene (d). Using this catalyst,
formation of C(O)Cl, was substantially slower compared to reaction
b (see the Supplementary Materials). Notably, no attack of the cation
[NEt;Me]" in [NEt;Me][Cl(Cl,),] (x = 1.6) was observed, when
stored under an atmosphere of chlorine gas at 1 bar at room
temperature for years, as shown by Raman spectroscopy.

To rule out a radical mechanism, we treated the ionic liquid
[NEt;Me][Cl3] with methane in the dark. As neither chlorinated
methane nor HCI was observed IR spectroscopically (for details, see
the Supplementary Materials), a radical-based mechanism for the
formation of phosgene under these conditions was rejected.

To achieve further mechanistic understanding, we carried out
quantum-chemical CCSD(T)-F12 single-point energy calculations
based on spin-component-scaled (SCS) second-order Meoller-Plesset
perturbation theory (MP2) structure optimizations using the
conductor-like screening model for realistic solvents (COSMO-RS)
solvent model for oDCB and with or without inclusion of one
[NEt;Me]* cation (see computational details). Gibbs free reaction
energies were computed from the electronic energies at these levels
and thermal contributions obtained from normal mode analyses at
SCS-MP2 level. On the basis of these calculations, the reaction is
initiated by the formation of a very weakly bound encounter complex
of CO and [Cl;]” ([EC]™ in Fig. 4; with closest C—Cl distances of
about 3.4 A). Shortening of C—Cl distances leads to a transition
state ([TS]") with a relative Gibbs free energy of 78 kJ mol ™! (including
one [NEt;Me]" cation) or 57 kJ mol™ (neglecting cations), which
can be described as a chloride ion loosely bound to an almost linear
0—C—Cl—Cl moiety [C]"---C(O)—CIl—Cl]. Charge transfer
from the chloride to the O—C—CI—CI moiety leads to a [CIC(O)

100 &
so g:ﬁo
60 ¢

w @ ®

= CO +[Cly]
T 20 MJ.C_:]
] S0¢
E 0 . awm
2
o 20
£
-40 6
-60 q’{
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Cl--Cl]” intermediate complex, ([IC]™ in Fig. 4), which spontaneously
dissociates into C(O)Cl, and CI". In summary, the reaction of CO
and [Cls] ™ can be regarded as the insertion of CO into an activated CI—Cl
bond, leading to C(O)Cl, and CI~ by releasing about 60 kJ mol ™%,

However, the computational estimation of the reaction barrier
depends on cation-anion interactions. When the influence of only
one cation is taken into account, the free energy of the transition
state is relatively high (77.6 k] mol™). In contrast, when no cation
effects but only solvent effects are considered, the transition state is
calculated to have a substantially lower energy (56.9 kJ mol ™). As
the real system involves the interaction of multiple cations and
solvent molecules, the real free energy of the transition state can be
expected to be in the same range between 56.9 and 77.6 k] mol™". For
the uncatalyzed reaction of CO and Cl, to phosgene, a free energy
activation barrier of about 230 kJ mol™! was calculated. This indi-
cates that the activation barrier is tremendously reduced by our chloride
catalyst comparable to the activated carbon-catalyzed process.

On the basis of these results, a catalytic reaction scheme can be
proposed in which phosgene is prepared at room temperature by
chloride catalysis. The prepared phosgene can be used for further
processes, most importantly the synthesis of isocyanates to produce
polyurethanes. This was demonstrated for the synthesis of phenyl
isocyanate by adding aniline to the generated phosgene solution
(see the Supplementary Materials). In the reaction of amines with
phosgene to isocyanates, HCI is released, which, in an industrial
process, is to some extent typically electrolyzed to regenerate el-
emental chlorine (Fig. 5).

Concluding, a new synthesis of phosgene was developed, enabled
by the main-group catalyst [NEt;Me]Cl. As an active intermediate,
the ionic liquid [NEt;Me][Cls] reacts with carbon monoxide at
room temperature and atmospheric pressure to C(O)Cl, in an ionic
process. Quantum-chemical calculations suggest an insertion of
CO into an activated Cl, moiety with a relatively low barrier between
56.9 and 77.6 k] mol™". The unique property of [NEt;Me]Cl to serve

[Icrr
y c(o)Cl, + CIF

Fig. 4. Calculated pathway for the reaction of CO and [Cl3]™ to C(O)Cl, and CI". The calculated energies include zero-point energy correction, temperature effects at
298.15 K, solvent effects for oDCB, and one [NEtsMe]" cation. [EC], encounter complex; [TS]~, transition state including one [NEtsMe]* cation; [TST, transition state without

any cation; [IC]”, intermediate complex; RT, room temperature.
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Fig. 5. Proposed scheme for a phosgene synthesis using [NEt;MelCl as a
catalyst coupled with a sub t phosgenation of amines and chlorine
regeneration.

both as a convenient chlorine storage medium and as an efficient cata-
lyst for the production of phosgene opens up new industrial options.

MATERIALS AND METHODS

Apparatus and materials

All substances sensitive to water and oxygen were handled under an
argon atmosphere using standard Schlenk techniques and oil pump
vacuum up to 10~ mbar. Dry oDCB was obtained after storage
over activated 3-A molecular sieves. Commercially available
triethylmethylammonium chloride (TCI) and tetraethylammonium
chloride (TCI) were dried in vacuo at 150°C for 1 hour before use.
Aniline (Acros), chlorine (5.0, Linde), and carbon monoxide (2.0,
Linde) were used without further purification. Raman spectra were
recorded on a Bruker (Karlsruhe, Germany) MultiRAM II equipped
with a low-temperature Ge detector (1064 nm, 100 to 180 mW,
resolution of 4 cm™). IR spectra were recorded on a Nicolet iS5
Fourier transform IR (FTIR) spectrometer (gas IR cell: 10 cm, KBr
windows) or a Bruker Vector 22 FTIR spectrometer (gas IR cell:
10 or 20 cm, silicon windows). UV/Vis spectra were recorded on a
PerkinElmer Lambda 465

[NEt; Me][Cl3]+CO — C(O)Cl; + [NEt; Me] Cl(Batch)

[NEt;Me]Cl (0.371 g, 2.446 mmol, 0.35 equiv.) was loaded into a
500-ml Schlenk flask, dried in vacuo at 150°C for 1 hour, and
suspended in 1.5 ml of 0 DCB. The solution was degassed, and chlorine
was added until the system retained a pressure of 200 mbar (0.493 g,
6.953 mmol, 1 equiv.). CO (800 mbar) (ca. 16 mmol, 2.3 equiv.) was
added to the flask, and the reaction mixture was stirred for 2 days in
the dark. To isolate the C(O)Cl,, the flask was cooled to —15°C, and
volatile constituents were distilled in vacuo in two cooled traps held
at —60°C (0DCB) and —196°C [C(O)Cl,, Cl,]. Phosgene was trans-
ferred into a pressure-stable Schlenk tube, weighted (0.710 g, 7.178 mmol,
103%), and identified by its known Raman (Raman spectrum shows
no bands of Cly; fig. S5) and IR spectra (fig. S6).

IR (gas phase): V = 2349 (COy), 1827 (s), 1675 (w), 1409 (vw),
1007 (w), 849 (vs), 580 cm™" (w).

Raman (liquid): V = 1809 (m), 832 (vw), 571 (vs), 444 (m),
301 cm™ (m)
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3.5mol % [NEt; Me]Cl + Cl, + CO — C(O)Cl; + [NEt; Me]Cl

[NEt;Me]Cl (0.053 g, 0.351 mmol, 0.035 equiv.) was loaded into
a 500-ml Schlenk flask, dried in vacuo at 150°C for 1 hour, and
suspended in 20 ml of 0DCB. The solution was degassed, and chlo-
rine was added until the system retained a pressure of 200 mbar
(0.700 g, 10.009 mmol, 1 equiv.). CO (800 mbar) (ca. 16 mmol,
1.6 equiv.) was added to the flask, and the reaction mixture was
stirred for 7 days in the dark. To isolate the C(O)Cl,, the flask was
cooled to —15°C, and all volatile constituents were distilled in vacuo
in two cooled traps held at —-60°C (oDCB) and —196°C [C(O)ClL, Cl,].
Phosgene was transferred into a pressure-stable Schlenk tube,
weighted (1.006 g, 10.272 mmol, 103%), and identified by its IR
spectrum (fig. S7).

IR (gas phase): V = 2349 (COy), 1827 (s), 1675 (w), 1409 (vw),
1007 (w), 849 (vs), 580 cm ™" (w)

[NEt; Me]Cl + xCl, — [NEt; Me][Cl(Cly),]

[NEt;Me]Cl (10.1 g, 66.5 mmol) was dried in vacuo at 150°C for
1 hour. Chlorine was added until the system retained a pressure of
800 mbar (6.9 g, 97.3 mmol, 1.45 equiv.). A yellow liquid was
obtained, which was identified by its Raman spectrum (fig. S8).

Raman (liquid): ¥ = 3022 (w), 2988 (s), 2947 (s), 1456 (w), 1071 (vw),
681 (w), 454 (s), 276 cm ™" (vs).

General description of the flow setup

To investigate the kinetics of the reaction between [NEt;Me][Cl;]
and CO, a glass vacuum line was connected to a gas-washing bottle
(reactor) via a peristaltic pump, which successively circulates gas-
eous reactants through the reactor, a UV/Vis, and an IR flow cell, to
monitor the formation of C(O)Cl, and the consumption of Cl, and
CO as well (see figs. S1 and S2). To ensure proper mixing of all
reactants, the liquid and solid reactants were filled into the gas-
washing bottle, and all gaseous reactants are pumped through the
system. All connections were made using either perfluoroalkoxy
alkane or C-Flex Ultra (Cole-Parmer) tubing. This setup was used
for experiments using stoichiometric and varying catalytic amounts
of [NEt;Me]Cl for the reaction of CO + Cl,. In addition, blind
experiments for the noncatalyzed reaction between Cl, and CO were
performed, which showed that the beam of the UV/Vis spectrometer
and visible light can induce the formation of phosgene from Cl, and
CO. Therefore, all following experiments have been performed in
the dark (see fig. S3). Also, the reaction between [NEt;Me]Cl, Cl,,
and CH, was studied to verify a nonradical mechanism. The prog-
ress of the reaction was monitored by integrated absorbances of the
IR bands in the spectral regions between 1995 and 2250 cm™ (CO)
and 1760 and 1885 cm™! [C(O)Cl,]

[NEt;Me]Cl + Cl, + CO — C(0)Cl; + [NEt; Me] Cl(flow)

[NEt;Me]Cl (0.460 g, 3.033 mmol) and 20 ml of oDCB were
filled into a gas-washing bottle, which was connected to a glass vacuum
line and an IR flow cell. The reaction mixture was degassed, and the
system was filled with a mixture of CO and Cl, (CO: 1000 mbar,
22.32 mmol, 553 ml; Cl,: 208 mbar, 4.65 mmol, 553 ml). The
gaseous reactants were pumped through the system using a peristaltic
pump for 226 min. IR spectra were recorded after 0, 6, 11, 16, 21, 26,
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31, 36, 41, 46, 51, 56, 61, 66, 71, 76, 81, 86, 91, 96, 101, 106, 111, 116,
121, 126, 131, 136, 141, 184, 191, 196, 201, 206, 211, 216, 221, and
226 min (figs. S9 to S11)

[NEt; Me] [Cl3]+CO — C(O)Cl, + [NEt; Me]Cl (flow)

[NEt;Me][CI(Cl,)1.50] (0.783 g, 3.033 mmol [NEt;Me]CI +
4.555 mmol Cl,) and 20 ml of 0DCB were filled into a gas-washing
bottle, which was connected to a glass vacuum line and an IR flow cell.
The reaction mixture was degassed, and the system was filled with
CO (1000 mbar, 553 ml, 22.32 mmol). The gaseous reactants were
pumped through the system using a peristaltic pump for 153 min.
IR spectra were recorded after 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50,
55, 60, 65, 70, 75, 80, 85, 98, 103, 108, 113, 123, 128, 133, 138, 144,
154, 164, 174, 184, 194, 204, 214, and 224 min (figs. S12 to S14).

[NEt;Me][CI(CL)1.47] [3.904 g, 15.30 mmol (22.49 mmol Cl,)]
and 20 ml of 0DCB were filled into a gas-washing bottle, which was
connected to a glass vacuum line, an IR flow cell, and a UV/Vis flow
cell. The reaction mixture was degassed, and the system was filled
with CO (1000 mbar, 800 ml, ca. 32 mmol). The gaseous reactants
were pumped through the system using a peristaltic pump for
420 min. IR and UV spectra were recorded every 5 min

[NEt4]Cl + Cl; + CO — C(O)Cl; + [NEt,]Cl (flow)

[NEty]Cl (0.230 g, 1.393 mmol) was filled into a gas-washing bottle,
which was connected to a glass vacuum line and an IR flow cell. The
system was evacuated and filled with a mixture of CO and Cl, (CO:
850 mbar, 20.20 mmol, 588 ml; Cl,: 150 mbar, 3.530 mmol, 588 ml).
The gaseous reactants were pumped through the system using a
peristaltic pump for 628 min. IR spectra were recorded after 0, 1, 6,
11,21, 27, 32, 37, 42, 47,52, 65, 77,137,197, 257, 317, 377, 437, 497,
558, and 628 min (figs. S15 to S17)

Clz +CO — C(O)Clz(ﬂOW)

oDCB (20 ml) was filled into a gas-washing bottle, which was
connected to a glass vacuum line and an IR flow cell. The 0DCB was
degassed, and the system was filled with a mixture of CO and Cl,
(CO: 850 mbar, 20.20 mmol, 588 ml; Cl,: 150 mbar, 3.53 mmol,
588 ml). The gaseous reactants were pumped through the system
using a peristaltic pump for 811 min. IR spectra were recorded after
0,4,9,14,18, 19, 34,49, 64, 79, 94, 109, 124, 139, 154, 261, 262, 323,
384, 445, 506, 567, 628, 689, 750, and 811 min (figs. S18 to S20).
Repetition of the experiment without exclusion of light yields the
formation of phosgene, which was shown by gas-phase IR spectros-
copy (fig. S21)

[NEt3 Me]Cl + Clz + CH4 — CH3 Cl + [NEt3Me] [HCIZ](ﬂow)

[NEt;Me]Cl (0.499 g, 3.290 mmol) and 20 ml of oDCB were
filled into a gas-washing bottle, which was connected to a glass vacuum
line and an IR flow cell. The reaction mixture was degassed, and the
system was filled with a mixture of argon, CHy, and Cl, (argon:
705 mbar, 588 ml; CH,: 95 mbar, 588 ml, 2.25 mmol; Cl,: 200 mbar,
4.74 mmol, 588 ml). The gaseous reactants were pumped through
the system using a peristaltic pump for 242 min. IR spectra were
recorded 0, 3, 6, 9, 12, 15, 19, 22, 25, 28, 39, 40, 100, 161, 221, 282,
342, 403, 363, and 524 min (fig. S23).
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Proof for the formation of phenyl isocyanate

[NEt;Me]Cl (0.367 g, 2.420 mmol, 0.31 equiv.) was loaded into a
500-ml two-neck Schlenk flask, dried in vacuo at 150°C for 1 hour,
and suspended in 20 ml of 0DCB. The solution was degassed, and
chlorine was added until the system retained a pressure of 200 mbar
(0.560 g, 7.898 mmol, 1 equiv.). CO (800 mbar) (ca. 16 mmol,
2.3 equiv.) was added to the flask, and the reaction mixture was
stirred for 3 days in the dark. The reaction mixture was cooled
to —196°C and degassed. Then, the system was filled with dry argon
gas and connected to a dropping funnel and a condenser that was
cooled by using —15°C cold ethanol. The condenser was opened to
the fume hood via a gas bubbler and a series of four gas-washing
bottles, two of which are filled with a KOH solution and an NH,OH
solution, respectively, each followed by an empty bottle. A solution
of 0.5 ml of aniline (0.51 g, 5.476 mmol, 0.69 equiv.) in 5 ml of
oDCB was added slowly via the dropping funnel to the reaction
mixture held at —15°C, and the reaction mixture was then heated to
100°C for 8 hours. After that, excess of phosgene was removed in
vacuo, and the analysis of the reaction products using gas-phase IR
spectroscopy revealed the characteristic NCO stretching band at
2273 cm™" of the reaction product (fig. $24).

Computational details

Structure optimizations at density functional theory (DFT) and
SCS-MP2 (13) levels, as well as with the ONIOM (14) procedure to
mix quantum-chemical levels, were performed with the Gaussian
16 program, Revision A.03 (15). Structure optimizations at the
SCS-MP2 level were enabled by specifying IOp(3/125=0333312000)
in the root section of the input file during MP2 optimizations. Ad-
ditional single-point SCS-MP2 and CCSD(T)-F12 calculations were
performed with the Molpro program, version 2019.1 (16, 17). For
all atoms of the CO + [Cl3] ™ system, aug-cc-pVTZ basis sets (18-20)
were used. For all atoms in the [NEt;Me]" cation, smaller cc-pVTZ
basis sets were applied in the second layer of the ONIOM calcula-
tions (see below), while full aug-cc-pVTZ basis sets were used for
the entire system in subsequent SCS-MP2 single-point energy
calculations. For the CCSD(T)-F12 calculations, the associated
default auxiliary basis sets (cc-pVTZ-JKFIT, aug-cc-pVTZ-JKFIT,
and aug-cc-pVTZ-MP2FIT) (21) were used. Solvent effects were
included during the structure optimizations in Gaussian via an
integral equation formalism polarizable continuum model (22-39)
with € = 9.9949, specifying SCRF=(Solvent=0-DiChloroBenzene),
or a posteriori for energies via the COSMO-RS scheme. For the
calculation with one [NEt;Me]" cation, ONIOM calculations with
two layers were performed. The first layer included the anionic
species Cl, [Cls]7, the CO[CI;]” encounter complex, or the
[C(O)CL]ICI]” intermediate complex and was treated at the
SCS-MP2/aug-cc-pVTZ level. The second layer included the cation
and was treated at the M06-2X/cc-pVTZ level. The relative energies,
characteristic for the reaction profile, were calculated in several
steps. From the total electronic energies for all systems optimized in
vacuum at the SCS-MP2 level or mixed ONIOM SCS-MP2:M06-2X
level, AESS; \p, Was calculated with respect to the energies of free CO
and [Cls]". Zero-point energy corrections (Aezpg) as well as thermal
correction (Asf}?fr'}i’() and entropic contributions (-TAS) were
obtained from harmonic normal mode analyses. To incorporate
higher-order electron correlation effects, a correction term
Agccsp(r) - r12 Was calculated from the difference of the SCS-MP2
and CCSD(T)-F12 energies of the anionic systems in vacuum
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and without any counterion. Correction terms to the Gibbs free
energies of reactions in solution under standard conditions
(AGcosmo - rs:298.15 K, 0.1 MPa) were obtained using the COSMO-RS
solvation model (40-43). To this end, additional single-point calcula-
tions at the vacuum and polarizable continuum model (PCM) optimized
structures were carried out using the TURBOMOLE program version
7.5.0 (44-46). These calculations were performed at the DFT-BP86
(47, 48) level of theory in conjunction with def2-TZVPD (49) basis
sets for all atoms, the multipole-accelerated resolution-of-identity
approximation, and the refined COSMO cavity construction algo-
rithm (keyword $cosmo_isorad) (50-54). Subsequent COSMO-RS
computations used the COSMOtherm program version C30_1201
and a BP-TZVPD-FINE level parameterization (BP_TZVPD_FINE_
HB2012_C30_1201). For an in-depth analysis of the reaction pro-
file in terms of its thermochemistry, different thermochemical
quantities were evaluated: the pure electronic energy AE’X, the en-
thalpy at 298.15 K with zero-point energy corrections added, AHPBIK
the Gibbs free energy in vacuum, AG*313K and the Gibbs free
energy in oDCB solvent, AG**!° °PCB_ A1l consecutive steps of
the reaction of [Cl3]” with CO were modeled with and without
inclusion of the counter-cation [NEt;Me]*.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj5186

REFERENCES AND NOTES

1. J. Davy, VI. On a gaseous compound of carbonic oxide and chlorine. Phil. Trans. R. Soc.
102, 144-151(1812).

2. L.Cotarca, C. Lange, K. Meurer, J. Pauluhn, Ullmann’s Encyclopedia of Industrial Chemistry
(Phosgene, 2019), pp. 1-30.

3. G.E.Rossi, J. M. Winfield, N. Meyer, D. H. Jones, R. H. Carr, D. Lennon, Phosgene formation
via carbon monoxide and dichlorine reaction over an activated carbon catalyst: Towards
areaction model. Appl. Catal. Gen. 609, 117900 (2021).

4. N.K.Gupta, A. Pashigreva, E. A. Pidko, E. J. M. Hensen, L. Mleczko, S. Roggan, E. E. Ember,
J. A. Lercher, Bent carbon surface moieties as active sites on carbon catalysts
for phosgene synthesis. Angew. Chem. Int. Ed. 55, 1728-1732 (2016).

5. N.K.Gupta, B. Peng, G. L. Haller, E. E. Ember, J. A. Lercher, Nitrogen modified carbon
nano-materials as stable catalysts for phosgene synthesis. ACS Catal. 6, 5843-5855
(2016).

6. G.E.Rossi, J. M. Winfield, C. J. Mitchell, N. Meyer, D. H. Jones, R. H. Carr, D. Lennon,
Phosgene formation via carbon monoxide and dichlorine reaction over an activated
carbon catalyst: Reaction kinetics and mass balance relationships. Appl. Catal. Gen. 602,
117688 (2020).

7. C.J. Mitchell, W. van der Borden, K. van der Velde, M. Smit, R. Scheringa, K. Ahrika,

D. H. Jones, Selection of carbon catalysts for the industrial manufacture of phosgene.
Cat. Sci. Technol. 2,2109 (2012).

8. S.K.Ajmera, M. W. Losey, K. F. Jensen, M. A. Schmidt, Microfabricated packed-bed reactor
for phosgene synthesis. AIChE J. 47, 1639-1647 (2001).

9. L.Khachatryan, B. Dellinger, Formation of chlorinated hydrocarbons from the reaction
of chlorine atoms and activated carbon. Chemosphere 52, 709-716 (2003).

10. K.Sonnenberg, L. Mann, F. A. Redeker, B. Schmidt, S. Riedel, Polyhalogen
and polyinterhalogen anions from fluorine to iodine. Angew. Chem. Int. Ed. 59, 5464-5493
(2020).

11. H.Keil, D. Sonnenberg, C. Miiller, R. Herbst-Irmer, H. Beckers, S. Riedel, D. Stalke, Insights
in the topology and the formation of a genuine ppo bond: Experimental and computed
electron densities in mono anionic trichlorine [Cls]™. Angew. Chem. 60, 2569-2573 (2020).

12. M.Paven, Y. Schiesser, R. Weber, G. Langstein, V. Trieu, S. Hasenstab-Riedel, N. Schwarze,
S. Steinhauer, Storage medium and a method of separating, storage and transportation
of chlorine derived from chlorine-containing gases, W02019215037A1 (2018).

13. S.Grimme, Improved second-order Moller-Plesset perturbation theory by separate
scaling of parallel- and antiparallel-spin pair correlation energies. J. Chem. Phys. 118,
9095-9102 (2003).

14. S.Dapprich, I. Koméromi, K. S. Byun, K. Morokuma, M. J. Frisch, A new ONIOM
implementation in Gaussian98. Part |. The calculation of energies, gradients, vibrational
frequencies and electric field derivatives. J. Mol. Struct. 461-462, 1-21 (1999).

VoBnacker et al., Sci. Adv. 2021; 7 : eabj5186 29 September 2021

76

15. M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman,

G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V. Marenich,
J.Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz,
A.F.Izmaylov, J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi,

J. Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao,

N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa,

M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery,
Jr., J.E. Peralta, F. Ogliaro, M. J. Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin, V. N. Staroverov,
T. A. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. P. Rendell, J. C. Burant,
S.S.lyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski,
R. L. Martin, K. Morokuma, O. Farkas, J. B. Foresman, and D. J. Fox, Gaussian 16 (Gaussian
Inc., 2016).

16. H.-J. Werner, P.J. Knowles, G. Knizia, F. R. Manby, M. Schiitz, Molpro: A general-purpose
quantum chemistry program package. WIREs Comput. Mol. Sci. 2, 242-253 (2012).

17. H.-J.Werner, P. J. Knowles, G. Knizia, F. R. Manby, M. Schiitz, P. Celani, W. Gyorffy, 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. Képpl,
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 I, M. E. Mura, A. Nicklass, D. P. O'Neill, P. Palmieri, D. Peng, K. Pfliger, R. Pitzer,
M. Reiher, T. Shiozaki, H. Stoll, A. J. Stone, R. Tarroni, T. Thorsteinsson, M. Wang,

M. Welborn, MOLPRO, version 2019.2, a package of ab initio programs.

18. T.H.Dunning Jr,, Gaussian basis sets for use in correlated molecular calculations.

I. The atoms boron through neon and hydrogen. J. Chem. Phys. 90, 1007-1023 (1989).

19. R.A.Kendall, T. H. Dunning, R. J. Harrison, Electron affinities of the first-row atoms
revisited. Systematic basis sets and wave functions. J. Chem. Phys. 96, 6796-6806 (1992).

20. D.E.Woon, T.H. Dunning Jr.,, Gaussian basis sets for use in correlated molecular
calculations. lll. The atoms aluminum through argon. J. Chem. Phys. 98, 1358-1371
(1993).

21. F.Weigend, A fully direct RI-HF algorithm: Implementation, optimised auxiliary basis sets,
demonstration of accuracy and efficiency. Phys. Chem. Chem. Phys. 4, 4285-4291 (2002).

22. S.Miertus, E. Scrocco, J. Tomasi, Electrostatic interaction of a solute with a continuum.
Adirect utilizaion of AB initio molecular potentials for the prevision of solvent effects.
Chem. Phys. 55,117-129 (1981).

23. S.Miertus, J. Tomasi, Approximate evaluations of the electrostatic free energy
and internal energy changes in solution processes. Chem. Phys. 65, 239-245 (1982).

24. J.L.Pascual-ahuir, E. Silla, I. Tuion, GEPOL: An improved description of molecular
surfaces. lll. A new algorithm for the computation of a solvent-excluding surface.

J. Comput. Chem. 15, 1127-1138 (1994).

25. M. Cossi, V. Barone, R. Cammi, J. Tomasi, Ab initio study of solvated molecules: A new
implementation of the polarizable continuum model. Chem. Phys. Lett. 255, 327-335
(1996).

26. E.Cances, B. Mennucci, J. Tomasi, A new integral equation formalism for the polarizable
continuum model: Theoretical background and applications to isotropic and anisotropic
dielectrics. J. Chem. Phys. 107, 3032-3041 (1997).

27. V.Barone, M. Cossi, J. Tomasi, A new definition of cavities for the computation
of solvation free energies by the polarizable continuum model. J. Chem. Phys. 107,
3210-3221(1997).

28. B.Mennucci, J. Tomasi, Continuum solvation models: A new approach to the problem of
solute’s charge distribution and cavity boundaries. J. Chem. Phys. 106, 5151-5158 (1997).

29. B.Mennucci, E. Cances, J. Tomasi, Evaluation of solvent effects in isotropic
and anisotropic dielectrics and in ionic solutions with a unified integral equation method:
Theoretical bases, computational implementation, and numerical applications. J. Phys.
Chem. B 101, 10506-10517 (1997).

30. V.Barone, M. Cossi, Quantum calculation of molecular energies and energy gradients
in solution by a conductor solvent model. J. Phys. Chem. A 102, 1995-2001 (1998).

31. M. Cossi, V. Barone, B. Mennucci, J. Tomasi, Ab initio study of ionic solutions by
apolarizable continuum dielectric model. Chem. Phys. Lett. 286, 253-260 (1998).

32. V.Barone, M. Cossi, J. Tomasi, Geometry optimization of molecular structures in solution
by the polarizable continuum model. J. Comput. Chem. 19, 404-417 (1998).

33. R.Cammi, B. Mennucci, J. Tomasi, Second-order Maller—Plesset analytical derivatives
for the polarizable continuum model using the relaxed density approach. J. Phys. Chem. A
103, 9100-9108 (1999).

34. J.Tomasi, B. Mennucci, E. Cancés, The IEF version of the PCM solvation method:

An overview of a new method addressed to study molecular solutes at the QM ab initio
level. J. Mol. Struct. (THEOCHEM) 464, 211-226 (1999).

35. M. Cossi, N. Rega, G. Scalmani, V. Barone, Polarizable dielectric model of solvation
with inclusion of charge penetration effects. J. Chem. Phys. 114, 5691-5701 (2001).

36. M. Cossi, G. Scalmani, N. Rega, V. Barone, New developments in the polarizable
continuum model for quantum mechanical and classical calculations on molecules
in solution. J. Chem. Phys. 117, 43-54 (2002).

60f7



3.4 Novel Synthetic Pathway for the Production of Phosgene

SCIENCE ADVANCES | RESEARCH ARTICLE

37. M. Cossi, N. Rega, G. Scalmani, V. Barone, Energies, structures, and electronic properties of
molecules in solution with the C-PCM solvation model. J. Comput. Chem. 24, 669-681 (2003).

38. G.Scalmani, M. J. Frisch, Continuous surface charge polarizable continuum models
of solvation. I. General formalism. J. Chem. Phys. 132, 114110 (2010).

39. F.Lipparini, G. Scalmani, B. Mennucci, E. Cancés, M. Caricato, M. J. Frisch, A variational
formulation of the polarizable continuum model. J. Chem. Phys. 133, 014106 (2010).

40. F.Eckert, A. Klamt, Fast solvent screening via quantum chemistry: COSMO-RS approach.
AIChE J. 48, 369-385 (2002).

41. A.Klamt, The COSMO and COSMO-RS solvation models. Wiley Interdiscip. Rev. Comput.
Mol. Sci. 1,699-709 (2011).

42. A.Klamt, M. Diedenhofen, Calculation of solvation free energies with DCOSMO-RS.
J. Phys. Chem. A 119, 5439-5445 (2015).

43. A.Hellweg, F. Eckert, Brick by brick computation of the gibbs free energy of reaction
in solution using quantum chemistry and COSMO-RS. AIChE J. 63, 3944-3954 (2017).

44, R. Ahlrichs, M. Bar, M. Haser, H. Horn, C. KéImel, Electronic structure calculations on workstation
computers: The program system turbomole. Chem. Phys. Lett. 162, 165-169 (1989).

45. O.Treutler, R. Ahlrichs, Efficient molecular numerical integration schemes. J. Chem. Phys.
102, 346-354 (1995).

46. M.V.Arnim, R. Ahlrichs, Performance of parallel TURBOMOLE for density functional
calculations. J. Comput. Chem. 19, 1746-1757 (1998).

47. A.D.Becke, Density-functional exchange-energy approximation with correct asymptotic
behavior. Phys. Rev. A 38,3098-3100 (1988).

48. J.P.Perdew, Density-functional approximation for the correlation energy
of theinhomogeneous electron gas. Phys. Rev. B. 33, 8822-8824 (1986).

49. F.Weigend, R. Ahlrichs, Balanced basis sets of split valence, triple zeta valence
and quadruple zeta valence quality for H to Rn: Design and assessment of accuracy. Phys.
Chem. Chem. Phys. 7,3297-3305 (2005).

50. K.Eichkorn, O. Treutler, H. Ohm, M. Haser, R. Ahlrichs, Auxiliary basis sets to approximate

Coulomb potentials. Chem. Phys. Lett. 242, 652-660 (1995).

K. Eichkorn, F. Weigend, O. Treutler, R. Ahlrichs, Auxiliary basis sets for main row atoms

and transition metals and their use to approximate Coulomb potentials. Theor. Chem. Acc.

97,119-124 (1997).

52. F.Weigend, Accurate Coulomb-fitting basis sets for H to Rn. Phys. Chem. Chem. Phys. 8,
1057-1065 (2006).

51.

VoBnacker et al., Sci. Adv. 2021; 7 : eabj5186 29 September 2021

53. M. Sierka, A. Hogekamp, R. Ahlrichs, Fast evaluation of the Coulomb potential for electron
densities using multipole accelerated resolution of identity approximation. J. Chem. Phys.
118, 9136-9148 (2003).

54. A.Klamt, M. Diedenhofen, A refined cavity construction algorithm for the conductor-like
screening model. J. Comput. Chem. 39, 1648-1655 (2018).

55. S.Grimme, J. Antony, S. Ehrlich, H. Krieg, A consistent and accurate ab initio
parametrization of density functional dispersion correction (DFT-D) for the 94 elements
H-Pu. J. Chem. Phys. 132, 154104 (2010).

56. NIST Chemistry WebBook, Sadtler Research Labs Under US-EPA Contract (10 February 2021);
https://webbook.nist.gov/cgi/cbook.cgi?ID=C103719&Type=IR-SPEC&Index=0#IR-SPEC.

Acknowledgments: We acknowledge the Zentraleinrichtung fiir Datenverarbeitung (ZEDAT)
of the Freie Universitat Berlin for the allocation of computing resources. P.V. thanks M. Kleoff
for helpful discussions. Funding: We also thank the COVESTRO company for continuous
financial and technical support of our research. Author contributions: Conceptualization:
SR,RW.,SS,S.Y, and Y.S. Methodology: P.V., CM,, M.R,, and R.M. Investigation: P.V.,, AW., TK,,
CM., MR, and R.M. Visualization: P.V. and C.M. Project administration: S.R. Supervision: S.R.
and M.K. Writing—original draft: P.V., S.R., and C.M. Writing—review and editing: P.V., S.R.,
MK, H.B,,RW,, S.Y,, and C.M. Competing interests: Y.S., R.W.,, S.R, and S.S. are inventors on a
pending patent related to this work filed by Covestro Intellectual Property GmbH & Co.

KG (no. WO 2019215037 A1, filed 2018).S.Y.,S.R,, P.V.,,RW. Y.S, TK, and S.S. are inventors on
two pending patents related to this work filed by Covestro Deutschland AG (no. EP20213933.3,
filed 2020 and no. EP20213938, filed 2020). The authors declare that they have no other
competing interests. Data and materials availability: All data needed to evaluate the
conclusions in the paper are present in the paper and/or the Supplementary Materials.

Submitted 18 May 2021
Accepted 6 August 2021
Published 29 September 2021
10.1126/sciadv.abj5186

Citation: P. VoBBnacker, A. Wust, T. Keilhack, C. Muller, S. Steinhauer, H. Beckers, S. Yogendra,

Y. Schiesser, R. Weber, M. Reimann, R. Miiller, M. Kaupp, S. Riedel, Novel synthetic pathway for
the production of phosgene. Sci. Adv. 7, eabj5186 (2021).

70f7

77



3.5 Synthesis of a Hexachloro Sulfate(IV) Dianion Enabled by Polychloride Chemistry

B V]

Patrick Vofsnacker, Alisa Wiist, Carsten Miiller, Merlin Kleoff, Sebastian Riedel*
Angew. Chem. Int. Ed. 2022, 61, €202209684.

Angew. Chem. 2022, 134, €202209684.

https://doi.org/10.1002/anie.202209684

https://doi.org/10.1002/ange.202209684

© 2022 Angewandte Chemie International Edition published by Wiley-VCH GmbH. This is an open-
access article distributed under the terms of the Creative Commons Attribute 4.0 International license.

Author contributions

Patrick Vofsnacker designed the project, performed most of the experiments and wrote the
manuscript. Alisa Wiist performed some of the experiments. Carsten Miiller performed
quantum chemical calculations and wrote parts of the manuscript. Merlin Kleoff wrote parts
of the manuscript and provided scientific guidance. Sebastian Riedel managed the project and

revised the manuscript.

78


https://doi.org/10.1002/anie.202209684
https://doi.org/10.1002/ange.202209684
https://creativecommons.org/licenses/by/4.0/

3.5 Synthesis of a Hexachloro Sulfate(1V') Dianion Enabled by Polychloride Chemistry

GDCh
) —

@ Sulfur Compounds ‘ Very Important Paper‘

Communications

W) Check for updates

Angewandte

Chemie
www.angewandte.org
How to cite: Angew. Chem. Int. Ed. 2022, 61, €202209684
International Edition:  doi.org/10.1002/anie.202209684
German Edition: doi.org/10.1002/ange.202209684

International Edition

Synthesis of a Hexachloro Sulfate(IV) Dianion Enabled by

Polychloride Chemistry

Patrick Vofinacker, Alisa Wiist, Carsten Miiller, Merlin Kleoff, and Sebastian Riedel*

In memory of Professor Ralf Steudel

Abstract: The preparation and structural characteriza-
tion of [NEt;Me],[SCl4] is described, which is the first
example of a [SClg]*~ dianion and of a halosulfate anion
of the type [S,X,]*" in general. This dianion belongs to
the group of 14-valence electron AB(E systems and
forms an octahedral structure in the solid-state. Interest-
ingly, co-crystallization  with  CH,Cl, affords
[NEt;Me],[SCls]-4 CH,Cl, containing [SClg]*~ dianions
with C,, symmetry. As suggested by quantum-chemical
calculations, the distortion of the structure is not caused
by a stereochemically active lone pair but by enhanced
hydrogen bonding interactions with CH,Cl,. At elevated
temperatures, [NEt;Me],[SCls] decomposes to various
sulfur chlorine compounds as shown by Raman spectro-
scopy. Cooling back to room temperature results in the
selective formation of [NEt;Me],[SCl;] which is compa-
rable to the well-studied SCl,.

- J

The chlorination of small molecules is a topic of major
relevance both for industrial and academic research.!"! Very
recently, our group in cooperation with Covestro inves-
tigated [NEt;Me]Cl as a practical chlorine storage medium
which forms the corresponding trichloride [NEt;Me][Cl;] by
addition of chlorine.”!’ More importantly, we found that
[NEt;Me][CLy] is also a useful chlorinating agent reacting
with carbon monoxide to the base chemical phosgene
(COCL,). Interestingly, our studies indicate that the trichlor-
ide anion in [NEt;Me][Cl;] has a CI-CI bond which is much
weaker than in elemental chlorine facilitating the insertion
of carbon monoxide into the CI-CI bond of the trichloride.?!

In contrast to elemental chlorine, [NEt;Me][Cl;] contains
the chemically inert cation [NEt;Me]* which has proven to
be very useful to stabilize various reactive anions.!* There-
fore, we speculated that the exceptional ability of
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the terms of the Creative Commons Attribution License, which
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Angew. Chem. Int. Ed. 2022, 61, 202209684 (1 of 5)

[NEt;Me][CL;] to serve both as a strong chlorination reagent
and to form stable salts with unique anions would enable the
preparation of unknown chlorine-containing compounds.
While focusing on sulfur compounds, we noted that most
sulfur chlorides are relatively unstable species. Reaction of
elemental sulfur with chlorine leads primarily to S,Cl,, which
can be further reacted with an excess of chlorine in the
presence of FeCl; as catalyst to SCL.P! While S,Cl, is
comparably stable, SCl, decomposes at room temperature
slowly to S,Cl, and Cl,. At =78 C, SCI, reacts with liquid Cl,
to SCl, but decomposes to SCI, and Cl, when warmed above
its melting point of —30 C. Below that temperature, SCl,
exists in the ionic structure [SCl;] "[Cl] ", as suggested by IR
and Raman spectroscopy and powder XRD analysis."!
Beside SCl,, various salts of the type [SCL]*[X]™ with, e.g.,
X=[IC1L,]," [SbF],® [F(AI(OC,F,);),]”” have been pre-
pared. The highest possible binary sulfur chlorine species,
SClg, is not known, while the lighter homologue SFg is a
stable compound that found various industrial
applications."” Surprisingly, chlorosulfates, [S,CL]*", have
not been prepared thus far, although afterglow-tandem mass
spectrometric experiments gave a Dy(SCL—Cl") bond energy
of 85+8 kJmol ™ for the [SCL;]~ which is in the same range
as the bond energy within the [Cl;]” anion (99+
5kJmol™").'" In contrast, for the heavier elements Se and
Te a plethora of chloroselenates and chlorotellurates in the
oxidation states 1 and 1v are known for decades (e.g.,
[Se,CleP "™ [Se,Clp 1 [ChCIP M [ChyClyg]
[Ch;Cly5] ¥ (Ch=Se, Te)).

At the outset, we prepared the ionic liquid
[NEt;Me][CL;] by the reaction of commercially available
[NEt;Me]Cl  with elemental chlorine as previously
described.”!

A solution of [NEt;Me][CL;] in CH,Cl, was reacted with
elemental sulfur at room temperature for 16 h [Eq. (1)].
Slowly cooling to —40 C yielded yellow crystals that could
be analyzed by X-ray diffraction revealing the formation of
[NEt;Me],[SCl4] (Figure 1, left).

[NEt;Me],[SClg]
212 (])
RT to -40 °C

1/g Sg + 2 [NEtsMe][Cl3]

In this structure, the [SCl]*" dianion has an almost
octahedral geometry with S—Cl bond lengths of 231.2(1),
231.5(1) and 232.3(1) pm and bond angles between 88.9(1)
and 91.1(1) . The [SClJ*~ dianion is stabilized by weak

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 1. Molecular structure of [NEt;Me],[SCl¢] (left) and
[NEt;Me],[SCl¢]-4 CH,Cl, (right) in the solid state with thermal ellipsoids
shown at 50% probability. Bond lengths are given in pm with an error
of 0.1 pm.

hydrogen bonding interactions between the [NEt;Me]*
cation and the dianion (see Figure 2). The Raman spectrum
of a single crystal of [NEt;Me],[SCly] further indicated an
octahedral geometry for the [SCl]*~ dianion showing only
three bands at 282, 241, and 168 cm™! in the region for S—Cl
vibrations (See Figure S4). These bands can be assigned to
the A, and E, symmetric S—Cl stretching vibrations and the
T,, symmetric bending vibration, respectively, and are in
agreement with the vibrational spectra calculated at Cosmo-
SCS-MP2/def2-TZVPP level of theory (see Figure S3).
When a diluted solution of [NEt;Me][Cl;] and sulfur in
CH,Cl, was cooled to —80 C, co-crystallization of CH,Cl,
with [NEt;Me],[SCls] was observed. Surprisingly, X-ray
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diffraction of the obtained crystals of
[NEt;Me],[SCl¢]-4 CH,Cl, revealed a different structure for
the [SClJ*" dianion (Figure 1, right). Compared to the
previously analyzed structure, the S—CI1 bond is shortened
by 8.3(1) pm (compared to the average S—CI bond length)
while the S—CI2 bond is significantly elongated by 8.8(1) pm.
Therefore, the octahedral symmetry of the [SClg]*~ dianion
is distorted yielding a C,, symmetric structure.

In general, the [SClg]*" dianion belongs to the group of
ABG(E systems bearing six ligands and one lone pair.
According to the valence shell electron pair repulsion model
(VSEPR), these systems should possess a stereochemically
active lone pair and form structures of distorted octahedral
geometries. However, the prediction of the VSEPR model is
not always correct for these systems. Consequently, they
have received significant attention over the last decades
both from an experimental and a theoretical point of
view.["" For XeF,™ [IF,]~,” and [SeF > a distorted
octahedral structure with C;, symmetry is observed, while,
for instance, [CIFs]"®! and [BrF;] **! have octahedral
structures. For the higher homologues of [SCL]*,
[SeCle]*~,*! and [TeClg]* ! both regular and distorted
octahedral structures were found depending on the corre-
sponding cation.

These examples demonstrate that both structures can be
formed by ABG(E systems. In the literature, two contrary
effects are discussed that have to be taken into account. The
first effect is that the system can be stabilized in principle
when the HOMO and the LUMO are interacting. However,
this combination is prohibited in O, symmetry due to
different irreducible representations of the HOMO (A4,,)
and the LUMO (T),). When the octahedral structure is
distorted, HOMO-LUMO interaction is allowed resulting in

[NEt,Me],[SCl]

[NEt,Me],[SCIs]-4CH,CI,

Figure 2. Hirshfeld surface of [NEt;Me],[SClg] (left) and [NEt;Me],[SCls]-4 CH,Cl, (right). Disorders are omitted for clarity. Color code: blue=N,
grey=C, white=H, yellow=S, green=Cl. Dashed green lines display hydrogen bonds.
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a stabilization of the system, also known as a second-order
Jahn-Teller effect. For an octahedral structure the lone pair
is located in the s orbital of the central atom and therefore
stereochemically inactive. Lowering the symmetry increases
the p character of the lone pair. It becomes stereochemically
active and can be located at the plane (Cs,), edge (C,,), or
corner (C,) of the octahedron (see Figure S8), with the
former being the generally favored and the latter the least
probable possibility. The second, contrary, effect is the
electronic repulsion between the ligands making an octahe-
dral structure more favorable. For many systems, there is a
delicate balance between the symmetrical octahedral and
the distorted structure. Therefore, already weak interactions
of the anion with its molecular environment, e.g., by hydro-
gen bonding to the cation can determine the structure.!'!®!

As mentioned above, the distortion from an O, symme-
try to a Cy geometry, as found for
[NEt;Me],[SCl4]-4 CH,Cl,, is quite unusual. Therefore, an
NBO analysis of the distorted [SClg]*~ was performed and
revealed that the lone pair of the sulfur is located in the 3s
orbital and is stereochemically inactive (see Figure S9).

To further investigate the energetical influence of a
distortion of [SCl¢]*, a relaxed surface scan was performed
by starting from an octahedral structure and subsequently
increasing one S—Cl bond (see Figure S10 to S12). An
elongation of the S—CI2 bond by 10 pm translates to an
energetical increase of only 0.6 kJmol ™. On the other hand,
this distortion leads to an increased negative charge on CI2
(Natural Charge —0.43 vs. —0.49) which enables stronger
hydrogen bonding interactions.

Indeed, these interactions are found by Hirshfeld
analysis of the solid state structure of
[NEt;Me],[SCls]-4 CH,Cl, (Figure2). Overall, the CI2 has
five H--Cl interactions below the sum of the van der Waals
radii (Z,4w(H—-Cl) =285 pm).

As one of the S—CI bonds is significantly elongated, the
[SCI¢]* species could be described as a [SCls]~ fragment and
a CI” anion. In this description, the [SCls]~ species consists
of four equatorial S—CI bonds formed by 3-center-4-electron
bonds and one axial S—CI bond which is a classical 2-center-
2-electron bond (Figure 3A). Therefore, we calculated the
electrostatic potential of [SCls]” and mapped it onto the

A)
Cl

Clox . - P

SNV
S

~

Clos T “Cleg
crr

Figure 3. A) Interaction of CI~ with the o-hole of [SCls]” formally
forming [SCl¢]>". B) Electrostatic potential of [SCls]” in a range of:
—0.15 (red) to 0.05 a.u. (blue) mapped onto the electron density
(isosurface value 0.025 a.u.) calculated on B3LYP-D4/def2-TZVPP level
of theory.
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electron density (Figure 3B). According to these calcula-
tions, there is a high negative charge located on the
equatorial Cl atoms while a more positive electrostatic
potential can be found on the central sulfur atom along the
S—Cl,, bond, the so called o-hole. Thus, the CI™ can interact
with this positively charged region of the [SCls]~ fragment.
Additionally, the CI~ can donate electron density into the ¢*
orbital (S—Cl,,, LUMO) resulting in a weakening and
elongation of the S—Cl,, bond. This bonding situation is
similar to that found in polyhalides."!

An atoms in molecules (AIM) analysis based on periodic
DFT calculations shows an ionic character of the S—CI
interaction in the dianion. At all corresponding bond critical
points, the Laplacian is small and positive (ca. 1.7-1.8 e A~%),
the ratio of the absolute potential (] V|) and kinetic energy
density (G) is below 2.0 (1.6), and the value of the electron
localization function (ELF) is only about 0.6—all indicative
for a non-shared interaction (see Table S5).

At last, we investigated the influence of the temperature
on the formation of [NEt;Me],[SCl4] from a stoichiometric
mixture of Sg and [NEt;Me][Cl;] by Raman spectroscopy
(Figure 4). Interestingly, at 40 C the mixture exists as a
liquid consisting of various species including [Cl;]~ and S,Cl,
as indicated by comparison with reference substances (see
Figure S6). In addition, the presence of [SCL]~ could be

A

heat to 40 °C

[NEtsMel,[S,Cl,] + [NEtsMe][Cla) [NEt;Me];[SClg]
cool tor.t.
Liquid Solid
B 1

1/8 S + 2 [NEt;Me][Cl;] 40 °C (liquid)

T .

B [1/8 S + 2 [NEtzMe][Cly] r.t. (solid) n W

@D

= |

E W

= Il | |

£ JV .|\

5 [ NN
[NEt;Me],[SCI,] ~196 °C (single crystal) d B

I

|
5 . N
£ VNS X TN SN ;WO . .

T T T T T T T
1400 1200 1000 BOO 600 400 200

Wavenumber [cm ]

Figure 4. A) The thermal equilibrium of [NEt;Me],[SCl] with various
sulfur chlorine compounds. B) Raman spectrum of the reaction mixture
of sulfur and [NEt;Me][Cl;] at 40 C (above) and room temperature
(middle) and comparison to the Raman spectrum of the single crystal
of [NEt;Mel,[SCl¢] (below). Bands are assigned as follows (*=cation,
#=[SCls]*", 7=[Cl]” % =S,Cl,, [1=presumably [SCI;]"). See Figure S6
for reference spectra.
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assumed as the calculated spectrum at SCS-MP2/def2-
TZVPP level of theory is in good agreement with the
measured spectrum (see Figure S6). When cooled to room
temperature, the mixture solidified and the measured
Raman spectrum thereof was consistent with those obtained
for the single crystals of [NEt;Me],[SCls] suggesting its
selective formation. This highlights that the crystallization of
[NEt;Me],[SCl¢] is energetically highly favored due to its
comparably large lattice energy. A rough estimation of the
stabilization energy the dianion meets due to the periodic
cation-lattice yields about 240 kJmol™' (see Supporting
Information, chapter h). When the solidified
[NEt;Me],[SCl] is heated to 40 C again, a similar spectrum
is observed as for the reaction mixture. Thus, it can be
assumed that there is an equilibrium between various sulfur
chlorides in the liquid mixture and [SCl]*" in the solid
(Figure 4A). Given these results, the thermal behavior of
[NEt;Me],[SCl4] is comparable to SCl,, which is only stable
below —30 C and decomposes above this temperature to
SCl, and Cl,.

In conclusion, we synthesized [NEt;Me],[SCly], which is
the first example of a halosulfate anion of the type [S,X,]*".
Additionally, this unprecedented molecule is one of the few
examples for a 14-valence electron AB(E system with a
central atom of the third period. In general, AB(E systems
can either adopt an octahedral symmetry or a distorted
structure with a stereochemically active lone pair. In
[NEt;Me],[SCl], we found an octahedral symmetry for the
[SCl¢]*" dianion in the solid-state structure. However, when
CH,Cl, co-crystallized, [NEt;Me],[SCls]-4CH,Cl, was
formed with an unusual C,, structure, with one elongated
and one shortened axial S—Cl bond. Quantum-chemical
calculations revealed that this distortion cannot be attrib-
uted to a stereochemically active lone pair but is a result of
enhanced hydrogen bonding interactions with CH,Cl,.

Notably, [NEt;Me],[SCls] decomposes to various sulfur
chlorine compounds at 40 C while cooling back to room
temperature results in the selective formation of
[NEt;Me],[SCls] highlighting the similarity to the well-
studied SCl,. This work demonstrates the unique ability of
[NEt;Me][CLj] to serve as a versatile chlorination agent
while stabilizing unprecedent anions.
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(Abstract: Chlorine plays a central role for the industrial production of numerous materials with global relevance. More
recently, polychlorides have been evolved from an area of academic interest to a research topic with enormous industrial
potential. In this minireview, the value of trichlorides for chlorine storage and chlorination reactions are outlined.
Particularly, the inexpensive ionic liquid [NEt;Me][Cl;] shows a similar and sometimes even advantageous reactivity
compared to chlorine gas, while offering a superior safety profile. Used as a chlorine storage, [NEt;Me][ClL;] could help
to overcome the current limitations of storing and transporting chlorine in larger quantities. Thus, trichlorides could
become a key technique for the flexibilization of the chlorine production enabling an exploitation of renewable, yet
fluctuating, electrical energy. As the loaded storage, [NEt;Me][Cl;], is a proven chlorination reagent, it could directly be

Kemployed for downstream processes, paving the path to a more practical and safer chlorine industry. )

1. The Importance of Chlorine for the Modern World

The importance of chlorine for our daily live can hardly be
overestimated. It is estimated that chlorine is involved in the
synthesis of 50 % of all industrial compounds, 30 % of all
agrochemicals, and 20 % of all pharmaceuticals rendering
chlorine one of the most important base chemicals.!"?

The industrial utilization of chlorine can be illustrated by
the “chlorine tree” (Figure 1), highlighting important inter-
mediate chemicals (the branches) obtained from elemental
chlorine that are used in the production of indispensable
materials (the leaves)."!

Chlorine itself is widely used for water treatment, may it
be for the degermination of water in public swimming pools
or of tap water.”) Although hydrogen chloride is a side
product in many processes, highly pure hydrogen chloride is
industrially formed by direct synthesis from hydrogen and
chlorine gas in a combustion chamber."!

However, in most cases, chlorine is further processed to
intermediate chemicals. One of the most important exam-
ples is phosgene (COCL, 17), which is produced by the
reaction of chlorine and carbon monoxide in a volume of
12 million metric tons per year. Phosgene (17) is a versatile
chemical that found numerous applications both in academia
and industry, but primarily it is used for the manufacturing
of polyurethanes and polycarbonates.!”!

Another crucial bulk chemical that relies on the use of
chlorine is 1,2-dichloroethane which global production
reached 34.5 million tons per year in 2013/ and is estimated
to reach 58 million tons per year by the end of 2027.
Approximately 98 % of it are used to produce vinyl chloride
by thermal decomposition of 1,2-dichloroethane. Polymer-
ization of vinyl chloride affords poly vinyl chloride (PVC)
which is ranked as the third most produced polymer in the
United States of America (approximately 5.8 million tons
per year in 2008)."!

[*] Dr. M. Kleoff, P. VoRRnacker, Prof. Dr. S. Riedel
Fachbereich Biologie, Chemie, Pharmazie, Institut fir Chemie und
Biochemie—Anorganische Chemie
Fabeckstr. 34/36, 14195 Berlin (Germany)
E-mail: s.riedel@fu-berlin.de

' © 2023 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used
for commercial purposes.
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Industrially, glacial acetic acid is chlorinated in the
presence of acetic anhydride providing predominantly
chloroacetic acid and smaller quantities of di- and trichloro-
acetic acid. Most of chloroacetic acid is used to produce
carboxymethyl cellulose in a volume of several hundred
thousand tons per year. Further chlorination of chloroacetic
acid with, e.g., phosgene (17), affords chloroacetyl chloride
that is a valuable building block for the synthesis of
pharmaceuticals such as adrenalin (epinephrine).!

An industrially important Cs-building block is allyl
chloride, which is produced by radical chlorination of
propene at temperatures of ~500 C. It is a versatile
intermediate for the synthesis of various allyl compounds
(e.g., allyl alcohol and allyl isothiocyanate) but the majority
of allyl chloride is processed to epichlorohydrin, which is
used for the manufacturing of glycerol and epoxy resins.""!

In addition to these organic compounds, numerous
inorganic chlorides are produced from chlorine. For in-
stance, the combustion of white phosphorus with elemental
chlorine affords phosphorus trichloride which is extensively
used for the synthesis of medicines, pesticides, and flame
retardants."

Interestingly, chlorine also plays a crucial role for the
purification of titanium dioxide, which is the most important
pigments in the color industry. As raw titanium dioxide
(obtained from, e.g., Rutile) is contaminated with other
pigments, it is chlorinated to titanium tetrachloride. The
pure titanium tetrachloride is distilled and subsequently
burned with oxygen to provide pure titanium dioxide
suitable for colors at a rate of over 4 million tons per year.!

2. The Energy-Demanding Production of Chlorine

Considering the countless industrial processes involving
chlorine, it can be stated, that our modern life could hardly
be realized without chlorine. To meet the global need of
chlorine, it is produced primarily by chloralkali electrolysis
in an enormous volume of approximately 88 million tons per
year, and is predicted to grow to approximately 92 million
tons in 2024."" However, this is a highly energy demanding
process that consumes approximately 205 million MWh per
year worldwide.'” In Germany, the country with the biggest
chlorine production in Europe, chloralkali electrolysis has
an energy demand of 12 million MWh which corresponds to
~2 % of the electrical energy in Germany.'>"") In fact, the
electrochemical chlorine production ranks among the most

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 1. The “chlorine tree” highlighting important applications of chlorine as chemicals (branches) that are used for the production of important
materials (leafes). Drawn by the authors, inspired by “the chlorine tree” of Eurochlor (eurochlor.org, 2016).
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expensive and energy-intensive processes in chemical indus-
try with an energy demand translating to approximately
50% of the production costs."®! This becomes even more
striking in view of the climate change pointing out the
necessity to reduce the anthropogenic carbon dioxide
emission. Renewable energies could help to address this
problem, which already provide 41 % of the electrical energy
in Germany."”!

However, they provide an inconsistent power supply
depending on current weather circumstances (e.g., sun light,
wind). When the chloralkali electrolysis is driven by renew-
able energies, this would result in a fluctuation of chlorine
supply. While the chloralkali electrolysis is relatively adopt-
able to electricity fluctuations, most of the downstream
processes of chlorine are not. Therefore, the chlorine
production is currently highly dependent on baseload
electricity provided by fossil fuels. This issue could be
partially solved by an efficient chlorine storage medium
allowing to exploit temporary energy excesses to produce
chlorine.® Then, periods of an energy deficit (“dark
doldrums”) could be bypassed by releasing chlorine from
the storage. However, at the moment, “chlorine cannot be
easily stored in large amounts”, as “the safety requirements
for its storage are particularly high” and consequently,
chlorine is typically stored for several hours when it “is
unavoidable”.?™ Thus, the development of a useful chlorine
storage is closely associated to the challenge to tame the
dangers of elemental chlorine.*?!!

3. The Properties and Dangers of Elemental
Chlorine

Elemental chlorine is a greenish-yellow gas having a boiling
point of —34 C and a melting point of —101 C. Due to the
relatively high density of chlorine gas compared to air
(density relative to air of 2.48), chlorine gas tends to persist
on the ground.” Therefore, it had found questionable use
as war gas in the first world war offering the military
advantage to “crawl” in the trenches on the front lines.”!
Due to the high reactivity and toxicity of chlorine, it is
oxidizing most materials and causes severe burns on the
skin, eyes, and the respiratory system and, at higher doses,
damaging the lunges eventually leading to death. In
addition, many chlorinated compounds are toxic for plants,
animals, and humans and have been found to be carcino-
genic. Besides, many chlorinated compounds are highly
persistent organic pollutants and show a high bioaccumula-
tion potential. Therefore, the use of e.g., chlorinated
pesticides and the incorrect waste disposal of chlorinated
materials have resulted in a contamination of the environ-
ment with global dimensions.”"

Already the transportation and use of chlorine is of
inherent danger not only for the people working with it but
also for the environment as it has been witnessed from
numerous accidents (one of them was very recently on June
27,2022 at the Jordan’s red sea port of Aqaba where 25 t of
chlorine killed 13 people and injured more than 250
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others).”! Studies of Hearn and co-workers simulated the
rupture of transporting vessels releasing 1814 kg of liquefied
chlorine demonstrating a significant chlorine deposition in
the area.?

Thus, it is understandable that chlorine has a somewhat
bad public reputation. In fact, taming the dangers of gaseous
chlorine has been the major motivation for the development
of numerous chlorinating reagents such as thionyl chloride
(SOCL,), N-chlorosuccinimde (NCS), and trichloroisocyanu-
ric acid (TCCA) that are industrially produced on large
scale. What most of these reagents have in common is that
they are solids or liquids which can be more easily handled
compared to chlorine gas and offer an improved safety
profile. However, most of these reagents show a reactivity
profile that is in many aspects different from that of
elemental chlorine making them only suitable for the
replacement of chlorine in some reaction types. More
importantly, all chlorination reagents are more expensive
than elemental chlorine itself, which is certainly not limiting
their exploitation in academic research but is a huge draw-
back for large industrial processes.®”!

4. Trichlorides as Alternative to Elemental Chlorine

Among the established chlorination reagents, trichlorides
([Cl5] 7, also known as trichlorine monoanions) with organic
cations are of particular interest. The bonding situation of
the symmetric trichloride with Cl—Cl bonds of equal length
can be best described as a 3c—4e bond. However, in most
compounds the trichloride is asymmetric due to interactions
with the cations or crystallographic effects.”*"! The asym-
metric trichlorides [Cl-Cl-Cl]~ can be described to consist
of a dichlorine molecule (Cl,) and a chloride (Cl7). The
dichlorine having an area of low electron density (so-called
o-hole) along the CI-CI bond can act as a Lewis-acid, while
the Lewis-basic chloride can donate electron density into
this c-hole forming the trichloride [Cl;]~. As the chloride is
donating electron-density into the antibonding orbitals of
the dichlorine molecule, the CI-Cl bond in trichlorides is
weaker and longer compared to that of elemental chlorine,
resulting in a higher reactivity.?**

[Cat]Cl + n Cl, — [Cat][CI(Cl,),] 1)

Typically, trichlorides are prepared by the reaction of a
chloride salt (Cat =cation) with elemental chlorine [Eq. (1)].
Depending on the equivalents of chlorine, various poly-
chlorides can be prepared in this way, reaching from
trichlorides ([Cl;]", n=1) up to tridecachloride ([Cl;5]", n=
6).5” Notably, also mixed systems can be prepared having
non-integer values of n. As the bond strength of chlorine in
polychlorides decreases with the coordination number,
polychlorides have a chlorine vapor pressure that increases
the larger the value of n is. Therefore, most trichlorides
have a relatively low vapor pressure making them the most
practical polychlorides being stable for an essentially un-
limited time .23
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It has to be outlined that the cation has a strong
influence on the properties of a polychloride, particularly on
its melting point. For instance, [NEt,][Cl;] is a solid at room
temperature, while [NEt;Me][Cl;] is an ionic liquid having a
melting point of —10 C due to the asymmetry of the cation.
Thus, the modification of the cation allows to tailor made
the properties of a trichloride for its envisioned application.
However, it has been observed that cations with longer alkyl
chains (e.g., butyl) or electron-rich arenes undergo chlorina-
tion limiting the flexibility for the choice of substituents.”?"

In general, trichlorides are much easier and safer to
handle compared to elemental chlorine, as they are liquids
or solids and have a relatively low chlorine vapor pressure
(e.g., 0.9 bar for [NEt;Me][Cl;] at 20 C). In addition, [NEt,]-
[Cl;] and [NEt;Me][Cl;] can easily be prepared by the
reaction of abundant [NEt,]CL, or [NEt;Me]Cl, respectively,
with Cl, and are even commercially available.?"*?

5. The Reactivity of Trichlorides

Although the first trichloride was already discovered in
1923, it was not until 1996 that the potential of trichlorides
as reagents for organic synthesis were explored by Mioskow-
ski and co-workers.”**! Based on this seminal work, various

[CathMC,]

M
[Bmim]o[UO,Cly]
Uo,
Sg
[NEtsMel,{SClg]
Cco
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reactions have been performed using trichlorides with
organic cations (Figure 2).

Cly [NEtzMe][Cl3]
- greenish-yellow gas - yellow ionic liquid at 20 °C
-m.p. =101 °C, b.p. =34 °C -m.p.-10°C
- p=1.38g/cm® (7.7 bar, 25 °C)| - p=1.21 glcm® (1 atm, 25 °C)
- p=6.7 bar (20 °C) -p=0.9bar (20 °C)
- toxic - easier to handle
- very reactive and corrosive

- similar reactivity as Cl,

Figure 2. Top left: Physical properties of elemental chlorine.”*! Top
right: Physical properties of [NEt;Me][CI(Cl,), ¢5] simplified as [NEt;Me]-
[Cl3] for clarity.”"! Bottom left: Picture of a controlled rupture of a
chlorine vessel during the Jack Rabbit Program (Copyright: Utah Valley
University).®¥l Bottom right: Picture of transferring [NEt;Me][Cl5] with-
out gas evolution.

Figure 3. Overview of the reactivity of trichlorides with various substrates. M =metals, R=alkyl or aryl, R”=OR or NR,, Cat=[P(C,Ho);(Cy4H5)][Cls],

Bmim = 1-butyl-3-methylimidazolium trichloride.
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As elemental chlorine, trichlorides react with alkenes 1
and alkynes 3 in an anti-addition to the corresponding
vicinal dichlorinated alkanes 2 or alkenes 4, respectively. In
the case of o,f-unsaturated ketones, a,f-unsaturated a-
chloroketones are formed supposedly by dichlorination of
the terminal double bond and subsequent elimination.”"

Ketones 5 are chlorinated in a-position to a-chloroke-
tones 6; however, when aldehydes are reacted, the a-
dichlorinated products are isolated. Notably, even less
activated C—H bonds, e.g., the tertiary C—H bond of acetals
7, undergo chlorination affording the corresponding chlori-
nated species 8.5'!

Beside these functionalizations of aliphatic compounds,
also electron-rich aromatic compounds 9 bearing ether® or
amine™! functionalities are chlorinated with trichlorides
primarily in para-position giving chloroarenes 10. Remark-
ably, aromatic compounds bearing an alkyne functionality
are selectively chlorinated in para-position while the alkyne
moiety remains untouched.® As discovered by Yan and co-
workers, tetrabutylammonium trichloride can also employed
in substitution reactions for the chlorodeboronation of
chlorovinyl trifluoroborates 11 to the corresponding (Z)-1,2-
dichloroalkenes 12.5°

In addition, trichlorides can be used for the oxidation of
the primary alcohols 13 and secondary alcohols 15 to the
corresponding aldehydes 14 or ketones 16, respectively. In
difference to many commonly used oxidizing reagents,"
trichlorides allow the selective oxidation of secondary
alcohols in presence of primary alcohols.®!! However, in the
case of allyl alcohols, the chlorination of the double bond is
observed.”!l

Carbon monoxide is oxidized with [NEt;Me][Cl;] to the
industrially important C1 building block phosgene (17), as
recently discovered by our group in cooperation with
Covestro company. According to quantum-chemical calcu-
lations, the phosgene formation proceeds by insertion of
carbon monoxide into the weakened CI-Cl bond of the
trichloride anion in an exergonic reaction with a low energy
barrier. As this reaction can also be performed with only
catalytically amounts of [NEt;Me]Cl under an chlorine
atmosphere, this highlights the function of the ammonium
chloride as Lewis base catalyst activating molecular
chlorine.F*!

Very recently, the first synthesis of a hexachlorosulfate
([SCIg]*") was achieved by treating elemental sulfur with
[NEt;Me][Cl;]. For comparison, oxidation of elemental
sulfur with chlorine gas affords instable SCl, which decom-
poses at temperatures above —30 C to SCI, and Cl,. When
[NEt;Me][CL] is used instead, it could be speculated that
SCl, is formed as intermediate that further reacts with
[NEt;Me]Cl to [NEt;Me],[SCl]. This highlights the unique
ability of [NEt;Me][ClL;] to serve as an chlorination agent
while stabilizing unprecedented anions.””

Accordingly, trichlorides have been utilized for the
dissolution of salts and metals. Chu and co-workers
employed 1-butyl-3-methylimidazolium trichloride ([Bmim]-
[CL]) to dissolve uranium dioxide (UO,), an important
component of nuclear fuels, forming [Bmim],[UO,Cl,] in the
ionic liquid. When mixtures of uranium dioxide and
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lanthanide oxides are dissolved in [Bmim][Cl;], selective
crystallization of [Bmim],[UO,CL,] is observed allowing the
separation of uranium from lanthanides. "

In a related study, Binnemans and co-workers inves-
tigated the oxidative dissolution of in total twelve metals
and two alloys using the ionic liquid [P(C,Hy);(C,4Hy)][Cl5].
While copper and iron powder were dissolved within one
hour, platinum or tantalum could not be dissolved at all
according to total reflection X-ray fluorescence (TXRF) of
the liquids.™!

6. The Selectivity of Trichlorides in Organic
Synthesis

As reactions with trichlorides are usually conducted in
solution at temperatures between —78 C and room temper-
ature, good selectivities can be achieved while many func-
tional groups are tolerated. For these reasons, trichlorides
have found numerous applications for the synthesis of
complex molecules in natural product synthesis.*”

In the total synthesis of the chlorinated sesquiterpene
(£)-Gomerone C it was necessary to introduce a chlorine
substituent to the relatively complex intermediate 18
(Scheme 1).

By conversion of ketone 18 to the corresponding silyl
enol ether and subsequent treatment with [NEt,][Cl;] the
desired a-chlorinated silyl enol ether 19 was obtained in
51 % yield, while many other chlorination reagents failed.
Remarkably, the silyl groups, the alkyne, and the olefine
moiety were tolerated in this reaction.

Very recently, Goollen and co-workers developed a
protocol for a photochemical Sandmeyer-type chlorination
of aryldiazonium tetrafluoroborates 20. However, photo-
excitation of aryl diazonium salts at ~370 nm leads to the
formation of diazo radicals that undergo undesired side
reactions. Therefore, the reaction had to be initiated with
light of lower energy, excluding N-chlorosuccinimide ab-
sorbing light below 270 nm. In contrast, [NEt,][ClL;] offers
the advantage to absorb visible light beyond 400 nm.
Employing blue LED light (=447 nm) and three equiv-

1) KN(SiMe3), (1.3 equiv)
TBSCI (2.0 equiv)
THF, =78 °Cto rt
SiMe; 2) [NEt][Cl-] (2.4 equiv)
CH,Cl,-78°Ctort,5h
51% (for 2 steps)

(+)-Gomerone C

Scheme 1. Synthesis of the chlorinated intermediate 19 in the total
synthesis of (+)-Gomerone C utilizing [NEt,][Cl5]. TBS =tert-
butyldimethylsilyl.
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alents of [NEt,][Cl;], various functionalized aryl diazonium
tetrafluoroborates 20 could be converted to the correspond-
ing aryl chlorides 21 in excellent yields and selectivities
(Scheme 2).1!

7. Trichlorides as a Unique Chlorine Storage

Beside these numerous applications of trichlorides as
reagents for both organic and inorganic substrates, Riedel
and co-workers investigated in cooperation with Covestro
company the utilization of trichlorides as a chlorine storage
medium. After determination of the physical properties of
various trichlorides, the research was focused on [NEt;Me]-
[CL;]. This trichloride is readily prepared by the reaction of
[NEt;Me]Cl and Cl, and is an ionic liquid at room temper-
ature which is advantageous for the transport by pumping
within an industrial plant. It is stable over years at room
temperature and shows also no decomposition when stored
in the sunlight at 50 C.”'! [NEt;Me][Cl;] stores up to 0.79 kg
chlorine per kilogram of [NEt;Me]Cl, and is comparably
cheap as [NEt;Me]Cl is industrially prepared from two base
chemicals, NEt, and MeCLP"

Notably, [NEt;Me][Cl;] has a much lower vapor pressure
then elemental chlorine at room temperature. Therefore, it
can easily be handled, e.g., on air and offers an improved
safety profile compared to gaseous chlorine which shows a
pressure of 6.7 bar at 20 C, see Figure 2. More importantly,
the use of trichlorides would tame the danger of a rupture of
a chlorine vessel containing pressure-liquefied chlorine.
Given the safety advantages of trichlorides as chlorine
storage, it could allow to transport and store chlorine in
much larger quantities as it is currently possible. Therefore,
the current limitations and regulations of elemental chlorine
transport in highly populated areas like in the Valais,
Switzerland, could perhaps be overcome.*! By applying
heat, the chlorine vapor pressure of the trichloride is
increased. In this way, chlorine can easily be released from
[NEt;Me][Cl;] leading back to the unloaded chlorine storage
[NEt;Me]Cl which can be reused. Another possibility to
release chlorine from the storage is to apply vacuum. It was
found that also the addition of water allows the complete
release of chlorine from [NEt;Me][Cl;], offering a valuable
alternative to the use of heat or vacuum, when technical
possibilities are limited.”!!

However, the full potential of the ionic liquid [NEt;Me]-
[Cl;] would be released when it is used as a chlorine storage
and as chlorination reagent in a combined process. As

N,BF,

INEt;J[CI-] (3.0 equiv)
blue LEDs (A = 447 nm)
MeOH, 15°C, 1.5 h
90-99%
R R
20 21

R =H, F, tBu, MeO, NC, O,N, Ac, MeO,C

Scheme 2. Photochemical Sandmeyer-type chlorination of aryldiazo-
nium tetrafluoroborates 20 with [NEt,][Cl5].
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described above, [NEt;Me][Cl;] can be used for the
production of phosgene (17) from carbon monoxide which is
industrially further processed to, e.g., isocyanates 22, by
reaction with amines 23. In this reaction, HCl is formed
that is industrially electrolyzed affording H, and CL."*! The
obtained Cl, could then be used to load the chlorine storage
[NEt;Me]Cl providing [NEt;Me][Cl;], again (Scheme 3).

More importantly, this combined process could go hand
in hand with renewable energy sources to exploit temporary
energy excesses. For example, on sunny days, when solar
energy is abundant, it could be used to produce large
quantities of chlorine by chloralkali electrolysis which is
stored safely and efficiently as [NEt;Me][CL]. In turn,
temporary energy shortages could be faced by drawing on
reserves of previously produced [NEt;Me][Cl;]. This would
provide a continuous supply of [NEt;Me][Cl;] which is
independent of weather circumstances.

From an industrial perspective, the realization of this
concept would be more attractive, if the stored chlorine in
[NEt;Me][CL] is further processed to important chemicals.
In this way, for instance, the base chemical phosgene (17)
can be produced as it has been shown by our group in
cooperation with Covestro company.® However, many
more industrial processes that currently rely on elemental
chlorine could possibly be performed with [NEt;Me][Cl;] in
the future opening up new avenues in chlorine industry.

8. Conclusion

In conclusion, chlorinated materials have a fundamental
importance in many areas of both industry and academic
research. Generally, for chlorinating agents, there is a
delicate balance between a) the utility, b) the safety and
transportation, and c)the cost of a chlorination agent.
Improving one of these aspects usually goes hand in hand
with disadvantages regarding the other aspects. In contrast,
trichlorides such as [NEt;Me][Cl;] show a) a similar reac-
tivity as elemental chlorine, b) are easy-to-handle, and c) are
relatively inexpensive to prepare. In many transformations,
trichlorides react as elemental chlorine, but sometimes they
show an enhanced reactivity as in the synthesis of phosgene

o R-NH, 23 0
- PIeN N*
SR 17 R 22
2H
HCI electrolysis
[NEtzMe][Cl-] [NEt;Me] Hy

Scheme 3. Envisioned process combining the use of [NEt;Me]Cl as
chlorine storage and [NEt;Me][Cl;] as chlorination reagent for the
production of phosgene (17) which is further used for the synthesis of
isocyanates 22.
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(17), offer an improved selectivity in natural product
synthesis, or enable the preparation of unprecedented
molecules such as [NEt;Me],[SCly] (Figure 3). Compared to
chlorine gas, [NEt;Me][Cl;] is an ionic liquid at room
temperature with a chlorine vapor pressure below 1 bar
making it safe to handle and to transport. In addition,
[NEt;Me][Cl;] can be easily prepared from abundant
materials (NEt;, MeCl, and Cl,).

More importantly, [NEt;Me][CL;] is a safe chlorine
storage at ambient pressure and temperature. As the storage
of large quantities of chlorine by pressure-liquefication is
potentially dangerous it is only performed when it is
unavoidable. Therefore, the use of [NEt;Me][Cl;] as a safer
storage technique could help to overcome this limitation and
enable the exploitation of renewable, yet fluctuating, energy
sources to allow the production of chlorine. Finally, the
loaded chlorine-storage could directly be employed as a
versatile chlorination reagent. In this context, [NEt;Me][CL]
could make a contribution along with other technologies
such as the oxygen consumption electrode or the flexibiliza-
tion of downstream processes to reach a modern chlorine
technology that is more adoptable to renewable energies.
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4. Conclusion and Outlook
4.1 Conclusion

In the first part of this work, hydrogen halides and chlorine were used to synthesize novel
poly(hydrogen halide) halogenates (-I) and polychlorides. A series of salts of the type
[Cat][X(HCl).] (Cat = [PPha]*, [PNP]*, X = Cl, Br, I, n =3 or 4, Figure 18 left) were synthesized
by treating [Cat]X with HCl. By combining single-crystal X-ray diffraction, Raman
spectroscopy and quantum-chemical calculations, some trends about the hydrogen bond
strength within these molecules were concluded. When a series of poly(hydrogen chloride)
halogenates with the same coordination number ([X(HCl)]") is considered, the hydrogen bond
energy was shown to decrease from X =1 to Cl which is consistent with the basicity of the
halide ions. On the other hand, the hydrogen bond energy significantly increases with a
decreasing coordination number. This was rationalized by the reduced charge on the central
halide ion with increasing coordination number allowing less charge transfer to the next added
hydrogen halide resulting in weaker hydrogen bonds.

Additionally, the behavior of halide ions in anhydrous HF (aHF) was studied. Interestingly,
when [PPhs]X was treated with HF and cooled to —80 °C, single crystals of [PPhs][X(HF)2(HX)]
(X =Br, I) were obtained. The presence of both X- and HX in the solid state structure indicates
that both species must be present in solution to some extent. This is surprising as HF is a
significantly weaker acid than the other hydrogen halides in the gas phase and therefore
should not be able to protonate halide ions. Nevertheless, the acidity of a compound is heavily
influenced by the stabilization of the formed anion. In aHF the fluoride anion, which is formed
during the protonation reaction, is strongly stabilized by hydrogen bonding interactions to the
solvent, making aHF a strong acid. Quantum-chemical calculations taking solvation into
account, consequently showed that all hydrogen halides have very similar acidities in aHF
which explains the presence of X- and HX in solution.

Furthermore, in this work the [Cl(Cl2)4]- anion (Figure 18 right) could be obtained for the first
time by the reaction of [NPr4]Cl with chlorine in acetonitrile. It has a distorted tetrahedral
structure with short CI-Cl contacts to the next [CI(Cl2)4]- yielding a three-dimensional network.
Additionally, the reaction of decamethylferrocene (Cp*2Fe) with a large excess of chlorine

yielded in the formation of [Cp*2Fe]o[Clx]. The [Cl»]* dianion can be described as two
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4.1 Conclusion

pyramidal [CI(Clz2)s]- units which are connected by a Cl2molecule and is the largest known
polychloride to date. Interestingly, when small amounts of HF are present in the reaction
mixture of Cp*2Fe and chlorine, [Cp*:Fe][Cl(Cl)«HF)] is obtained stabilized by strong
hydrogen and halogen bonding interactions (Figure 18 middle). Due to the large polarization
of the HF bond, the fluorine atom has a partial negative charge and can act as a good halogen
bond acceptor. This results in the formation of a three-dimensional network in the solid state
of [Cp*:Fe][Cl(CLz)«(HF)]. Both, the chloride ion and the fluorine atom of the HF molecules
have five binding partners which results in a hexagonal prismatic arrangement of the anions

with the cations in the center of the prism.

/ Hydrogen and Halogen Bonded Molecules \

Figure 18. Molecular structure in the solid state of [PNP][CI(HCl)4] (left), [Cp*2Fe][Cl(Cl2)+(HF)] (middle) and
[NPra][CI(Cl2)4] (right).

In the second part of this work, polychlorides were tested towards their capability to act as an
efficient chlorine storage media. When chloride salts with organic cations are treated with
chlorine gas, relatively high amount of chlorine (0.5-0.7 kg L', compared to 1.38 kg L' for
liquid chlorine) are absorbed and either liquid or solid polychlorides salts are formed.
Therefore, polychlorides are significantly easier to handle and safer to store in contrast to
gaseous elemental chlorine (Figure 19). Several ammonium chloride salts have been tested as
storage materials and [NEt:Me]Cl was chosen to be the most promising one based on several
characteristics. It has a high storage capacity of 0.79 kg chlorine per kg storage material and
can readily be prepared from the abundant starting materials NEts and MeCl. Moreover, the
loaded storage [NEt:Me][Cl(Cl2)«] is a liquid at room temperature, which is advantages for
industrial processing, and is stable for extended times. A release of chlorine from the
polychlorides can be realized by using some physical methods, e.g., by heating the storage or
by applying vacuum. Furthermore, the addition of water also yields in a release of chlorine

since the solvation energy of Cl-is higher compared to the [Cls]- anion. The formation of strong
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hydrogen bonds between the chloride ions and water compensates the breaking of the halogen
bond within the [Cls]- which results in the release of chlorine. To evaluate the upscaling
possibility of the chlorine storage process, calorimetric measurements were performed to
determine the energy released when loading the storage medium and required to liberate
chlorine again. While fully loading the system with 1.7 equivalents of chlorine is 54.4 k] mol"
exothermic, the release of 0.5 equivalents from the fully loaded system, achievable by heating
to 80 °C, requires only 16.4 k] mol-. This is in agreement with quantum-chemical calculations
which shows that the formation of the [Cls]- creates the strongest halogen bond while the

addition of more chlorine molecules is less favorable.

Safe and Efficient Chlorine Storage

Cl,
- greenish-yellow gas - yellow ionic liquid at 20 °C
-m.p. =101 °C, b.p. =34 °C -m.p.-10 °C
- p=1.38g/cm3 (7.7 bar, 25°C)| - p=1.21 g/cm? (1 atm, 25 °C)
- p=6.7 bar (20 °C) -p=0.9bar (20 °C)
- toxic - easier to handle
- very reactive and corrosive - similar reactivity as Cl,

Figure 19. Comparison of elemental chlorine and the chlorine storage material [NEtsMe][Cls]. Reproduced from
Ref. 21 with permission from Wiley-VCH Verlag GmbH & Co. KGaA.

As illustrate in the previous section, releasing chlorine from the storage medium
[NEtsMe][CI(Cl2).] requires significant amounts of energy. To further improve the efficiency
of the storage system, it is desirable to use the loaded storage directly as a chlorination reagent
which is a valid option as [Cls]- has already been used in several organic transformations (see
chapter 1.2.5). To further develop this approach, in the third part of this work the reactivity of
the [Cls]- was investigated. It was shown that phosgene, which is a major intermediate
chemical, can directly be prepared by the reaction of [NEt:Me][Cl:] with CO at room
temperature without further activation. Additionally, also catalytic amounts of [NEtsMe]Cl

results in the full conversion of CO and Clz to COCl.. To rationalize this, quantum-chemical
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calculations on the reaction pathway were performed which indicates that the reaction can be
described as an insertion of the CO molecule into the CI-Cl bond (Figure 20 left). In comparison
to elemental chlorine, the CI-Cl bond within the [Cls]- is significantly weakened due its 3c-4e
bonding character. This results in a drastically reduced energy barrier of 57 to 78 k] mol for
the insertion of CO into the Cl-Cl bond compared to 230 k] mol! for the uncatalyzed reaction
between chlorine and carbon monoxide.

Besides its use for the production of industrial important chlorinated chemicals, [Cls]- was also
used for the synthesis of unprecedented molecules. Reacting [NEtsMe][Cls] with elemental
sulfur yields in the formation of [NEtsMe]2[SCls] (Figure 20, right) which is the first example
of a compound containing the [SCls]> dianion. The [SCls]?> dianion belongs to the group of 14-
valance electron AB¢E systems which can either have an octahedral or distorted octahedral
structure depending on the lone-pair being stereochemically active or not. Within
[NEt:Me]2[SCl¢], the [SCls]> dianion has an octahedral structure while NBO calculations
confirmed that the lone-pair of the molecule is located in the s-orbital of the sulfur atom and
is therefore stereochemically inactive. Interestingly, when a diluted solution of sulfur and
[NEtsMe][Cls] in CH2Cl> was cooled to —80 °C, co-crystallization of CH2Cl> was observed
resulting in the formation of [NEtsMe]2[SCle]-4CH:CL. In this salt, the [SCle]> has a Cav
symmetric structure with one shorter and one longer S-Cl bond. Further quantum-chemical
studies showed that this distortion is not a result of a stereochemically active lone pair but a
result of a strong hydrogen bonding interaction to the co-crystalized solvent molecules. In
comparison to the neutral SCls, which decomposes into SCl2 and chlorine already at -30 °C,
[NEtsMe]2[SCls] is surprisingly stable. Raman spectroscopic investigations show its
decomposition into [NEtsMe][Cls] and various sulfur chlorides only at temperatures above

40 °C.
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/ Unique Reactivity \

Cle

Figure 20. Transition state for the reaction of [NEtsMe][Cls] with CO (left) and molecular structure in the solid state
of [NEtsMe]2[SCls] (right). Bond length are given in pm.

Overall, this work highlights the importance of intermolecular interactions like hydrogen and
halogen bonding for the stabilization of unprecedented molecules (see chapter 3.1 and 3.2), for
useful applications., e.g., storage of chlorine (see chapter 3.3 and 3.6) and as a tool to tune the
reactivity of molecules (see chapter 3.4, 3.5 and 3.6). The strength of this interaction within the
presented compounds covers a wide energy range. Poly(hydrogen halides) halogenates
[X(HX)x]- and polyhalides[X(Xz2):]-(n = 1-2) are examples for systems stabilized by very strong
hydrogen or halogen bonds with bonding energies up to 180 k] mol.2"5I The strong halogen
bonds stabilizing the [NEt:Me][Cl(Cl2)17] system were shown to be in an optimal energy
regime to allow its use as an efficient chlorine storage medium. While lower binding energies
would lead to significantly lower storage capacities, for a more strongly bounded system a
release of chlorine could only be achieved under much harsher conditions and would require
more energy. Additionally, the reactivity of [NEtsMe][CI(Cl2)17] is often very similar or even
enhanced in comparison to elemental chlorine. This enhanced reactivity is rationalized by a
charge transfer from the chloride into the o* orbital of the Cl. molecule during halogen
bonding resulting in a weakened CI-Cl bond and an increased reactivity as demonstrated for
the reaction of [Cls]- with CO. Overall this makes [NEtsMe][Cl(Cl2)17] a suitable replacement
for elemental chlorine, in contrast to many other chlorination reagents, e.g., SOCl,, NCS or
POCls, which contain covalent element chlorine bonds resulting in a significantly different

reactivity profile.
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The bonding energy in larger polythydrogen halides) halogenates [X(HX):]- and
polyhalides[X(X2)x]- (n > 2) is significantly lower and the elimination of HX or X: is often
endergonic by only 10 k] mol-'. Therefore, in the solid state, larger polyhalides are often
stabilized by additional intermolecular halogen bonding. This is possible since dihalogens
have an anisotropic electron density with an area of low electron density on the bonding axis,
the so-called o-hole, and a belt of higher electron density perpendicular to the bond axis (see
chapter 1.2.1). The different sides of the dihalogen molecule can act as a Lewis acid or a Lewis
base, respectively, which allows the formation of three-dimensional networks in the solid state
as observed for [Cl(Clz)4]- and [Clzo]*. In contrast, hydrogen halides have a strongly polarized
bond with a positive, Lewis acidic hydrogen atom and a negative, Lewis basic halogen atom.
Thus, the [X(HX):]- anion often exists as isolated ions in the solid state. The use of weakly
coordinating cations is essential to stabilize large poly(hydrogen halide) halogenates (-I) in the
solid state since strong interactions to the cation results in a reduced basicity of the central
halide yielding in weaker hydrogen bonds and therefore a destabilization of larger

poly(hydrogen halide) halogenates.
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Chlorine is one of the most important industrial chemicals and our daily life is hardly possible
without it. Nevertheless, a constant evaluation of the chlorine industry is necessary as chlorine
and its products are potentially hazardous. Many problems of the chlorine industry could
already be at least partially solved. However, there are still two major problems related to
chlorine industry, namely the storage and transportation of chlorine as well as its energy
intensive production. In this work, the foundation for solving these problems was established
by fundamental research on the polychloride system. The next step should be the evaluation

of polychloride-based storage systems for industrial processes.

The following scheme can be proposed for a more sustainable chlorine technology based on
the analyzed use of polychlorides as a chlorine storage (Figure 21): Chlorine is produced by
electrolysis and is then safely stored within a polychloride salt enabling a flexible production
of chlorine when renewable energies are available. In a first step, chlorine can be released from
the storage by heating it to 80 °C. Even though the release of chlorine requires energy, this is
not problematic as many downstream processes of the chlorine industry are exothermic and
therefore generate heat which can be used to release chlorine from the storage. Additionally,
when the polychloride is used as a classical storage medium and gaseous chlorine is released,
the storage can be easily integrated into existing infrastructure without changing the setup for
downstream processes. In a second step, the process can be even more improved if the chlorine
release is achieved by using the loaded storage as a chlorination reagent, for example, for the
production of phosgene. Many processes involving chlorine generate hydrogen chloride as a
byproduct. For instance, if phosgene is reacted with amines to generate isocyanides, two
equivalents of HCI are generated. As illustrated in the first part of this work, HCl also has a
high affinity to chloride ions and can be bound by them forming a poly(hydrogen chloride)
chlorate (-I) which is also a low viscous ionic liquid. This ionic liquid can directly be
electrolyzed to regenerate [Cls]-. Overall, this scheme allows for the use of larger amounts of
renewable energy for the generation of chlorine. Additionally, it would allow a chlorine
technology without the need of neither gaseous chlorine or hydrogen chloride. Both are
efficiently stored by the ammonium chloride salt significantly increasing the safety profile of
the process. The icing on the cake would be the generation of hydrogen, a valuable resource

for a sustainable energy system, through the use of renewable energies.
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Sustainable Chlorine Technology

ﬁ R—NH, H\ //O
N—C N=—C=0
c=0 O ; / \ :, R/
Hoo R H
= ®| 0
[NEt;Me][CI("1.)] [NEt;Me]ClI [NEt;Me][CI(H )]

[NEt,Me][Cls]

Storage Electrolysis

H, Technology Renewable Energy

Figure 21. Proposed scheme for a safe and sustainable chlorine technology.

Overall, the introduction of polychlorides enables a potential chemical system for the

conversion of resources and thus the sustainable and safe redesign of the chlorine industry.

The further development might be an adventure of the next century.
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (—I)

a) Molecular Structures Including Cations and Disorders
al. [PPh4][X(HCI)s] and [AsPha][CI(HCI)4]

Table S 1. Comparison of interatomic distances and angles for [PPh4][X(HCl)4] (X = Cl, Br).

Property Cl Br
CI-X distance [pm] 340.1(1) 353.4(1)
CI-X-CI” angle [°] 144.3 (1) 145.1(2)

Figure S 1. Molecular structure of [PPh4][CI(HCI)4] in the solid state with thermal ellipsoids shown at 50 %
probability.

o Br1
@_H,J—;:9¢: Hi"ci

o’ HI™ND
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Figure S 2. Molecular structure of [PPh4][Br(HCl)4] in the solid state with thermal ellipsoids shown at 50 %
probability. A chloride ion occupies the position of Brl with a probability of 13.7(3) %, which might be explained by
a protonation of bromide ions and the formation of CI- and HBr.
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (—I)

Figure S 3. Molecular structure of [PPh4][I(HCI)3] in the solid state with thermal ellipsoids shown at 50 %
probability.
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Figure S 4. Molecular structure of [AsPh4][CI(HCIl)4] in the solid state with thermal ellipsoids shown at 50 %
probability. A bromide ion occupies the position of CI1 with a probability of 13.5(3) %, which might be explained by
a contamination of the starting material.
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8.1 SIof Synthesis and Characterization of Poly(hydrogen halide) Halogenates (—I)

a2. [PPN][X(HCI)4]

Table S 2. Comparison of interatomic distances and angles for [PPN][X(HCl)4] (X = ClI, Br,1).

Property Cl Br I
CI-X distance (1) [pm] 334.8(1) 347.6(1) 370.4(2)
CI-X distance (2) [pm] 341.6(1) 354.0(2) 374.8(2)
Cl-X angle (1) [°] 97.7(1) 97.7(1) 91.6(1)
Cl-X angle (2) [] 144.1(1) 141.6(1) 138.0(1)
CI-X angle (3) [] 84.3(1) 84.3 89.2(1)
CI-X angle (4) [] 122.1(1) 122.1(1) 120.9(1)

Figure S 5. Molecular structure of [PPN][CI(HCI)4] in the solid state with thermal ellipsoids shown at 50 % probability.
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Figure S 6. Molecular structure of [PPN][Br(HCI)4] in the solid state with thermal ellipsoids shown at 50 %
probability.

CI2A'

Figure S 7. Representation of the disorder of the anion in the solid state structure of [PPN][Br(HCl)4]. Thermal
ellipsoids are shown at 50 % probability. The occupation numbers for the halide atoms were determined to be
0.928(1) for Br1A and CI1A, 0.964(1) for CI2A and 0.036(1) for Br1B, CI1B and CI2B. Therefore the anion position
within the crystal is occupied by a [Br(HCI)4]~ anion (black lines) with a probability of 92.8(1) % and occupied by a
[Br(HCI)s]~ anion (yellow and green lines) with 7.2(1) % probability.
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (—I)

Figure S 9. Representation of the disorder of the anion in the molecular structure of [PPN][Br(HCl)4] in the solid
state. Thermal ellipsoids are shown at 50 % probability. The occupation numbers for the halogen atoms were
determined to be 0.777(2) for I11A and CI1A, 0.889(1) for CI2A and 0.111(1) for I1B, CI1B and CI2B. Therefore the
anion position within the crystal is occupied by a [I(HCI)4]~ anion (black lines) with a probability of 77.7(2) % and
occupied by a [I(HCI)3]~ anion (yellow and green lines) with 22.2(1) % probability.
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a3. [PPhg][X(HF)2(HX)]

i A
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Figure S 10. Molecular structure of [PPha4][Br(HF)2(HBr)] in the solid state with thermal ellipsoids shown at 50 %
probability.

F1" F1m
H2" F H2|n
\
\ I
v/
H1"  _ - @& _
2 T~
) C—

Figure S 11. Molecular structure of [PPhs][I(HF)2(HI)] in the solid state with thermal ellipsoids shown at 50 %
probability.
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (—I)

a4. Further Hydrogen Bonded Structures

Figure S 12. Molecular structure of [PPN][BrHBr]-:CH2Cl: in the solid state with R(Br1-Br2) = 341.6(1) pm. Thermal
ellipsoids are shown at 50 % probability.

Figure S 13. Molecular structure of [PPh4][CIO4(HF)2] in the solid state including the disorder of the perchlorate
anion. Thermal ellipsoids are shown at 50 % probability.
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Figure S 14. Molecular structure of [PPh4][I(HBr)2] in the solid state including the disorder of the anion. The
occupation number of Br2A equals 0.741(3). Thermal ellipsoids are shown at 50 % probability.

Figure S 15. Molecular structure of [PPN][Br(HCN)] in the solid state. Thermal ellipsoids are shown at 50 %
probability.
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b) Experimental and Calculated Raman Spectra
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Figure S 16. Experimental (black) Raman spectrum of [PPh4][X(HCI)n] (X = ClI, Br, 1) and calculated (B3LYP/def2-
TZVPP (red) and MP2/def2-TZVPP (blue)) spectra. Bands highlighted with asterisk are associated to [X(HCl)n] ™.
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Figure S 17. Experimental (black) Raman spectrum of [PPN][X(HCI)4] (X = Cl, Br, I) and calculated (B3LYP/def2-

TZVPP (red) and MP2/def2-TZVPP (blue)) spectra. The band marked with a dagger is due to liquid oxygen resulting
from the measurement at —-196 °C.
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Figure S 18. Experimental (black) Raman spectrum of [PPha][I(HF)2(HI)] and calculated (B3LYP/def2-TZVPP (red)
and MP2/def2-TZVPP (blue)) spectra of [I(HF)2(HD], [I((HF)2(HI)2]~. Bands highlighted with a hash belong to the
cation, while bands highlighted with a dagger are due to liquid oxygen resulting from the measurement at —196 °C.
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Figure S 19. Experimental (black) Raman spectrum of [PPha][I(HF)2(HI)] and calculated (B3LYP/def2-TZVPP (red)
and MP2/def2-TZVPP (blue)) spectra of [I(HF)2(HI)]-, [I(HF)2(HI)2]-. Bands highlighted with an asterisk are
associated to [I(HF)2(H)]~.
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Figure S 20. Experimental (black) Raman spectrum of [PPh4][Br(HF)2(HBr)] and calculated (B3LYP/def2-TZVPP

(red) and MP2/def2-TZVPP (blue)) spectra of [Br(HF)2(HBr)]~.

131

13



8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

c) Quantum Chemically Optimized Structures
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Figure S 21. Optimized structures of [X(HY)n]"(n=1,3,4 (X=CI,Br,I;Y=CI),n=2(X=Cl, Br, I; Y =Cl, Br (only
for X = 1)) calculated on the B3LYP(D3BJ)/def2-TZVPP (MP2/def2-TZVPP) level of theory. Bond distances are
given in pm. For structures with colored annotations, the central atom of the structure is a chloride (green), bromide
(red) or iodide (violet). Bond length marked with an asterisk belong to non-minimum structures.
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Figure S 22. Optimized structures of HX (X = F, CI, Br, I, CN), [X(HY)a]- (n =1 (X=Br; Y =CN),n =2 (X = ClOg;
Y = F)) and [X(HF)2(HX)n]~ (n = 1,2; X = Cl, Br, I) calculated on the B3LYP(D3BJ)/def2-TZVPP (MP2/def2-TZVPP)
level of theory. Bond distances are given in pm. For structures with colored annotations, the black atoms are equal

to chlorine (green), bromine (red) or iodine (violet).
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d) Calculated Energies and Free Reaction Energies
d1l) B3LYP(D3BJ)/def2-TZVPP Energies

All Free Enthalpy calculations were carried out for T = 298.15 K and p = 1.0 bar if not stated

otherwise.

Table S 3. Calculated energies on the B3LYP(D3BJ)/def2-TZVPP level of theory.

Verbindung Etot [EH] Etot [kd/mol™] G (kJ mol™?)

F —99.83878290 —262126.72 —-262163.89

Cr -460.22009153 —1208307.85 —-1208347.34

Br- —-2574.12130509 —-6758355.49 —6758398.00

I~ —297.79901555 —781871.32 —781915.54
[CIHCI] —921.03498878 —2418177.36 —2418221.40
[Br(HCI]- ~3034.92480079 —7968195.06 ~7968242.33
[I(HCN] —758.59431186 ~1991689.37 ~1991738.45
[CI(HCI)2]~ —1381.83086281 —-3627996.93 —-3628038.71
[Br(HCI)2] —3495.71844848 —-9178008.79 —9178054.78
[I(HCI)2]~ —1219.38440676 —-3201493.76 —-3201543.55
[CI(HC)] —1842.62129282 —4837802.20 —4837839.27
[Br(HCI)]" ~3956.50712263 ~10387809.45 —10387852.55
[I(HCDs] -1680.17097613 —-4411288.90 —4411337.29
[CI(HC)4] (Ta) —2303.40766790 —6047596.83 —6047628.85
[Br(HCI)4]~ (Ta) —4417.29227743 ~11597600.87 ~11597640.15
[I(HCI)a]~ (Ta) —2140.95474183 ~5621076.67 ~5621122.09

[CI(HCI)4] (Cav) —2303.40537183 —6047590.80 -

[Br(HCI)4]™ (Cav)
[I(HCI)a]~ (Ca)

—4417.29053744
—2140.95342236

-11597596.31
-5621073.21

[CI(HCI)a]~ (Dan)
[Br(HCI)a]" (Dan)
[I(HCI)4]~ (Dan)

—2303.40521150
—4417.29018688
—2140.95285991

134

—6047590.38
—11597595.39
-5621071.73

16



8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

Verbindung Etot [EH] Etot [kd/mol™] G (kJ mol™?)

HF —100.45529924 —263745.39 —263764.34

HCI —460.76800069 —1209746.39 —-1209775.98

HBr —2574.64739822 —6759736.74 —6759771.82

HI —298.30894626 —783210.14 —783249.49
[CI(HF)3] —761.69417796 —1999828.06 —1999828.94
[Br(HF)s]” —2875.57908480 —7549832.89 —7549840.04
[I(HF)s]- -599.24170540 ~1573309.10 ~1573321.72
[F(HF)4] —501.86273987 —1317640.62 —1317602.35
[CI(HF)4]- -862.17285192 —2263634.82 —2263617.09
[Br(HF)J]" —2976.05574034 —7813634.35 —7813623.94
[I(HF)4]~ —699.71613583 -1837104.71 —-1837101.53
[CI(HF)2(HCI)] —1122.00327912 —2945819.61 —2945835.14
[Br(HF)2(HBR)]- —5349.76873758 —14045817.82 —14045844.97
[I(HF)2(H] ~797.09272783 —2092766.96 —2092803.93
[CI(HF)2(HCI)2] —1582.79017767 —4155615.61 —4155626.89
[Br(HF)2(HBr)2]~ —7924.43294153 —20805598.69 —20805628.50
[I(HF)2(HI)2] ~1095.41551949 —2876013.45 —2876059.60

HCN —93.41448394 —245259.73 —245268.06
[Br(HCN)I” —2667.57045814 —7003706.24 —7003731.25
[ClO4]~ —760.88102990 -1997693.14 —-1997717.60
[CIO4(HF)2] —961.84615092 —2525327.07 —2525321.74

[I(HBr)2]

—-5447.14613091

-14301482.17

-14301543.31
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d2) SCS-MP2/def2-TZVPP Energies

Table S 4. Calculated energies on the SCS-MP2/def2-TZVPP level of theory.

Verbindung Etot [EH] Ewvp2 [EH] Etot+mp2 [kI/mol™] G (kJ mol™)
F —99.44317906 —0.28553667 —261837.74 —261874.91
Crr —459.55562243 —0.34621209 —-1207472.27 —-1207511.75
Br- —2572.48103042 —0.3269252 —6754907.29 —6754949.80
I~ —296.74067393 —0.52332097 —780466.62 —780510.85
[CIHCI™ —919.68258054 —0.71488027 —2416503.53 —2416548.15
[Br(HCD]~ —-3032.60126224 —0.69261723 —7963913.08 —7963958.39
[I(HCD]~ —756.85498183 —0.88706869 —1989451.75 —1989498.66
[CI(HCI)2]~ —1379.80304795 -1.07440499 —-3625493.75 —-3625532.33
[Br(HCI)2] —3492.71796406 —1.05412848 —9172898.63 —9172941.03
[I[(HCI)2] ~1216.96744012  —1.24878262 ~3198426.69 ~3198472.71
[CI(HCI)] ~1839.91936951  —1.43369196 —4834472.46 —4834505.44
[Br(HCI)s] —-3952.83175140 -1.41445618 —-10381873.42 —-10381911.75
[I(HCI)s]~ —-1677.07819556 —1.60943753 —4407394.38 —4407437.56
[CI(HCI)J] (Ts)  —2300.03278462  —1.79243470 —6043442.11  —6043466.68
[Br(HCI)J (Ts)  —4412.94331240  —1.77412492 ~11590840.63  —11590872.65
[I(HCN4] (Tq) —2137.18750295 -1.96940329 —-5616356.46 —-5616394.51
[CI(HCI)4]- (Ca) —2300.03034246  —1.79274818 —6043436.52 -
[Br(HCI)J]" (Ca) —4412.94147674  —1.77454505 ~11590836.92 -
[I(HCh4 (Ca)  —2137.18601756  —1.96956624 ~5616352.99 -
[CI(HCI)J]” (Dar) —2300.03039555  —1.79269401 —6043436.52 -
[Br(HCI)4] (Dan) —4412.94147688 —1.77454523 —-11590836.92 —-11590864.57
[I(HCI)4]~ (Dan) —2137.18623150 -1.96929017 —-5616352.82 —-5616396.26
HF —100.06531033 —0.28555788 —263471.20 —263489.53
HCI —460.09919729 —0.35546237 -1208923.71 —1208952.42
HBr —2573.00161502 —0.33803472 —6756303.25 —6756337.53
HI —297.24261157 —0.53552182 —781816.49 —781854.83
18
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Verbindung Etot [EH] Ewvpz [EH] Etot+mp2 [kI/mol™] G (kJ mol™)
[CI(HF)3]- —759.83733362  —1.21746339 —1998149.37 —1998145.70
[Br(HF)3]~ —2872.74826668 —1.19844224 —7545547.08 —7545550.13

[I(HF)s] —596.99304707 —1.39365936 —-1571064.30 -1571071.78
[F(HF)4]~ —499.88269487 —1.44276685 -1316230.00 -1316187.06
[CI(HF)4]" —859.92224572 -1.50526207 —2261677.92 —2261655.64
[Br(HF)a]~ —2972.83074047  —1.48706458 —7809071.40 —7809055.51

[I(HF)4]" —697.07269585 -1.68251934 —1834581.82 —1834577.63

[CI(HF)(HCD]- -1119.86466933  —1.28949297 —2943590.25 —2943603.66
[Br(HF)(HBr)" —5345.67730279  —1.25411993 —14038368.45 -
[(HF)2(HDT —794.16045856  —1.64842598 —2089396.23 —2089430.07
[CI(HF)2(HCl),]- -1579.97762209  —1.64863075 —4152559.73 —4152564.22
[Br(HF)2(HBr),]- —7918.68950195 -1.59711763 —20794712.52 —20794735.56
[I(HF)2(HD)2] —-1091.40906448 —2.18995181 —2871244.22 —2871284.31
HCN —92.91031160 —0.38185792 —244938.59 —244947.72
[Br(HCN)]- —2665.42020359  —0.71296727 ~6999932.64  —6999955.88
[ClO4]~ —758.83986267 —1.36504250 —1995917.98 —1995939.28

[CIO4(HF)2] —959.01336844 —1.94300522 —2522990.96 —2522979.41

[I(HBI)2]" —5442.77003718 -1.21681424 —14293187.48 —14293245.47
19
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d3) SCS-MP2(COSMO)/def2-TZVPP Energies

Table S 5. Calculated energies on the SCS-MP2/def2-TZVPP level of theory including a COSMO solvent model

(e = 83.6).

Verbindung Etot+mp2+cosmo [EH] G [kJ mol™] G?20K [kJ mol]
HF -100.35975152 —263463.48 —263500.3976

HCI —-460.45952135 —1208735.39 —-1208951.353
HBr —2573.34382115 —-6755062.13 —6756333.602

HI —297.78122862 —781714.29 —781847.3757
[F(HF)4]- -501.40579715 ~1316154.36 ~1316374.78
[CI(HF)4]~ —-861.50159252 —2261429.29 —2261825.281
[Br(HF)4]~ —2974.39012800 —7807767.83 —7809219.091
[I(HE)J]" -698.82498418 ~1834412.56 ~1834723.916

F- —99.87812886 —262217.26 —-262216.13

Crr —-460.02518246 -1207605.59 —-1207604.46

Br- —2572.92321899 —6753965.96 —6753964.83

I~ —297.36910044 —780638.12 —780636.99

d4) Free Reaction Energy Calculation

Table S 6. AE and AG for the reaction of [X(HCl)n]- + HCI > [X(HCl)n+1]™ calculated on the B3LYP(D3BJ)/def2-
TZVPP and SCS-MP2/def2-TZVPP level of theory.

X N AEgayp[kImol™] AGesye[kd mol™] AEwp2[kd mol] AGwez [kJ mol?]
Cl 1 —73.18 —-41.33 —66.51 -31.76
Cl 2 —-58.89 —24.59 -55.00 —-20.69
Cl 3 -48.24 -13.60 -45.94 -8.82
Br 1 —67.34 -36.47 —61.84 -30.22
Br 2 —54.28 -21.80 -51.08 -18.30
Br 3 —-45.04 -11.63 -43.50 -8.48
I 1 -58.01 —29.13 -51.23 —21.63
I 2 -48.75 -17.76 -43.98 -12.43
I 3 -41.39 -8.83 -38.37 —-4.53
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Table S 7. AE and AG for the reaction of [X(HF)4]~ + HF - [F(HF)4]~ + HX calculated on the B3LYP(D3BJ)/def2-
TZVPP and SCS-MP2/def2-TZVPP level of theory.

X AEgsiyp [k mol™]  AGgsyp [kI mol™]  AEwez [kJ mol™]  AGwp2[kJ mol™]
Cl —6.80 3.10 -4.58 5.70
Br 2.37 14.10 9.35 20.45
I -0.66 14.03 6.53 25.27

Table S 8. AE, AG (298 K and 220 K) and Keq (298 K and 220 K) for the reaction of [X(HF)4]~ + HF 2> [F(HF)4]~ +
HX calculated on the SCS-MP2(COSMO)/def2-TZVPP level of theory.

X AEcosmompz  AG™cosmompz  Keq (298 K)  AG#* cosmo,mp2 Keq (220 K)

[kJ mol] [kJ mol] [kJ mol]
Cl -10.43 3.02 0.2959 —0.45 1.2824
Br 0.69 14.82 0.0025 11.11 0.0023
| —-6.01 7.40 0.0505 2.16 0.3074

Table S 9. AE and AG for the reaction of X~ + HF - F~+ HX calculated on the B3LYP(D3BJ)/def2-TZVPP and
SCS-MP2/def-TZVPP level of theory.

X AEgaivp [k molY]  AGgaiye [k mol™]  AEwp2 [kJ mol™Y]  AGwez[kJ mol]
Cl 180.13 171.81 182.02 173.96
Br 237.41 226.62 237.50 226.89
I 279.84 266.50 283.59 270.64

Table S 10. AE, AG (298 K and 220 K) and Keq (298 K and 220 K) for the reaction of X~ + HF > F~+ HX calculated
on the SCS-MP2(COSMO)/def2-TZVPP level of theory.

X AEcosmo,mp2 AG**cosmomp2 Keq (298 K)  AG#% cosmomp2 Keq (220 K)

[kJ mol™] [kJ mol] [kJ mol]
Cl 124,14 116,44 3,88E-21 117,45 1,295E-28
Br 160,21 150,08 4,92E-27 152,02 8,026E-37
I 182,46 170,09 1,53E-30 172,63 1,026E-41
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Table S 11. AE and AG for the reaction of X~ + 4 HF - [X(HF)4]~ calculated on the B3LYP(D3BJ)/def2-TZVPP and
SCS-MP2/def-TZVPP level of theory.

X AEgzivp [k molY]  AGgaiyve [k mol™]  AEwez [kJ mol™]  AGwez [kJ mol]
F —-532.35 -381.11 -507.44 -354.01
Cl —-345.42 —212.40 -320.84 -185.75
Br —297.31 -168.59 —279.29 -147.57
I —251.85 -128.64 -230.38 -108.64

Table S 12. AE and AG for the reaction of [X(HF)4]- + 2 HX > [X(HF)2(HX)2]- + 2 HF calculated on the
B3LYP(D3BJ)/def2-TZVPP and SCS-MP2/def-TZVPP level of theory.

X AEgaiyp [k mol™Y]  AGgaive [k mol™]  AEwez [kJ mol™]  AGwez[kJ mol™]
Cl -21.21 -13.48 —-23.20 -17.19
Br -18.37 -10.41 —-22.97 -15.94
I —20.77 -12.24 —28.17 —-23.91

Table S 13. AE and AG for the reaction of [X(HF)3s]- + HX > [X(HF)2(HX)I- + HF calculated on the
B3LYP(D3BJ)/def2-TZVPP and SCS-MP2/def-TZVPP level of theory.

X AEgzivp [kI mol™Y]  AGeaive [k mol™Y]  AEwp2[kd mol?]  AGwpz [kJ mol]
Cl —-9.45 -5.44 -11.62 -4.92

Br —-6.42 —-2.55 -10.68 -

I —6.89 —-2.94 -13.36 -7.01

Table S 14. AE and AG for the reaction of [Br(HCI)]~ + HCN - [Br(HCN)]~+ 2 HCl calculated on B3LYP(D3BJ)/def2-
TZVPP and SCS-MP2/def-TZVPP level of theory.

AEsgLYP [kJ mol‘l] AGBSLYP [kJ mol‘l] AEMPQ [kJ mol‘l] AGMP2 [kJ mol‘l]

2.17 3.17 —4.68 -2.19

Table S 15. AE and AG for the reaction of [CIO4]~ + 2 HF - [ClO4(HF)2]~ calculated on B3LYP(D3BJ)/def2-TZVPP
and SCS-MP2/def-TZVPP level of theory.

AEgaLvp [kJ mol‘l] AGg3Lyp [kJ mol‘l] AEwp2 [kJ mol‘l] AGup2 [kJ mol‘l]

-143.15 —75.46 —-130.57 —61.06
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X"+ HF - F~ + HX
_ c(F7) *c(HX)
¢4 ¢(X") * c(HF)
co(X7) = co(HF); ¢o(F7) = ¢o(HX) = 0
_ c*(HX)
=00
c(HX)

VKea = 5609

Scheme S 1. Calculation of the ratio of c(HX)/c(X") from the Keq.
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d5) Comparison of Different Geometries for the [X(HCI)4]~ Anion

Table S 16. Comparison of different geometries for the [X(HCI)4]~ anion calculated on the B3LYP(D3BJ)/def2-
TZVPP and SCS-MP2/def-TZVPP level of theory.

X Structure AEgsLvp AGg3Lyp AEwp: AGgsLyp
Cl Tq 0.00 0.00 0.00 0.00
Cl Cav 6.03 - 5.59 -

Cl Dan 6.45 - 5.59 -

Br Tq 0.00 0.00 0.00 0.00
Br Cuw 4.57 - 3.72 -

Br Dan 5.49 - 3.72 8.09

I Tq 0.00 0.00 0.00 0.00

I Cuw 3.46 - 3.47 -

I Dan 4.94 - 3.64 -1.75
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e) Coordinates of Optimized Structures

HF

B3LYP(D3BJ)/def2-TZVPP

H 0.000000 0.000000 -0.461179
F 0.000000 0.000000 0.461179
SCS-MP2/def2-TZVPP

H 0.000000 0.000000 -0.458911
F 0.000000 0.000000 0.458911
SCS-MP2(Cosmo)/def2-TZVPP

H 0.000000 0.000000 -0.461744
F 0.000000 0.000000 0.461744

HCI

B3LYP(D3BJ)/def2-TZVPP

Cl  0.000000 0.000000 -0.640328
H 0.000000 0.000000 0.640328
SCS-MP2/def2-TZVPP

Cl  0.000000 0.000000 -0.634481
H 0.000000 0.000000 0.634481
SCS-MP2(Cosmo)/def2-TZVPP

Cl  0.000000 0.000000 -0.636892
H 0.000000 0.000000 0.636892
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HBr

B3LYP(D3BJ)/def2-TZVPP

Br 0.000000 0.000000 -0.712233
H 0.000000 0.000000 0.712233
SCS-MP2/def2-TZVPP

Br 0.000000 0.000000 -0.704014
H 0.000000 0.000000 0.704014
SCS-MP2(Cosmo)/def2-TZVPP

Br  0.000000 0.000000 -0.705872
H 0.000000 0.000000 0.705872

HI

B3LYP(D3BJ)/def2-TZVPP

| 0.000000 0.000000 -0.808006
H 0.000000 0.000000 0.808006
SCS-MP2/def2-TZVPP

| 0.000000 0.000000 -0.795165
H 0.000000 0.000000 0.795165
SCS-MP2(Cosmo)/def2-TZVPP

| 0.000000 0.000000 -0.796356
H 0.000000 0.000000 0.796356
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[CIHCI]-

B3LYP(D3BJ)/def2-TZVPP
H 0.000000 0.000000
Cl  0.000000 0.000000
Cl  0.000000 0.000000
SCS-MP2/def2-TZVPP

H 0.000000 0.000000
Cl  0.000000 0.000000
Cl  0.000000 0.000000

[Br(HCI)]~

B3LYP(D3BJ)/def2-TZVPP
Br  0.000000 0.000000
H 0.000000 0.000000
Cl  0.000000 0.000000
SCS-MP2/def2-TZVPP
Br  0.000000 0.000000
H 0.000000 0.000000
Cl  0.000000 0.000000

0.000000
1.573967
—-1.573967

0.000000
1.553706
—1.553706

-1.772801
0.177039
1.595761

-1.790977
0.211286
1.579691
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[I(HCD]

B3LYP(D3BJ)/def2-TZVPP

| 0.000000 0.000000 -1.981020
H 0.000000 0.000000 0.305121
Cl  0.000000 0.000000 1.675899
SCS-MP2/def2-TZVPP

I 0.000000 0.000000 -2.009612
H 0.000000 0.000000 0.340109
Cl  0.000000 0.000000 1.669504

[CI(HCI)2]~

B3LYP(D3BJ)/def2-TZVPP

Cl  0.000000 0.000000 —1.189832
H 1519875 0.000000 -0.087011
Cl 2.666892 0.000000 0.681932
H -1.519875 0.000000 -0.087011
Cl —-2.666892 0.000000 0.681932
SCS-MP2/def2-TZVPP

Cl  0.000000 0.000000 -1.167151
H 1577917 0.000000 -0.075525
Cl 2.705578 0.000000 0.659105
H -1.577917 0.000000 -0.075525
Cl —2.705578 0.000000 0.659105
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[Br(HCI)2]~

B3LYP(D3BJ)/def2-TZVPP

Br  0.000000 0.000000 -1.325421
H 1.670105 0.000000 -0.061451

Cl 2.781437 0.000000 0.724181

H -1.670105 0.000000 -0.061451
Cl -2.781437 0.000000 0.724181
SCS-MP2/def2-TZVPP

Br  0.000000 0.000000 -1.291113
H 1.736878 0.000000 -0.051867

Cl 2.834406 0.000000 0.697444

H -1.736878 0.000000 -0.051867
Cl -2.834406 0.000000 0.697444

[I(HCI)2]~

B3LYP(D3BJ)/def2-TZVPP

| 0.000000 0.000000 -—-1.477137
H 1.869464 0.000000 -0.026730
Cl 2957217 0.000000 0.765467
H -1.869464 0.000000 -0.026730
Cl -2.957217 0.000000 0.765467
SCS-MP2/def2-TZVPP

| 0.000000 0.000000 -—-1.459194
H 1.943319 0.000000 -0.017041
Cl 3.012660 0.000000 0.746805
H -1.943319 0.000000 -0.017041
Cl -3.012660 0.000000 0.746805
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

[CI(HCI)3]~

B3LYP(D3BJ)/def2-TZVPP

Cl  0.000000 0.000000 -0.879072
H -0.919089 1.591909 -0.103460
H -0.919089 -1.591909 -0.103460
H 1.838178 0.000000 -0.103460
Cl -1.545523 2.676924 0.384014
Cl -1.545523 -2.676924 0.384014
Cl 3.091046 0.000000 0.384014
SCS-MP2/def2-TZVPP

Cl  0.000000 0.000000 -0.725716
H -0.962451 1.667013 -0.082150
H -0.962451 -1.667013 -0.082150
H 1.924901 0.000000 -0.082150
Cl -1.591766 2.757019 0.311586
Cl -1.591766 -2.757019 0.311586
Cl 3.183531 0.000000 0.311586

[Br(HCI)s]~

B3LYP(D3BJ)/def2-TZVPP

Br 0.000000 0.000000 -0.947131
—0.999944 1.731953 -0.075508
—0.999944 -1.731953 -0.075508
1.999887 0.000000 -0.075508

Cl -1.621384 2.808319 0.417815

Cl -1.621384 -2.808319 0.417815

Cl 3.242768 0.000000 0.417815
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

SCS-MP2/def2-TZVPP

Br 0.000000 0.000000 -0.759237
H -1.049633 1.818017 -0.056990
H -1.049633 -1.818017 -0.056990
H 2.099265 0.000000 -0.056990
Cl -1.675478 2.902013 0.336665
Cl -1.675478 -2.902013 0.336665
Cl 3.350956 0.000000 0.336665

[I(HC)3]~

B3LYP(D3BJ)/def2-TZVPP

| 0.000000 0.000000 —-1.094932

H -1.102429 1.909463 -0.079987
H -1.102429 -1.909463 -0.079987
H 2.204858 0.000000 -0.079987
Cl -1.716120 2.972407 0.434200
Cl -1.716120 -2.972407 0.434200
Cl  3.432240 0.000000 0.434200
SCS-MP2/def2-TZVPP

I 0.000000 0.000000 -1.954157

H -0.747144 1.294092 -0.182502
H -0.747144 -1.294092 -0.182502
H 1.494289 0.000000 -0.182502
Cl -1.165476 2.018664 0.823123
Cl -1.165476 -2.018664 0.823123
Cl 2.330953 0.000000 0.823123

149

31



8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

[CI(HCI)4]~ (T4)

B3LYP(D3BJ)/def2-TZVPP

Cl  0.000000 0.000000 0.000000
H -1.197810 1.197810 1.197810
H 1.197810 -1.197810 1.197810
H 1.197810 1.197810 -1.197810
H -1.197810 -1.197810 -1.197810
Cl -1.963477 1.963477 1.963477
Cl 1.963477 -1.963477 1.963477
Cl -1.963477 -1.963477 -1.963477
Cl 1.963477 1.963477 -1.963477
SCS-MP2/def2-TZVPP

Cl  0.000000 0.000000 0.000000
H -1.216419 1.216419 1.216419
H 1216419 -1.216419 1.216419
H 1216419 1.216419 -1.216419
H -1.216419 -1.216419 -1.216419
Cl -1.970050 1.970050 1.970050
Cl 1970050 -1.970050 1.970050
Cl -1.970050 -1.970050 -1.970050
Cl 1.970050 1.970050 -1.970050
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

[Br(HCI)4]~ (Tq)

B3LYP(D3BJ)/def2-TZVPP
Br  0.000000 0.000000 0.000000
-1.296774 1.296774 1.296774
1.296774 -1.296774 1.296774
1.296774 1.296774 -1.296774
-1.296774 -1.296774 -1.296774
Cl -2.060803 2.060803 2.060803
Cl 2.060803 -2.060803 2.060803
Cl -2.060803 -2.060803 -2.060803
Cl 2.060803 2.060803 -2.060803
SCS-MP2/def2-TZVPP
Br  0.000000 0.000000 0.000000
H -1.313284 1.313284 1.313284
H 1.313284 -1.313284 1.313284

H 1.313284 1.313284 -1.313284
H -1.313284 -1.313284 -1.313284
Cl -2.065142 2.065142 2.065142
Cl 2.065142 -2.065142 2.065142
Cl -2.065142 -2.065142 -2.065142
Cl 2.065142 2.065142 -2.065142
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

[I(HCI)4]~ (Ta)

B3LYP(D3BJ)/def2-TZVPP

| 0.000000 0.000000 0.000000

H -1.429803 1.429803 1.429803
H 1.429803 -1.429803 1.429803
H 1.429803 1.429803 -1.429803
H -1.429803 -1.429803 -1.429803
Cl -2.192207 2.192207 2.192207
Cl 2192207 -2.192207 2.192207
Cl -2.192207 -2.192207 -2.192207
Cl 2192207 2.192207 -2.192207SCS-MP2
SCS-MP2/def2-TZVPP

| 0.000000 0.000000 0.000000

H -1.454771 1454771 1.454771
H 1454771 -1.454771 1.454771
H 1454771 1.454771 -1.454771
H -1.454771 -1.454771 -1.454771
Cl -2.204221 2.204221 2.204221
Cl 2204221 -2.204221 2.204221
Cl -2.204221 -2.204221 -2.204221
Cl 2204221 2.204221 -2.204221
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

[CI(HCI)a]~ (Cav)

B3LYP(D3BJ)/def2-TZVPP

Cl 2.343520 -2.343520 0.209007
Cl 2.343520 2.343520 0.209007
Cl -2.343520 2.343520 0.209007
Cl -2.343520 -2.343520 0.209007
H 1.430237 -1.430237 -0.078022
H 1.430237 1.430237 -0.078022
H -1.430237 1.430237 -0.078022
H -1.430237 -1.430237 -0.078022
Cl  0.000000 0.000000 -0.596460
SCS-MP2/def2-TZVPP

| 0.000000 0.000000 -—0.858598
Cl -2.580905 2.580905 0.291250
Cl -2.580905 -2.580905 0.291250
Cl 2580905 -2.580905 0.291250
H -1.701759 1.701759 -0.076619
H -1.701759 -1.701759 -0.076619
H 1701759 -1.701759 -0.076619
H 1.701759 1.701759 -0.076619
Cl 2580905 2.580905 0.291250
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

[Br(HCI)a]" (Cav)

B3LYP(D3BJ)/def2-TZVPP

Br  0.000000 0.000000 -0.895160
Cl -2.381303 2.381303 0.322298
Cl -2.381303 -2.381303 0.322298
Cl 2.381303 -2.381303 0.322298
H -1.496408 1.496408 -0.098527
H -1.496408 -1.496408 -0.098527
H 1.496408 -1.496408 -0.098527
H 1.496408 1.496408 -0.098527
Cl 2.381303 2.381303 0.322298
SCS-MP2/def2-TZVPP

Br 0.000000 0.000000 -0.014293
Cl -2.535096 2.535096 0.005359
Cl -2.535096 -2.535096 0.005359
Cl 2535096 -—2.535096 0.005359
H -1.615808 1.615808 -0.001804
H -1.615808 -1.615808 -0.001804
H 1.615808 -1.615808 -0.001804
H 1.615808 1.615808 -0.001804
Cl 2535096 2.535096 0.005359
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

[I(HCI)4]~ (Cav)

B3LYP(D3BJ)/def2-TZVPP

| 0.000000 0.000000 -1.175025
Cl -2.450390 2.450390 0.404631
Cl —-2.450390 -2.450390 0.404631
Cl 2450390 -2.450390 0.404631
H -1.592900 1.592900 -0.110894
H -1.592900 -1.592900 -0.110894
H 1592900 -1.592900 -0.110894
H 1592900 1.592900 -0.110894

Cl 2.450390 2.450390 0.404631
SCS-MP2/def2-TZVPP

I 0.000000 0.000000 -1.696015
Cl -1.995239 1.995239 0.621679
Cl -1.995239 -1.995239 0.621679
Cl 1995239 -1.995239 0.621679

H -1.280962 1.280962 -0.197694
H -1.280962 -1.280962 -0.197694
H 1.280962 -1.280962 -0.197694
H 1.280962 1.280962 -0.197694

Cl 1995239 1.995239 0.621679
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

[CI(HCI)a] (Dan)

B3LYP(D3BJ)/def2-TZVPP
Cl  0.000000 0.000000
H -1.475152 -1.475152
H -1.475152 1.475152
H 1.475152 1.475152
H 1.475152 -1.475152
Cl 2.410450 -2.410450
Cl 2410450 2.410450
Cl -2.410450 2.410450
Cl -2.410450 -2.410450
SCS-MP2/def2-TZVPP

Cl  0.000000 0.000000
H -1.497088 -1.497088
H -1.497088 1.497088
H 1.497088 1.497088
H 1.497088 -1.497088
Cl 2.418555 —2.418555
Cl 2.418555 2.418555
Cl -2.418555 2.418555
Cl -2.418555 —2.418555

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

[Br(HCI)4]~ (Dan)

B3LYP(D3BJ)/def2-TZVPP

Br  0.000000 0.000000 0.000000
H -1.597153 -1.597153 0.000000
H -1.597153 1.597153 0.000000
H 1597153 1.597153 0.000000
H 1.597153 -1.597153 0.000000
Cl 2.530408 -2.530408 0.000000
Cl 2530408 2.530408 0.000000
Cl -2.530408 2.530408 0.000000
Cl -2.530408 -2.530408 0.000000
SCS-MP2/def2-TZVPP

Br  0.000000 0.000000 0.000000
H -1.615832 -1.615832 0.000000
H -1.615832 1.615832 0.000000
H 1.615832 1.615832 0.000000
H 1.615832 -1.615832 0.000000
Cl 2535133 -2.535133 0.000000
Cl 2535133 2.535133 0.000000
Cl -2.535133 2.535133 0.000000
Cl -2.535133 -2.535133 0.000000
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

[1(HCI)4]~ (Dan)

B3LYP(D3BJ)/def2-TZVPP
I 0.000000 0.000000 0.000000
H -1.760388 -1.760388 0.000000
H -1.760388 1.760388 0.000000
H 1.760388 1.760388 0.000000
H 1.760388 -1.760388 0.000000
Cl 2.691606 -2.691606 0.000000
Cl 2.691606 2.691606 0.000000
Cl -2.691606 2.691606 0.000000
Cl -2.691606 -2.691606 0.000000
SCS-MP2/def2-TZVPP
I 0.000000 0.000000 0.000000
-1.790623 -1.790623 0.000000
-1.790623 1.790623 0.000000
1.790623 1.790623 0.000000
1.790623 -1.790623 0.000000
Cl 2707147 -2.707147 0.000000
Cl 2707147 2.707147 0.000000
Cl -2.707147 2.707147 0.000000
Cl -2.707147 -2.707147 0.000000
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

[CI(HF)3]~

B3LYP(D3BJ)/def2-TZVPP

Cl  0.000000 0.000000 -0.720767
—-0.940389 1.628802 —-0.030464
-0.940389 -1.628802 —0.030464

H

H

H 1.880779 0.000000 -0.030464

F -1.394358 2.415099 0.270722

F-1.394358 -2.415099 0.270722

F 2.788716 0.000000 0.270722

SCS-MP2/def2-TZVPP

Cl  0.000000 0.000000 -0.659658
-0.959930 1.662647 —0.027505

—0.959930 -1.662647 —0.027505

H
H

H 1.919860 0.000000 -0.027505
F -1.413022 2.447426 0.247393
F -1.413022 -2.447426 0.247393
F

2.826044 0.000000 0.247393
[Br(HF)s]~

B3LYP(D3BJ)/def2-TZVPP

Br  0.000000 0.000000 —0.799669
-1.022128 1.770378 -0.019595
-1.022128 -1.770378 —0.019595

-1.473093 2.551472 0.286154
-1.473093 -2.551472 0.286154

H
H
H 2.044256 0.000000 -0.019595
F
F
F 2946186 0.000000 0.286154
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

SCS-MP2/def2-TZVPP

Br 0.000000 0.000000 -0.717639
-1.042639 1.805904 —0.018553
-1.042639 -1.805904 —0.018553

H
H

H 2.085279 0.000000 -0.018553
F -1.493501 2.586820 0.257769
F -1.493501 -2.586820 0.257769
F

2.987003  0.000000 0.257769
[I(HF)s]”

B3LYP(D3BJ)/def2-TZVPP

| 0.000000 0.000000 -0.957356
-1.119553 1.939122 -0.007921
-1.119553 -1.939122 -0.007921

H

H

H 2239106 0.000000 -0.007921

F -1.563212 2.707563 0.327042

F -1.563212 -2.707563 0.327042

F 3.126425 0.000000 0.327042

SCS-MP2/def2-TZVPP

I 0.000000 0.000000 -0.927171
-1.140239 1.974952 -0.008867

-1.140239 -1.974952 —0.008867

-1.580235 2.737048 0.317926

H
H
H 2.280479 0.000000 -0.008867
F
F -1.580235 -2.737048 0.317926
F

3.160471 0.000000 0.317926
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

[F(HF)]”

B3LYP(D3BJ)/def2-TZVPP
F 0.000000 0.000000 0.000000
H -0.885406 0.885406 0.885406
H 0.885406 -0.885406 0.885406
H 0.885406 0.885406 -0.885406
H -0.885406 -0.885406 -0.885406
F -1.438722 1.438722 1.438722
F 1.438722 -1.438722 1.438722
F -1.438722 -1.438722 -1.438722
F 1.438722 1.438722 -1.438722
SCS-MP2/def2-TZVPP

0.000000 0.000000 0.000000
—-0.886007 0.886007 0.886007
0.886007 —0.886007 0.886007
0.886007 0.886007 —0.886007
—-0.886007 —0.886007 —0.886007
-1.435248 1.435248 1.435248
1435248 -1.435248 1.435248
—1.435248 -1.435248 -1.435248

mM T M M I I I I M

1.435248 1.435248 -1.435248
SCS-MP2(Cosmo)/def2-TZVPP

0.000000 0.000000 0.000000
-0.871966 0.871966 0.871966
0.871966 —0.871966 0.871966
0.871966 0.871966 —0.871966

-1.421939 1.421939 1.421939

1421939 -1.421939 1.421939

F
H
H
H
H -0.871966 -0.871966 -0.871966
F
F
F -1.421939 -1.421939 -1.421939
F

1421939 1.421939 -1.421939
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

[CI(HF)4]~

B3LYP(D3BJ)/def2-TZVPP
Cl  0.000000 0.000000 0.000000
-1.183878 1.183878 1.183878
1.183878 -1.183878 1.183878
1.183878 1.183878 -1.183878

H

H

H

H -1.183878 -1.183878 -1.183878

F -1.731777 1.731777 1.731777

F 1731777 -1.731777 1.731777

F -1.731777 -1.731777 -1.731777

F 1731777 1731777 -1.731777

SCS-MP2/def2-TZVPP

Cl  0.000000 0.000000 0.000000
-1.196327 1.196327 1.196327
1.196327 -1.196327 1.196327

1.196327 1.196327 -1.196327

H

H

H

H -1.196327 -1.196327 -1.196327

F -1.739316 1.739316 1.739316

F 1739316 -1.739316 1.739316

F -1.739316 -1.739316 -1.739316

F 1.739316 1.739316 -1.739316

SCS-MP2(Cosmo)/def2-TZVPP

Cl  0.000000 0.000000 0.000000
-1.177918 1.177918 1.177918
1177918 -1.177918 1.177918

1177918 1.177918 -1.177918

-1.721341 1.721341 1.721341
1721341 -1.721341 1.721341

H
H

H

H -1.177918 -1.177918 -1.177918
F

F

F -1.721341 -1.721341 -1.721341
F

1721341 1.721341 -1.721341
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

[Br(HF)4]~

B3LYP(D3BJ)/def2-TZVPP

Br  0.000000
-1.284047
1.284047
1.284047

H
H

H

H —1.284047
F —1.830661
F 1830661
F -1.830661
r

1.830661

0.000000
1.284047
-1.284047
1.284047
—1.284047
1.830661

—-1.830661

—1.830661
1.830661

SCS-MP2/def2-TZVPP

Br  0.000000
—1.292553
1.292553
1.292553

H
H

H

H -1.292553
F —1.834306
F 1.834306
F -1.834306
F

1.834306

0.000000
1.292553
-1.292553
1.292553
—1.292553
1.834306
—1.834306
—1.834306
1.834306

0.000000
1.284047
1.284047
—-1.284047
—1.284047
1.830661
1.830661
—1.830661
-1.830661

0.000000
1.292553
1.292553
—1.292553
—1.292553
1.834306
1.834306
—1.834306
—-1.834306

SCS-MP2(Cosmo)/def2-TZVPP

Br  0.000000
—1.273450
1.273450
1.273450

Y
H

H

H —1.273450
F -1.815565
F  1.815565
F -1.815565
-

1.815565

0.000000

1.273450

-1.273450
1.273450

—1.273450

1.815565
—1.815565
—1.815565
1.815565

0.000000
1.273450
1.273450
1.273450

—1.273450
1.815565
1.815565
—1.815565
—1.815565
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

[I(HF)]

B3LYP(D3BJ)/def2-TZVPP

H
H
H
H
.
g
g
g

0.000000
-1.418277
1.418277
1.418277
-1.418277
-1.963592
1.963592
-1.963592
1.963592

0.000000
1.418277
-1.418277
1.418277
-1.418277
1.963592
-1.963592
—-1.963592
1.963592

SCS-MP2/def2-TZVPP

H
H
H
H
g
g
g
g

0.000000
—1.435630
1.435630
1.435630
—1.435630
-1.975744
1.975744
-1.975744
1.975744

0.000000
1.435630
—1.435630
1.435630

—-1.435630

1.975744
-1.975744
-1.975744
1.975744

0.000000
1.418277
1.418277

-1.418277
-1.418277
1.963592
1.963592
-1.963592

—-1.963592

0.000000
1.435630
1.435630

—1.435630
—1.435630
1.975744
1.975744
-1.975744

-1.975744

SCS-MP2(Cosmo)/def2-TZVPP

H
H
H
H
g
g
g
g

0.000000

—-1.413038

1.413038
1.413038

—1.413038

—1.953566
1.953566
—1.953566
1.953566

0.000000
1.413038
-1.413038
1.413038

—-1.413038

1.953566
—1.953566
—1.953566
1.953566

0.000000
1.413038
1.413038

—1.413038
—1.413038
1.953566
1.953566
—1.953566

—1.953566
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

[CI(HF)(HCI)]~

B3LYP(D3BJ)/def2-TZVPP

Cl -0.603826 -0.476276 0.000000
H 1.142484 -1.377394 0.000000
H -0.684001 0.698976 1.631766
H -0.684001 0.698976 -1.631766
Cl 2327111 -2.029983 0.000000
F -0.748873 1.242994 -2.414068
F -0.748873 1.242994 2.414068
SCS-MP2/def2-TZVPP

Cl -0.526306 —0.402665 0.000000
H 1.215126 -1.424323 0.000000
H -0.706374 0.728021 1.670581
H -0.706374 0.728021 -1.670581
Cl 2340112 -2.116489 0.000000
F -0.808081 1.243861 -2.457551
F -0.808081 1.243861 2.457551
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

[Br(HF)2(HBr)]~

B3LYP(D3BJ)/def2-TZVPP

Br -0.686766 -0.551129 0.000000
H 1.177838 -1.455566 0.000000
H -0.726065 0.764258 1.768316
H -0.726065 0.764258 -1.768316
Br 2.521607 -2.155385 0.000000
F -0.780265 1.316925 -2.539056
F -0.780265 1.316925 2.539056
SCS-MP2/def2-TZVPP

Br -0.567480 -0.435697 0.000000
H 1.281867 -1.513991 0.000000
H -0.759827 0.800865 1.819516
H -0.759827 0.800865 -1.819516
Br 2533362 -2.282132 0.000000
F -0.864036 1.315188 -2.601834
F -0.864036 1.315188 2.601834

[I(HF)2(HD]"

B3LYP(D3BJ)/def2-TZVPP
I -0.794966 -0.631007 0.000000

H 1.245197 -1.573076 0.000000
H -0.788879 0.857573 1.947342
H -0.788879 0.857573 —-1.947342

2.790506 —2.346627 0.000000

T

-0.831479 1.417925 -2.708239
F -0.831479 1.417925 2.708239
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

SCS-MP2/def2-TZVPP

I

H
H
H

[CI(HF)2(HCI)2]~

—-0.733837

1.361298
—-0.828860
—-0.828860
2.811635
—-0.890678
—-0.890678

—0.564453
-1.650223

0.894000
0.894000

—2.443970

1.435466
1.435466

B3LYP(D3BJ)/def2-TZVPP

Cl
H
H
H
H
F
F
Cl
Cl

0.000000
0.000000
0.000000

-1.679324

1.679324
0.000000
0.000000

2.754443
—2.754443

0.000000
—-1.684662
1.684662
0.000000
0.000000

—2.463116

2.463116
0.000000

0.000000

SCS-MP2/def2-TZVPP

Cl
H
H
H
H
F
F
Cl
Cl

0.000000
0.000000
0.000000

-1.726910

1.726910
0.000000
0.000000

2.788182
—2.788182

0.000000
—1.685960
1.685960

0.000000
0.000000
—2.455018
2.455018

0.000000

0.000000

0.000000
0.000000
1.988542
—1.988542
0.000000
—2.751708
2.751708

0.069724
1.244022
1.244022
-1.142979
-1.142979
1.786024
1.786024
-1.921247
-1.921247

0.058175
1.256328
1.256328
-1.162551
-1.162551
1.798515
1.798515
—-1.920697
-1.920697
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

[Br(HF)2(HBr)2]~

B3LYP(D3BJ)/def2-TZVPP
Br  0.000000 0.000000
H 0.000000 -1.842430
H 0.000000 1.842430
H -1.767674 0.000000
H 1.767674 0.000000
F 0.000000 -2.617982
F 0.000000 2.617982
Br 2.959508 0.000000
Br —-2.959508 0.000000
SCS-MP2/def2-TZVPP

Br  0.000000 0.000000
H 0.000000 -1.827120
H 0.000000 1.827120
H -1.830186 0.000000
H 1.830186 0.000000
F 0.000000 -2.593499
F 0.000000 2.593499
Br 3.003923 0.000000
Br -3.003923 0.000000

0.092030
1.360038
1.360038
-1.214027
—1.214027
1.900232
1.900232
—2.091576
—2.091576

0.070083
1.369936
1.369936
-1.234317
—1.234317
1.910884
1.910884
—2.080862
—2.080862
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

[1(HF)2(H1)2]~

B3LYP(D3BJ)/def2-TZVPP

I 0.000000 0.000000 0.106405

H 0.000000 -2.034170 1.515033
H 0.000000 2.034170 1.515033
H -1.927296 0.000000 -1.310731
H 1.927296 0.000000 -1.310731
F 0.000000 -2.807844 2.053495
F 0.000000 2.807844 2.053495

I 3.280115 0.000000 -2.310317

I -3.280115 0.000000 -2.310317
SCS-MP2/def2-TZVPP

I 0.000000 0.000000 0.096166

H 0.000000 -2.037437 1.530367
H 0.000000 2.037437 1.530367
H -2.012879 0.000000 -1.342672
H 2.012879 0.000000 -1.342672
F 0.000000 -2.804479 2.065453
F 0.000000 2.804479 2.065453

I 3.332435 0.000000 -—2.300549

I —3.332435 0.000000 -2.300549
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

HCN

B3LYP(D3BJ)/def2-TZVPP
N  0.000000 0.000000
C 0.000000 0.000000
H 0.000000 0.000000
SCS-MP2/def2-TZVPP

N  0.000000 0.000000
C 0.000000 0.000000
H 0.000000 0.000000

[Br(HCN)]~

B3LYP(D3BJ)/def2-TZVPP
N  0.000000 0.000000
C 0.000000 0.000000
H 0.000000 0.000000
Br  0.000000 0.000000
SCS-MP2/def2-TZVPP

N  0.000000 0.000000
C 0.000000 0.000000
H 0.000000 0.000000
Br  0.000000 0.000000

-1.119691
0.026672
1.093019

—-1.128806
0.032387
1.096419

—1.981358
—0.830885
0.281576

2.530666

—1.989153
—0.825273
0.277276

2.537150
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

[CIO4]-

B3LYP(D3BJ)/def2-TZVPP

Cl  0.000000 0.000000 0.000000
O -0.841533 -0.841533 -0.841533
O 0.841533 0.841533 -0.841533
O 0.841533 -0.841533 0.841533
O -0.841533 0.841533 0.841533
SCS-MP2/def2-TZVPP

Cl  0.000000 0.000000 0.000000
O -0.833959 -0.833959 -0.833959
O 0.833959 0.833959 -0.833959
O 0.833959 -0.833959 0.833959
O -0.833959 0.833959 0.833959

[CIO4(HF)2]~

B3LYP(D3BJ)/def2-TZVPP

Cl  0.000000 0.000000 -0.152634
~1.188516 0.000000 —0.968721
0.000000 1.176691 0.729168
0.000000 2.714659 0.146034
0.000000 3.636671 —0.088983
1.188516 0.000000 —0.968721
0.000000 -1.176691 0.729168
0.000000 -2.714659 0.146034

m T O O m T O O

0.000000 -3.636671 —0.088983
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

SCS-MP2/def2-TZVPP

Cl  0.000000 0.000000 -0.149360

-1.178670 0.000000 -—0.960470
0.000000 1.167777 0.719627
0.000000 2.736501 0.138995
0.000000 3.652335 —0.082289
1.178670 0.000000 —-0.960470
0.000000 -1.167777 0.719627
0.000000 -2.736501 0.138995

m T O O m T O O

0.000000 —-3.652335 —0.082289

[I(HBr)2]~

B3LYP(D3BJ)/def2-TZVPP

| 0.000000 0.000000 1.486489

H -1.790372 0.000000 0.078445
Br -3.013908 0.000000 -0.820384
H 1.790372 0.000000 0.078445
Br 3.013908 0.000000 -0.820384
SCS-MP2/def2-TZVPP

| 0.000000 0.000000 1.450730

H -1.890524 0.000000 0.059807
Br -3.094313 0.000000 -0.783867
H 1.890524 0.000000 0.059807
Br 3.094313 0.000000 -0.783867
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

f) Calculated Vibrational Spectra

Table S 17. HF.
B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol™] [cm™] [km mol™]
1 Tt 4081.2 106 1 Tt 4146.9 111
Table S 18. HCI.
B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol™]
1 Tt 2949.0 35 1 ot 3062.9 40
Table S 19. HBr.
B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™ [km mol] [cm™] [km mol]
1 ot 2618.4 9 1 Tt 2719.9 10
Table S 20. HI.
B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol-1] [cm™] [km mol—1]
1 ot 2291.9 1 1 ot 2427.4 1

Table S 21. Computed vibrational frequencies calculated on SCS-MP2(Cosmo)/def2-TZVPP (£=83.6).
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HF HCI
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™ [km mol-1] [cm™ [km mol-1]
1 ot 4053.3 223 1 ot 3017.3 116
HBr HI
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol-1] [cm™] [km mol-1]
1 ot 2691.0 47 1 xt 2412.6 4
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

Table S 22. [CIHCIT.

B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm-1] [km mol-1] [cm-1] [km mol-1]
1 Iy 324.5 0 1 Iy 342.5 0
2 3 744.0 5192 2 X 492.9 6365
3 11, 834.3 13 3 I, 892.0 16
4 11, 834.3 13 4 I, 892.0 16

Table S 23. [Br(HCI)].

B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm-1] [km mol-1] [cm—1] [km mol-1]
1 ot 183.6 53 1 ot 165.6 55
2 Il 717.5 8 2 Il 725.8 12
3 I 717.5 8 3 I 725.8 12
4 ot 1484.3 4504 4 ot 1810.2 4392

Table S 24. [I(HCI)]~.

B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP

Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm-1] [km mol-1] [cm-1] [km mol-1]

1 Tt 135.1 20 1 Tt 1235 18

2 Il 604.4 7 2 I 607.0 10

3 Il 604.4 7 3 I 607.0 10

4 xt 1893.0 4061 4 xt 2262.3 3282

Table S 25. [CI(HCI)2]".
B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP

Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]

1 As 23.3 0 1 A1 21.3 0

2 As 194.8 23 2 A1 181.4 25

3 B1 198.4 168 3 B1 182.5 156

4 B1 677.2 0 4 B1 693.6 2

5 B 689.4 30 5 B> 706.0 38

6 Az 697.1 0 6 Az 710.7 0

7 A1 752.1 16 7 AL 747.1 21

8 B1 1683.0 5745 8 B1 1965.9 5412

9 AL 1912.2 1683 9 Ay 2156.4 1545
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

Table S 26. [Br(HCI);]".

B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP

Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]

1 AL 17.0 0 1 A1 16.4 0

2 B1 149.4 51 2 A 139.6 11

3 A1 149.5 11 3 B 141.5 47

4 B 608.5 0 4 B1 621.8 3

5 B, 618.3 22 5 B2 636.3 28

6 Az 626.0 0 6 A 640.6 0

7 A1 665.0 12 7 A 661.5 15

8 B1 1923.9 5030 8 B 2214.9 4462

9 AL 2064.6 1801 9 Aq 2324.2 1520

Table S 27. [I(HCN].
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B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP

Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]

1 A1 12.9 0.1 1 Ar 12.3 0

2 A1 121.5 7 2 A1 111.8 6

3 B1 122.7 22 3 B1 114.2 19

4 B1 537.0 0.3 4 B1 546.9 3

5 B2 544.9 16 5 B2 557.8 23

6 Az 551.6 0 6 Az 561.6 0

7 AL 580.9 10 7 AL 576.0 13

8 B1 2104.2 4588 8 B1 2426.6 3550

9 AL 2186.6 1942 9 Aq 2484.1 1462
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

Table S 28. [CI(HCI)3]~.

B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]
1 E 17.5 0 1 Aq 16.1 0
2 E 17.5 0 2 E 17.0 0
3 Ay 18.9 0 3 E 17.0 0
4 AL 160.1 6 4 Ay 144.5 4
5 E 173.9 69 5 E 166.7 68
6 E 173.9 69 6 E 166.7 68
7 Az 585.8 0 7 Az 603.0 0
8 E 594.3 7 8 E 612.8 8
9 E 594.3 7 9 E 612.8 8
10 AL 630.5 39 10 A1 632.5 51
11 E 649.9 11 11 E 652.1 15
12 E 649.9 11 12 E 652.1 15
13 E 2102.3 3774 13 E 2346.8 3406
14 E 2102.3 3774 14 E 2346.8 3406
15 AL 2289.9 632 15 A 2496.0 393
Table S 29. [Br(HClI)3]~.
B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]
1 AL 13.5 0 1 A 11.1 0
2 E 13.9 0 2 E 13.9 0
3 E 13.9 0 3 E 13.9 0
4 AL 130.0 3 4 Aq 120.5 2
5 E 133.9 28 5 E 130.4 27
6 E 133.9 28 6 E 130.4 27
7 Az 541.5 0 7 Az 563.1 0
8 E 546.8 4 8 E 571.3 6
9 E 546.8 4 9 E 571.3 6
10 AL 576.2 30 10 AL 585.0 39
11 E 593.0 7 11 E 601.3 9
12 E 593.0 7 12 E 601.3 9
13 E 2197.5 3609 13 E 2450.5 3133
14 E 2197.5 3609 14 E 2450.5 3133
15 AL 2331.0 724 15 A1 2552.4 407
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

Table S 30. [I(HCl)s]~.

B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP

Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]

1 AL 10.9 0 1 A1 10.2 0

2 E 11.4 0 2 E 11.6 0

3 E 11.4 0 3 E 11.6 0

4 A1 111.2 2 4 Ay 101.7 2

5 E 113.1 14 5 E 107.1 13

6 E 113.1 14 6 E 107.1 13

7 Az 491.0 0 7 Az 503.5 0

8 E 493.9 2 8 E 507.9 6

9 E 493.9 2 9 E 507.9 6

10 AL 519.9 23 10 Ar 522.1 31

11 E 533.3 5 11 E 534.0 7

12 E 533.3 5 12 E 534.0 7

13 E 2278.0 3524 13 E 2558.6 2704

14 E 2278.0 3524 14 E 2558.6 2704

15 AL 2368.3 906 15 A 2620.7 557

Table S 31. [CI(HCI)]™ (Ta).
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B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]

1 E 12.7 0 1 E 13.2 0

2 E 12.7 0 2 E 13.2 0

3 T 15.1 0 3 T 17.0 0

4 T 15.1 0 4 T2 17.0 0

5 T 15.1 0 5 T2 17.0 0

6 AL 122.4 0 6 A1 116.7 0

7 T, 159.7 41 7 T2 153.6 36

8 T 159.7 41 8 T2 153.6 36

9 T 159.7 41 9 T2 153.6 36

10 T1 521.8 0 10 Ty 543.1 0

11 T1 521.8 0 11 Ty 543.1 0

12 T1 521.8 0 12 T1 543.1 0

13 T 562.5 34 13 T2 579.3 45

14 T 562.5 34 14 T2 579.3 45

15 T, 562.5 34 15 T 579.3 45

16 E 580.4 0 16 E 589.8 0

17 E 580.4 0 17 E 589.8 0

18 T 2326.2 2846 18 T2 2541.6 2356
19 T 2326.2 2846 19 T2 2541.6 2356
20 T 2326.2 2846 20 T 2541.6 2356
21 A1 2487.8 0 21 Ay 2668.3 0
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

Table S 32. [Br(HCI)a] (Tq).

B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]
1 E 11.1 0 1 E 11.4 0
2 E 11.1 0 2 E 11.4 0
3 T2 11.7 0 3 T2 11.7 0
4 T2 11.7 0 4 T2 11.7 0
5 T2 11.7 0 5 T2 11.7 0
6 AL 110.0 0 6 Aq 105.4 0
7 T2 124.2 19 7 T 120.9 16
8 T2 124.2 19 8 T 120.9 16
9 T2 124.2 19 9 T2 120.9 16
10 T1 490.6 0 10 T1 519.2 0
11 T1 490.6 0 11 T1 519.2 0
12 T1 490.6 0 12 T1 519.2 0
13 T2 519.9 21 13 T2 544.9 31
14 T2 519.9 21 14 T2 544.9 31
15 T2 519.9 21 15 T 544.9 31
16 E 540.9 0 16 E 556.0 0
17 E 540.9 0 17 E 556.0 0
18 T2 2367.5 2867 18 T 2591.5 2286
19 T2 2367.5 2867 19 T 2591.5 2286
20 T2 2367.5 2867 20 T 2591.5 2286
21 AL 2492.2 0 21 Aq 2685.5 0
Table S 33. [I(HCl)a]~ (Ta).
B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™ [km mol?] [cm™] [km mol?]
1 T2 10.0 0 1 E 10.0 0
2 T2 10.0 0 2 E 10.0 0
3 T2 10.0 0 3 T2 10.8 0
4 E 10.0 0 4 T2 10.8 0
5 E 10.0 0 5 T2 10.8 0
6 AL 98.5 0 6 Ay 91.3 0
7 T2 106.6 11 7 T2 100.9 9
8 T2 106.6 11 8 T2 100.9 9
9 T2 106.6 11 9 T2 100.9 9
10 T1 452.2 0 10 Ty 469.5 0
11 T1 452.2 0 11 Ty 469.5 0
12 T1 452.2 0 12 T1 469.5 0
13 T2 474.9 14 13 T 487.8 25
14 T2 474.9 14 14 T2 487.8 25
15 T2 474.9 14 15 T2 487.8 25
16 E 496.3 0 16 E 500.0 0
17 E 496.3 0 17 E 500.0 0
18 T2 2402.4 2985 18 T2 2651.8 2167
19 T2 2402.4 2985 19 T2 2651.8 2167
20 T2 2402.4 2985 20 T2 2651.8 2167
21 AL 2494.4 0 21 Aq 2714.8 0
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

Table S 34. [CI(HCI)4]~ (Cav).

B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]
1 B, -10.6 0 1 B> -10.3 0
2 A1 15.7 0 2 A 10.5 0
3 E 18.9 0 3 E 19.1 0
4 E 18.9 0 4 E 19.1 0
5 B, 22.1 0 5 B 21.9 0
6 B, 99.7 0 6 B> 96.5 0
7 A1 131.9 1 7 A 117.2 0
8 E 170.4 72 8 E 166.5 71
9 E 170.4 72 9 E 166.5 71
10 B2 489.8 0 10 B2 512.2 0
11 Az 492.6 0 11 Az 516.6 0
12 E 518.7 14 12 E 546.7 18
13 E 518.7 14 13 E 546.7 18
14 E 539.6 35 14 Ay 550.4 75
15 E 539.6 35 15 E 553.1 34
16 A1 539.6 58 16 E 553.1 34
17 Bi1 604.7 0 17 B1 611.1 0
18 E 2354.5 3929 18 E 2562.4 3451
19 E 2354.5 3929 19 E 2562.4 3451
20 B2 2367.4 0 20 B> 2580.6 0
21 AL 2522.4 177 21 Aq 2697.6 26
Table S 35. [Br(HCl)a]~ (Cav).
B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cmT [km mol] [cm™ [km mol]
1 B. -7.1 0 1 B2 —6.1 0
2 E 14.6 0 2 A1 13.9 0
3 E 14.6 0 3 E 16.1 0
4 AL 14.7 0 4 E 16.1 0
5 B, 18.7 0 5 B 18.5 0
6 B, 93.8 0 6 B> 93.4 0
7 A1 117.9 2 7 A1 105.1 0
8 E 127.1 27 8 E 128.5 30
9 E 127.1 27 9 E 128.5 30
10 Az 462.1 0 10 B> 505.6 0
11 B2 471.8 0 11 Az 505.9 0
12 E 479.7 14 12 Ay 530.2 62
13 E 479.7 14 13 E 531.2 33
14 E 502.4 18 14 E 531.2 33
15 E 502.4 18 15 E 532.4 0
16 A1 512.6 40 16 E 532.4 0
17 B1 554.0 0 17 B1 580.7 0
18 E 2397.9 3639 18 E 2612.9 3381
19 E 2397.9 3639 19 E 2612.9 3381
20 B2 2400.2 0 20 B> 2631.0 0
21 AL 2527.9 433 21 A1 2717.4 0
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

Table S 36. [I(HCl)4]~ (Cav).

B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]
1 B, -3.0 0 1 B2 -5.2 0
2 E 10.6 0 2 A 9.0 0
3 E 10.6 0 3 E 11.3 0
4 A1 12.9 0 4 E 11.3 0
5 B, 14.7 0 5 B 13.8 0
6 B, 87.3 0 6 B> 83.2 0
7 A1 105.5 2 7 A 94.5 1
8 E 107.2 14 8 E 104.0 13
9 E 107.2 14 9 E 104.0 13
10 Az 426.6 0 10 Az 450.0 0
11 E 437.4 11 11 B> 454.0 0
12 E 437.4 11 12 E 461.3 16
13 B2 443.2 0 13 E 461.3 16
14 E 457.5 11 14 E 474.6 9
15 E 457.5 11 15 E 474.6 9
16 A1 476.5 28 16 Aq 477.3 43
17 Bi1 496.3 0 17 B1 508.0 0
18 B2 2428.3 0 18 E 2668.7 2859
19 E 2433.5 3487 19 E 2668.7 2859
20 E 2433.5 3487 20 B2 2673.7 0
21 AL 2530.6 778 21 Aq 2737.2 327
Table S 37. [CI(HCI)a]~ (Dan).
B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™ [km mol] [cm™ [km mol]
1 Aoy -13.3 0 1 Biu -19,5 0
2 By -11.9 0 2 Aoy 17,8 0
3 Eu 16.4 0 3 Eu 19,5 0
4 Eu 16.4 0 4 Eu 19,5 0
5 Big 20.2 0 5 Big 21,9 0
6 Bog 101.0 0 6 Bag 96,6 0
7 A 119.4 0 7 Ag 1147 0
8 Eu 173.9 80 8 Eu 167,2 72
9 Eu 173.9 80 9 Eu 167,2 72
10 B1, 478.4 0 10 Azg 516,7 0
11 Ayg 493.6 0 11 By 527,6 0
12 Ay 517.2 65 12 Eu 550,5 52
13 Eu 527.0 46 13 Eu 550,5 52
14 Eu 527.0 46 14 Ay 563,6 78
15 Eq 528.6 0 15 Eq 564,4 0
16 Eq 528.6 0 16 Eq 564,4 0
17 Big 601.5 0 17 Big 609,5 0
18 Eu 2354.2 4242 18 Eu 25624 3491
19 Eu 2354.2 4242 19 Eu 2562,4 3491
20 Bag 2381.1 0 20 Bog 2582,2 0
21 Ay 2525.6 0 21 Ag 2698,0 0
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

Table S 38. [Br(HCl)a]~ (Dan).

B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]
1 Az -11.1 0 1 Eu 16.3 0
2 By —10.2 0 2 Eu 16.3 0
3 Eu 10.5 0 3 By 18.5 0
4 Eu 10.5 0 4 Big 18.6 0
5 Big 15.9 0 5 Axy 18.8 0
6 Bog 95.2 0 6 Bog 93.3 0
7 Agg 107.0 0 7 A 105.0 0
8 Eu 130.6 34 8 Eu 128.6 30
9 Eu 130.6 34 9 Eu 128.6 30
10 B1u 452.5 0 10 Azg 505.8 0
11 Axg 465.1 0 11 B1u 506.9 0
12 Ay 476.2 52 12 Eu 531.1 33
13 = 483.2 28 13 Eu 531.1 33
14 E. 483.2 28 14 Az 531.5 62
15 Eq 496.4 0 15 Eq 533.8 0
16 Eq 496.4 0 16 Eq 533.8 0
17 Big 551.1 0 17 Big 580.7 0
18 = 2397.6 4264 18 Eu 2612.9 3381
19 Eu 2354.2 4242 19 Eu 2612.9 3381
20 Bag 2381.1 0 20 B2g 2631.0 0
21 A 2525.6 0 21 Agg 2717.4 0
Table S 39. [I(HCI)aI" (Dan).
B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]
1 Aoy -10.2 0 1 B 1.0 0
2 B -9.5 0 2 Aoy 10.7 0
3 Eu 5.0 0 3 Eu 11.7 0
4 E. 5.0 0 4 Eu 11.7 0
5 Big 12.4 0 5 Big 14.5 0
6 By 88.2 0 6 Bog 84.5 0
7 A 95.9 0 7 Ay 90.6 0
8 = 110.1 19 8 Eu 106.0 15
9 = 110.1 19 9 Eu 106.0 15
10 By 413.9 0 10 Azg 449.5 0
11 Axg 428.7 0 11 By 461.1 0
12 Ay 428.9 42 12 Eu 461.6 24
13 Eu 434.5 18 13 Eu 461.6 24
14 Eu 434.5 18 14 Ay 475.7 54
15 Eq 454.7 0 15 Eq 487.2 0
16 Eq 454.7 0 16 Eq 487.2 0
17 Big 494.6 0 17 Big 504.0 0
18 Eu 2434.2 4409 18 Eu 2672.8 3163
19 Eu 2434.2 4409 19 Eu 2672.8 3163
20 Bag 2458.4 0 20 Bag 2686.6 0
21 A 2540.1 0 21 A 2744.3 0
63

181




8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

Table S 40. [CI(HF)s]~.

B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]

1 AL 23.7 0 1 Aq 24.2 0

2 E 27.1 0 2 E 27.7 0

3 E 27.1 0 3 E 27.7 0

4 AL 199.8 1 4 Aq 191.2 2

5 E 231.1 18 5 E 223.6 20

6 E 231.1 18 6 E 223.6 20

7 Az 712.4 0 7 Az 743.0 0

8 E 728.0 46 8 E 758.1 47

9 E 728.0 46 9 E 758.1 47

10 AL 764.5 228 10 Ar 786.2 259
11 E 788.9 73 11 E 809.4 87

12 E 788.9 73 12 E 809.4 87

13 E 3349.5 2284 13 E 3513.6 2100
14 E 3349.5 2284 14 E 3513.6 2100
15 AL 3439.7 399 15 A1 3594.0 308

Table S 41. [Br(HF)3]".
B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]

1 AL 18.8 2 1 Aq 16.5 1

2 E 23.0 1 2 E 22.8 1

3 E 23.0 1 3 E 22.8 1

4 AL 168.6 1 4 Aq 163.8 1

5 E 181.0 7 5 E 177.4 8

6 E 181.0 7 6 E 177.4 8

7 Az 654.6 0 7 Az 683.0 0

8 E 664.8 43 8 E 694.5 44

9 E 664.8 43 9 E 694.5 44

10 AL 694.3 196 10 A1 715.3 222
11 E 718.2 56 11 E 739.3 67

12 E 718.2 56 12 E 739.3 67

13 E 3434.6 2193 13 E 3593.9 2005
14 E 3434.6 2193 14 E 3593.9 2005
15 AL 3497.6 445 15 A1 3649.7 326
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

Table S 42. [I(HF)s].

B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]
1 As 17.0 21 1 Aq 17.7 1
2 E 19.8 1] 2 E 20.7 1
3 E 19.8 1] 3 E 20.7 1
4 A1 146.0 1| 4 Ay 139.8 1
5 E 152.2 3/ 5 E 145.8 4
6 E 152.2 3| 6 E 145.8 4
7 Az 589.1 0| 7 Az 621.9 0
8 E 595.3 41| 8 E 628.2 51
9 E 595.3 41| 9 E 628.2 51
10 AL 624.8 171 10 Ar 650.6 197
11 E 643.3 46 | 11 E 666.3 56
12 E 643.3 46 | 12 E 666.3 56
13 E 3511.4 2131 | 13 E 3690.7 1799
14 E 3511.4 2131 | 14 E 3690.7 1799
15 AL 3552.8 587 | 15 A 3725.7 461
Table S 43. [F(HF)4]~.
B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]
1 E 39.4 0 1 E 38.1 0
2 E 39.4 0 2 E 38.1 0
3 T 55.4 2 3 T2 55.7 1
4 T 55.4 2 4 T2 55.7 1
5 T, 55.4 2 5 T 55.7 1
6 AL 247.7 0 6 A1 240.7 0
7 T2 310.8 26 7 T2 299.2 28
8 T2 310.8 26 8 T2 299.2 28
9 T2 310.8 26 9 T2 299.2 28
10 T1 800.1 0 10 T1 838.0 0
11 T1 800.1 0 11 Ty 838.0 0
12 T1 800.1 0 12 T1 838.0 0
13 E 946.8 0 13 E 970.7 0
14 E 946.8 0 14 E 970.7 0
15 T2 955.9 335 15 T 989.1 348
16 T2 955.9 335 16 T 989.1 348
17 T2 955.9 335 17 T2 989.1 348
18 T2 3291.0 1857 18 T2 3390.4 1830
19 T2 3291.0 1857 19 T 3390.4 1830
20 T2 3291.0 1857 20 T 3390.4 1830
21 AL 3529.2 0 21 Ay 3618.2 0
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

Table S 44. [CI(HF)a]".

B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]
1 E 23.2 0 1 E 19.6 0
2 E 23.2 0 2 E 19.6 0
3 T 26.4 1 3 T2 255 1
4 T, 26.4 1 4 T2 25.5 1
5 T 26.4 1 5 T 255 1
6 AL 171.1 0 6 A1 164.9 0
7 T 211.2 11 7 T 202.3 12
8 T 211.2 11 8 T 202.3 12
9 T 211.2 11 9 T 202.3 12
10 T1 646.2 0 10 T1 677.3 0
11 T1 646.2 0 11 T1 677.3 0
12 T1 646.2 0 12 T1 677.3 0
13 T 705.9 214 13 T2 733.2 242
14 T, 705.9 214 14 T2 733.2 242
15 T2 705.9 214 15 T 733.2 242
16 E 726.3 0 16 E 747.5 0
17 E 726.3 0 17 E 747.5 0
18 T2 3499.2 1899 18 T 3648.7 1682
19 T2 3499.2 1899 19 T 3648.7 1682
20 T2 3499.2 1899 20 T 3648.7 1682
21 A1 3593.3 0 21 Aq 3730.8 0
Table S 45. [Br(HF)4]".
B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™ [km mol] [cm™ [km mol]
1 E 21.2 0 1 E 20.4 0
2 E 21.2 0 2 E 20.4 0
3 T 21.8 2 3 T2 21.6 1
4 T, 21.8 2 4 T2 21.6 1
5 T 21.8 2 5 T 21.6 1
6 A1 152.9 0 6 A1 148.2 0
7 T 168.8 5 7 T2 163.6 5
8 T 168.8 5 8 T2 163.6 5
9 T 168.8 5 9 T 163.6 5
10 T1 601.9 0 10 T1 631.2 0
11 T1 601.9 0 11 T1 631.2 0
12 T1 601.9 0 12 T1 631.2 0
13 T 645.9 179 13 T 673.8 203
14 T 645.9 179 14 T 673.8 203
15 T 645.9 179 15 T 673.8 203
16 E 672.2 0 16 E 693.9 0
17 E 672.2 0 17 E 693.9 0
18 T2 3545.5 1897 18 T 3693.7 1667
19 T2 3545.5 1897 19 T 3693.7 1667
20 T2 3545.5 1897 20 T2 3693.7 1667
21 A1 3615.8 0 21 A1 3754.5 0
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

Table S 46. [I(HF)4]~.

B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]

1 T 18.1 2 1 E 10.6 0
2 T 18.1 2 2 E 10.6 0
3 T 18.1 2 3 T2 13.0 2
4 E 18.6 0 4 T 13.0 2
5 E 18.6 0 5 T2 13.0 2
6 AL 135.9 0 6 Ay 129.2 0
7 T2 145.1 2 7 T 138.1 3
8 T2 145.1 2 8 T 138.1 3
9 T 145.1 2 9 T 138.1 3
10 T1 548.2 0 10 T1 583.9 0
11 T1 548.2 0 11 Ty 583.9 0
12 T1 548.2 0 12 T1 583.9 0
13 T2 582.9 154 13 T2 614.2 184
14 T> 582.9 154 14 T 614.2 184
15 T2 582.9 154 15 T 614.2 184
16 E 609.7 0 16 E 632.1 0
17 E 609.7 0 17 E 632.1 0
18 T2 3590.5 1954 18 T2 3757.2 1613
19 T2 3590.5 1954 19 T 3757.2 1613
20 T2 3590.5 1954 20 T 3757.2 1613
21 AL 3640.2 0 21 Aq 3798.0 0

Table S 47. Vibrational frequencies for [F(HF)4]~ and [CI(HF)4] calculated on SCS-MP2(COSMO)/def2-TZVPP.
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[F(HF)4]” [CI(HF)4]
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cmT [km mol] [cm™ [km mol]

1 E 34.2 0 1 T2 19.6 1

2 E 34.2 0 2 T2 19.6 1

3 T 49.6 3 3 T2 19.6 1

4 T, 49.6 3 4 E 20.1 0

5 T, 49.6 3 5 E 20.1 0

6 As 252.3 0 6 A1 169.4 0

7 T2 300.3 42 7 T2 202.1 19

8 T2 300.3 42 8 T2 202.1 19

9 T, 300.3 42 9 T 202.1 19

10 T1 806.7 0 10 T1 585.2 0

11 T1 806.7 0 11 T1 585.2 0

12 T1 806.7 0 12 T1 585.2 0

13 T2 897.9 490 13 T2 609.5 389
14 T2 897.9 490 14 T 609.5 389
15 T2 897.9 490 15 T 609.5 389
16 E 911.7 0 16 E 631.6 0

17 E 911.7 0 17 E 631.6 0

18 T2 3312.5 2257 18 T 3595.0 2261
19 T2 3312.5 2257 19 T 3595.0 2261
20 T2 3312.5 2257 20 T 3595.0 2261
21 AL 3573.4 0 21 A1 3683.7 0
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

Table S 48. Vibrational frequencies for [Br(HF)4]~ and [I(HF)4]~ calculated on SCS-MP2(COSMO)/def2-TZVPP.

[Br(HF)4] [I(HF).]
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]
1 E 16.7 0 1 E 5.9 0
2 E 16.7 0 2 E 5.9 0
3 T 21.9 2 3 T2 16.7 2
4 T 21.9 2 4 T 16.7 2
5 T 21.9 2 5 T 16.7 2
6 AL 151.0 0 6 A1 130.5 0
7 T2 164.8 10 7 T 139.2 6
8 T2 164.8 10 8 T 139.2 6
9 T 164.8 10 9 T 139.2 6
10 T1 526.5 0 10 T 457.9 356
11 T1 526.5 0 11 T 457.9 356
12 T1 526.5 0 12 T2 457.9 356
13 T2 536.0 363 13 T1 458.5 0
14 T, 536.0 363 14 Ty 458.5 0
15 T2 536.0 363 15 T1 458.5 0
16 E 561.6 0 16 E 483.0 0
17 E 561.6 0 17 E 483.0 0
18 T2 3647.7 2354 18 T2 3714.2 2336
19 T2 3647.7 2354 19 T 3714.2 2336
20 T2 3647.7 2354 20 T 3714.2 2336
21 AL 3712.3 0 21 Aq 3753.4 0
Table S 49. [CI(HF)2(HCI)]".
B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cmT [km mol] [cm™ [km mol]
1 A 23.0 0 1 A 15.0 0
2 A" 23.3 0 2 A" 17.3 0
3 A 26.1 0 3 A 20.3 0
4 A 174.6 29 4 A 159.0 26
5 A 209.8 27 5 A' 201.7 27
6 A" 227.0 18 6 A" 221.3 21
7 A 631.9 11 7 A 632.3 16
8 A" 635.6 5 8 A" 636.1 10
9 A" 711.6 43 9 A" 750.5 46
10 A 742.2 155 10 A 772.8 179
11 A" 748.6 11 11 A" 775.4 9
12 A 772.6 93 12 A 801.5 110
13 A 2082.1 2970 13 A 2370.8 2480
14 A" 3379.2 2162 14 A" 3524.8 2051
15 A 3437.2 1031 15 A 3577.7 904
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

Table S 50. [Br(HF)2(HBN)]~.

B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP

Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]

1 A 18.2 1 1 A' -19.1 0

2 A" 18.4 0 2 A" -15.4 0

3 A 21.8 1 3 A' 20.9 1

4 A 115.2 28 4 A' 102.9 24

5 A 167.8 7 5 A 165.0 8

6 A" 175.2 6 6 A" 174.7 8

7 A 574.0 3 7 A' 564.8 5

8 A" 577.2 0 8 A" 581.4 2

9 A" 639.3 36 9 A" 680.9 38

10 A 666.1 113 10 A' 710.7 146

11 A" 676.1 6 11 A" 719.3 4

12 A 692.3 76 12 A' 725.7 83

13 A 1711.4 3728 13 A' 2007.8 3015

14 A" 3481.7 1977 14 A" 3616.9 1902

15 A 3520.1 1109 15 A 3651.9 953

Table S 51. [I(HF)2(HI)I~.
B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP

Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]

1 A" 15.2 0 1 A 8.7 1

2 A' 154 2 2 A" 15.6 0

3 A' 18.9 1 3 A 15.7 2

4 A 86.4 26 4 A 70.7 21

5 A 142.8 4 5 A 137.0 4

6 A" 147.0 3 6 A" 141.8 4

7 A 495.0 0 7 A 483.9 0

8 A" 499.5 1 8 A" 489.7 0

9 A" 567.5 31 9 A" 616.5 37

10 A 591.0 78 10 A 627.1 111

11 A" 600.1 3 11 A" 631.4 3

12 A' 614.1 68 12 A 652.4 84

13 A 1395.2 4818 13 A 1775.0 3594

14 A" 3561.5 1902 14 A" 3710.3 1694

15 A 3585.7 1233 15 A' 3731.7 1015
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

Table S 52. [CI(HF)2(HCI)]".

B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP

Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]

1 AL 14.8 0 1 Aq 15.4 0

2 Az 18.4 0 2 Az 19.8 0

3 B2 20.5 0 3 B2 22.3 0

4 B1 21.7 1 4 Ay 23.6 0

5 AL 24.0 1 5 B1 23.8 1

6 AL 138.1 6 6 Aq 129.6 6

7 B1 159.5 38 7 B1 151.7 33

8 AL 195.4 17 8 Ay 188.8 16

9 B2 210.5 12 9 B> 203.9 14

10 B1 533.5 2 10 B 546.6 5

11 Az 547.8 0 11 Az 569.7 0

12 B2 554.2 16 12 B2 576.7 24

13 AL 576.5 25 13 Aq 580.0 28

14 B2 660.9 63 14 B2 695.1 70

15 B1 686.6 147 15 A 718.8 0

16 Az 688.9 0 16 B1 721.8 174

17 AL 710.6 95 17 Aq 742.0 112

18 B1 2314.4 2928 18 B1 2557.7 2332

19 AL 2399.6 1365 19 A1 2619.8 1092

20 B2 3508.4 1837 20 B> 3637.6 1662

21 AL 3554.8 978 21 Aq 3679.5 892

Table S 53. [Br(HF)2(HBr)2] .
B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP

Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™ [km mol?] [cm™] [km mol?]

1 AL 8.7 0 1 A1 9.1 0

2 B2 14.9 0 2 B2 15.1 0

3 Az 15.3 0 3 Az 16.7 0

4 B1 16.7 2 4 B1 18.8 2

5 AL 20.2 2 5 Ay 20.2 1

6 AL 92.8 7 6 Ay 85.8 7

7 B1 99.1 26 7 B 94.5 22

8 AL 156.7 6 8 As 155.7 6

9 B2 165.2 5 9 B2 163.3 6

10 B1 480.8 0 10 B1 487.2 1

11 Az 495.6 0 11 Az 499.1 0

12 B2 497.1 2 12 B2 501.4 7

13 Ay 515.9 6 13 Ay 512.0 8

14 B2 598.1 45 14 B2 638.5 48

15 B1 615.5 97 15 B1 669.7 127

16 Az 624.5 0 16 Az 671.6 0

17 Ay 640.2 75 17 Ay 679.3 93

18 B1 1966.6 3701 18 B1 2213.9 2761

19 AL 2061.7 1554 19 Ar 2278.4 1162

20 B2 3578.0 1752 20 B2 3700.4 1571

21 AL 3609.8 1058 21 Aq 3729.0 951
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

Table S 54. [I(HF)2(HI)2].

B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]
1 As 4.6 0 1 Aq 6.6 1
2 B2 11.5 0 2 B2 8.0 0
3 Az 13.0 0 3 A 11.3 1
4 Bi1 13.8 3 4 Az 17.9 0
5 AL 17.7 2 5 B 18.6 2
6 AL 68.6 6 6 As 59.5 6
7 B1 714 26 7 B1 64.1 19
8 A1 135.3 4 8 Ay 132.0 3
9 B, 140.8 2 9 B> 137.1 3
10 B1 4104 2 10 B 416.6 0
11 B> 424.7 1 11 B> 430.2 0
12 Az 426.2 0 12 Az 430.7 0
13 A1 436.8 0 13 Aq 433.7 0
14 B 535.9 34 14 B2 587.4 39
15 B1 549.4 57 15 B 596.9 98
16 Az 559.9 0 16 Az 601.0 0
17 A1 574.1 63 17 Ay 619.3 83
18 B 1646.8 4998 18 B1 1965.4 3226
19 AL 1746.5 1817 19 Aq 2022.3 1243
20 B2 3628.1 1752 20 B> 3763.5 1513
21 AL 3648.9 1210 21 Aq 3781.8 986
Table S 55. HCN.
B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™ [km mol] [cm™ [km mol]
1 Il 767.8 37 1 I 731.9 37
2 Il 767.8 37 2 I 731.9 37
3 ot 2201.1 1 3 Tt 2066.2 0
4 Tt 3443.5 65 4 ot 3467.4 72
Table S 56. [Br(HCN)]~.
B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™ [km mol] [cm™ [km mol]
1 Tt 159.1 16 1 Tt 158.7 16
2 I 166.1 20 2 I 194.5 20
3 I 166.1 20 3 I 194.5 20
4 I 982.5 16 4 I 1010.6 17
5 I 982.5 16 5 I 1010.6 17
6 Tt 2092.5 555 6 Tt 2013.6 223
7 ot 2834.1 1339 7 ot 2945.9 1398
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

Table S 57. [CIO4]".

B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]
1 E 449.5 0 1 E 470.2 0
2 E 449.5 0 2 E 470.2 0
3 T2 617.4 23 3 T2 647.3 29
4 T, 617.4 23 4 T, 647.3 29
5 T 617.4 23 5 T 647.3 29
6 AL 9184 0 6 Ay 1001.7 0
7 T2 1103.0 384 7 T 1175.3 429
8 T2 1103.0 384 8 T 1175.3 429
9 T 1103.0 384 9 T 1175.3 429
Table S 58. [CIO4(HF)].
B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]
1 B 10.1 1 1 B1 12.0 1
2 Az 15.0 0 2 Az 20.5 0
3 A1 42.3 2 3 Aq 39.2 1
4 B, 79.1 0 4 B> 73.1 0
5 AL 178.0 0 5 Aq 168.6 0
6 B, 258.9 50 6 B2 242.9 48
7 Az 439.5 0 7 Az 463.8 0
8 A1 470.6 3 8 Aq 489.0 3
9 B, 605.6 14 9 B 637.5 15
10 B2 607.5 24 10 B2 640.0 33
11 As 636.2 6 11 Aq 663.1 6
12 Az 767.1 0 12 Az 772.3 0
13 B1 770.5 190 13 B1 775.7 205
14 B> 847.5 10 14 B> 842.8 5
15 AL 847.7 138 15 Aq 843.9 164
16 A1 919.3 19 16 AL 1001.6 18
17 B2 1042.2 659 17 B2 1116.0 710
18 AL 1113.9 359 18 Ay 11854 394
19 B1 1166.8 363 19 B 1237.2 406
20 B2 3451.8 3239 20 B> 3615.2 2882
21 AL 3488.4 33 21 A1 3646.4 27
72
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (-I)

Table S 59. [I(HBr)2]".

191

B3LYP(D3BJ)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber | IR intensity | Nr. | Symmetry | Wavenumber | IR intensity
[cm™] [km mol] [cm™] [km mol]
1 AL 10.3 0 1 A1 10.1 0
2 A1 98.2 9 2 A 85.9 9
3 Bi1 98.8 39 3 B 88.2 34
4 B 526.1 3 4 B1 525.1 0
5 B, 533.6 4 5 B2 531.2 7
6 Az 542.7 0 6 Az 537.8 0
7 A1 580.1 1 7 A 558.9 2
8 B1 1610.6 6297 8 B 1939.9 5161
9 AL 1749.2 2345 9 Aq 2036.4 1831
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (—I)

g) Raman Spectra of Samples Cooled to —196 °C

Method for low temperature Raman spectroscopy of single crystals:

1) Transfer of the sample from the reaction flask into a cool nitrogen stream where a
crystal can be selected (Figure S 23).

2) Transfer of the selected crystal onto a Teflon plate which is cooled by a copper block
which is cooled by liquid nitrogen (Figure S 24, Figure S 25). By evaporation of the
nitrogen a layer of cool gaseous nitrogen protects the sample from moisture.

3) Measuring of the Raman spectra using a Raman microscope (Figure S 26).

As often rather big needle shaped crystals were obtained often a crystal was split with a
scalpel and one part was used for XRD while the other part was used for Raman
spectroscopy.

Figure S 23. Setting for preparing a single crystal for x-ray diffraction or low temperature Raman spectroscopy.
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (—I)

Expanded polystyren

Liquid nitrogen

Copper block
TefFl)on plate

Figure S 24. Setting for cooling a sample to —196 °C for low temperature Raman spectroscopy.

Figure S 25. Prepared crystal (red dot) on the Teflon plate for low temperature Raman spectroscopy.
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8.1 SI of Synthesis and Characterization of Poly(hydrogen halide) Halogenates (—I)

Figure S 26. Assembly in the RamanScope.
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8.2 Sl of From Missing Links to New Records: A Series of Novel Polychlorine Anions

a) Molecular Structures Including Cations and Disorders
al. [CCI(NMe2):][CI(Cl2)3]

Figure S1. Arrangement of the ions within the solid state structure of [NPrsMe][CI(Cl2)s]. Thermal ellipsoids are
shown at 50 % probability.
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8.2 Sl of From Missing Links to New Records: A Series of Novel Polychlorine Anions

a2. [NPrs][CI(Cl2)4]

Figure S2. Molecular structure of [NPrs][CI(Cl2)4] in the solid state including disorders with thermal ellipsoids shown
at 50 % probability. The occupation number of CI3A is 70(4) % while the occupation number of CI3B is 30(4) %.

Figure S3. Arrangement of the ions within the solid state structure of [NPrs][CI(Cl2)4]. Thermal ellipsoids are shown
at 50 % probability. Disorder is omitted for clarity.
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8.2 Sl of From Missing Links to New Records: A Series of Novel Polychlorine Anions

Figure S4. Structure of the anion within the solid state structure of [NPr4][CI(BrCl)4]. The [CI(BrCl)s]~ anions are
connected via Br1-CI2 distances of 350.8(2) pm (dotted red lines). Thermal ellipsoids are shown at 50 % probability.
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8.2 Sl of From Missing Links to New Records: A Series of Novel Polychlorine Anions

a3. [Cp*2Fe][CI(Cl2)a(HF)]

Figure S5. Arrangement of the ions within the solid state structure of [Cp*2Fe][CI(CI2)4(HF)] (viewing along the
crystallographic a axes). Thermal ellipsoids are shown at 50 % probability.
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8.2 Sl of From Missing Links to New Records: A Series of Novel Polychlorine Anions

a4. [Cp*2Fe]2[Clzo]

@

AN

Figure S6. Arrangement of the ions within the solid state structure of [Cp*:Fe]2[Clxo] (viewing along the
crystallographic a axes). Thermal ellipsoids are shown at 50 % probability. Intermolecular interactions are indicated
with red dotted lines.
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8.2 SI of From Missing Links to New Records: A Series of Novel Polychlorine Anions

Figure S7. Hirshfeld surface of of the [Cl20]> anion in [Cp*2Fe]2[Clzo]. Color code: grey = C, white = H, green =
chlorine, orange = iron. Dashed red line displays halogen bonding.
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b) Experimental and Calculated Raman Spectra

——[CCI(NMe,),][CI(CL,),]
— [NPr,J[CI(CL),]
—_— [Cp;Fe][CI(C|2)4(HF)]
471 451 430 —[Cp;Fe]Z[C|20]
477 450
P
B
c
Q
g
S 507 488477
£ /
1’
4904<if67450 417
550 500 450 400 350 300 250

Wavenumber / cm™

Figure S8. Experimental Raman spectrum of the single crystals of [Cat][Clx] recorded at —196 °C.
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Figure S9. Experimental Raman spectra of the single crystals recorded at —196 °C (black) and calculated Raman
spectra  (B3LYP(D3BJ)/def2-TZVPP(red) and SCS-MP2/def2-TZVPP(blue) as well as calculated
(B3LYP(D3BJ)/def2-TZVPP(red) and SCS-MP2/def2-TZVPP(blue) and experimental bond length from the
molecular structure in the solid state. For the [Cl20]>~anion a Cosmo model for solvation correction was used in the
calculations. Therefore, no Raman intensities could be calculated for this molecule. The Raman spectrum of
[CCI(NMez2)2][CI(Cl2)3] is compared to the calculated spectra of a [CI(Cl2)s]~ (Cav) ion since the coordination number
of the central halide is five. Bands marked with an asterisk are due to small amounts of [Cls]~ present on the surface
of the single crystals. Bands marked with hash belong to the ferrocenium cation.
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— [CCI(NMe,),][CI(CL),]

Raman intensity

! I ! I ' I ! I ' 1 ' I ' I
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Figure S10. Experimental Raman spectrum of a single crystal of [CCI(NMe2)2][CI(Cl2)s] recorded at —196 °C. Bands
highlighted with asterisk are associated to the [CI(Cl2)3] ~.
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Figure S11. Experimental Raman spectrum of a single crystal of [NPrs][CI(Cl2)4] recorded at —196 °C. Bands
highlighted with asterisk are associated to the [CI(Clz2)4] ~.
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— [FeCp'z][CI(CIZ)4H Fl

Raman intensity
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Figure S12. Experimental Raman spectrum of a single crystal of [FeCp*z][CI(Cl2)4(HF)] recorded at —196 °C. Bands
highlighted with asterisk are associated to the [CI(Cl2)4(HF)] ~.
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—— [FeCp,],[Cl

20]
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Figure S13. Experimental Raman spectrum of a single crystal of [FeCp*2]2[Cl0] recorded at —196 °C. Bands
highlighted with asterisk are associated to the [Cl2o]?~.
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c) Optimized Structures
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Figure S14. Optimized structures calculated on the B3LYP(D3BJ)/def2-TZVPP and SCS-MP2/def2-TZVPP (italics)
level of theory. Structures for HCl and HF were taken from P. VoRBnacker, S. Steinhauer, J. Bader, S. Riedel, Chem.

Eur. J. 2020.
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Figure S16. Optimized structures calculated on the B3LYP(D3BJ)/def2-TZVPP and SCS-MP2/def2-TZVPP (italics)
level of theory. * Optimization on SCS-MP2/def2-TZVPP level of theory yields Dsn symmetric structure.
** Qptimization on SCS-MP2/def2-TZVPP level of theory yields C2v symmetric structure.
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level of theory.
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d) Calculated Energies and Free Reaction Energies
dl) B3LYP(D3BJ)/def2-TZVPP Energies

All Free Energy calculations were carried out for T = 298.15 K and p = 1.0 bar.

Table S1. Calculated energies on B3LYP(D3BJ)/def2-TZVPP level of theory.

Compound Etot / En Etot / kJ mol? G/ kJ mol?
HF2 —100.45529924 —263745.39 —263764.34
HCI2 —460.76800069 —-1209746.39 —-1209775.98
Cl, —920.29315162 —2416229.67 —2416283.93
[Cls] —1380.56949107 —-3624685.20 —-3624748.27

[CI(Cl2)2] —2300.88575524 —6040975.55 —6041061.91
[CI(ClL)s]~ —3221.19485926 —8457247.10 —8457354.23
[CI(Cl2)al™ (Ta) —4141.50072815 -10873510.16 —10873640.85

[CI(Cl2)a]™ (Cav)
[CI(Cl2)a]" (Dan)

—4141.49747584
—4141.49704232

—10873501.62
-10873444.34

[CI(Cl2)s]" (Dan)
[CI(Cl2)s]™ (Cav)

-5061.80354389
-5061.80337649

—13289765.20
—13289764.76

—13289916.16

[CI(Cl2)e]

-5982.10669046

-15706021.12

—-15706190.26

[CI(CI2)a(HF)]- (Ca)
[CI(CLL)a(HF)] (Cav)

—4241.97122699
—-4241.97113667

—11137295.46
-11137295.22

-11137413.77
-11137416.92

[CI(CL)a(HF)]- (Ca)  —4241.97104492 ~11137294.98 -
[CI(CL)(HF)4 (Cav)  —1782.47591911 —4679890.53 —4679901.85
[CI(CL)(HF)J]- (Ca)  —1782.47596990 —4679890.66 —4679901.05
[CI(CL)2(HF)3 (C)  —2602.30736550 —6832357.99 ~6832407.07
[CI(Cl2)2(HF)s]” (Dan)  —2602.30769004 —6832358.84 ~6832405.65
[CI(CL)2(HF)sl (Cav)  —2602.30746903 ~6832358.26 ~6832405.68
[CI(Cl)s(HF)2]” (Dan)  —3422.13923548 —8984826.56 —8984909.06
[CI(CL)s(HF),l- (Cs)  —3422.13907952 ~8984826.15 ~8984911.37
[CI(Cl)s(HF).l (Cav)  —3422.13918497 ~8984826.43 ~8984911.20

[CI(HF)s]~ (Dan) ~962.64466138 —2527423.56 —2527396.31
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Compound Etwt / En Etot / kJ mol G / kJ mol
[CI(Cl2)a(HCD]~ (C2v) —4602.28086551 —12083288.41 -12083421.16
[CI(CL2)a(HCD]~ (Cav) —4602.28113975 -12083289.13 —-12083420.95

a Taken from P. VoRnacker, S. Steinhauer, J. Bader, S. Riedel, Chem. Eur. J. 2020, 26, 13256-13263.
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d2) SCS-MP2/def2-TZVPP Energies

Table S2. Calculated energies on SCS-MP2/def2-TZVPP level of theory.

Compound Etwot / En Emp2/ En Etot+mp2 / kJ molt G/ kJ mol?
HFa -100.06531033  -0.28555788 —263471.20 —263489.53
HCla -460.09919729  —0.35546237 —-1208923.71 —-1208952.42
Cl, -918.98287941  —0.67866826 —2414571.39 —2414625.41
[Cls] —-1378.55619763  —1.04983123 —-3622155.63 —-3622217.46
[CI(ClL),] —-2297.54169047  —1.73983891 —-6036763.66 -6036850.78
[CI(Clo)s]- —3216.53341317  —2.42204810 -8451367.56 —-8451475.38
[CI(Cl)s] (Tg) —4135.52436491  —3.10389122 -10865968.49  —-10866098.21
[CI(Cl)a]” (Cay) —4135.52296467  —3.10365679 -10865964.19 -
[CI(Clo)4] (Dan) —4135.52300416  —3.10358430 -10865964.11 -
[CI(Clo)s]” (Dan) —5054.51231842  —3.78730409 -13280565.66  —13280704.97
[CI(Cl)s]” (Cay) —5054.51203097  —3.78757235 -13280565.61  —13280713.19
[CI(ClL)e] —-5973.49899525  —4.47208983 -15695163.08  —15695322.89
[C'(C('ZC)“(;*F)]_ —4235.61244195  —3.38565621 -11129489.51  -11129601.05
2v
[C'(C('ZC)“(;*F)]_ -4235.61215233  —3.38551263 -11129488.37  -11129601.09
3v,
[C'(C('ZC)“‘;*F)]_ -4235.61246606  —3.38563591 -11129489.52  -11129598.70
4v,
[C'((i'g(';':)‘d_ -1778.90628191  —2.18862475 —4676264.68 -4676267.30
2v
[C'(C('g(';':)“]_ -1778.90677984  —2.18859323 —4676265.90 -4676270.10
3v
[C'(C'(Z)CZ()HF)s]_ -2597.80989230  —2.58610225 —-6827339.68 —-6827381.97
S
[C'(C%(;'F)ﬂ_ -2597.81010268  —2.58612230 —-6827340.29 —-6827379.49
3h
[CI(Cl2)2(HF)3]~ i i i i
(Ca)P
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Compound Etot / En Ewmp2/ En Etot+mp2 / kJ mol G/ kJ mol?
[C'(ngzg":)ﬂ_ 341671095790 -2.98515020  -8978412.13 —8978490.52
[CI(Cl2)3(HF)2] ) X ] )

(Co)e
[C'(C'(Zc):z(V;'F)Z]_ -3416.71177538  -2.98523055 ~ -8978414.49 —8978490.64
[CI(HF)s| (Dsn) —960.00108684  —1.79270510  —2525189.60  —2525153.36
[C'(C'(Z():‘;g'c')]_ _4505.63034112 -3.45891960  -12074932.48  —12075054.46
[C'(C'(ZC);‘;E';C')]_ _4505.63012520 -3.45001564  -12074932.17  —12075053.07

a Taken from P. VoRnacker, S. Steinhauer, J. Bader, S. Riedel, Chem. Eur. J. 2020, 26, 13256-13263.
b Structure converges into Dsn Symmetric structure. ¢ Structure converges into a Cav symmetric structure.

d3) Free Reaction Energy Calculation

Table S3. AE and AG for the reaction of [CI(Cl)n]~ + Cl2 = [CI(Cl2)n+1]” calculated on the B3LYP(D3BJ)/def2-TZVPP
and SCS-MP2/def2-TZVPP level of theory.

n AEgziyp/ kI molt  AGgaye / kI molt  AEwpz/ kI molt  AGwp2/ kJ mol?
1 —60.7 —-29.7 -36.6 -7.9
2 -41.9 -8.4 -32.5 0.8
3 -334 —2.7 —-29.5 2.6
4 -25.4 8.6 -25.8 18.7
5 —26.2 9.8 —26.0 7.5
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Table S4. AE and AG for the reaction of [CI(Cl2)a]~ + HF - [CI(Cl2)4(HF)]~ calculated on B3LYP(D3BJ)/def2-TZVPP
and SCS-MP2/def-TZVPP level of theory.

AEgaLyp [ kJ mol-! AGg3ziyp / kJ mol-! AEwp2/ kJ mol—t AGwp2 1k mol-1

-39.9 -8.6 -49.8 -13.3

Table S5. AE and AG for the reaction of [CI(Cl2)s]~ + HF - [CI(Cl2)a(HF)]~ + Cl2 calculated on B3LYP(D3BJ)/def2-
TZVPP and SCS-MP2/def-TZVPP level of theory.

AEB3LYP / kJ mol? AGB3LYP /kJ mol AEMPZ / kJ mol-! AGMP2/ kJ mol-t

-14.5 -17.2 -24.0 -32.0

Table S6. AE and AG for the reaction of [CI(Cl)s-n(HF)n]- + HF > [CI(Cl2)5-n-1(HF)n+1]~ +Cl2 calculated on the
B3LYP(D3BJ)/def2-TZVPP and SCS-MP2/def2-TZVPP level of theory.

n AEgsve/ kI molt  AGgsiye / kI molt  AEwmpz2/ kJ molt  AGup2/ kJ mol
0 -14.5 -17.2 -24.0 -32.0
1 -15.4 -14.9 -22.8 -25.4
2 -16.6 -16.2 -28.3 -24.8
3 -16.1 -15.0 -25.8 —26.5
4 -17.2 -14.9 -23.9 -19.1

Table S7. AE and AG for the reaction of [CI(Cl2)s]~ (Dsn) + HCI = [CI(Cl2)a(HCI)]- (Cav) + Cl2 calculated on
B3LYP(D3BJ)/def2-TZVPP and SCS-MP2/def-TZVPP level of theory.

AEB?,LYP / kJ mol1 AGBSLYP /kJ mol AEwp, / kJ mol-? AGupo / kJ mol-?

-6.5 -13.0 -14.5 -22.5
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d4) Comparison Between Different Structures

Table S8. Comparison of different geometries for the [CI(Cl2)n]- (n = 4, 5) [CI(Cl2)s-n(HF)n]- (n = 1 — 4) and
[CI(CI2)4(HCI)]~ anion calculated on the B3LYP(D3BJ)/def2-TZVPP and SCS-MP2/def-TZVPP level of theory.

Compound Structure AEgsLyp/ kJ mol™? AEwmp2 / kJ mol?
[CI(Clo)a] Ta 0.0 0.0
[CI(Cl2)a]” Cav 8.5 4.3
[CI(Cl2)a]~ Dan 9.7 4.4
[CI(Cl2)s] Dan 0.0 0.0
[CI(ClL)s]~ Cu 0.4 0.1

[CI(Cl2)a(HF)] Cav 0.0 0.0
[CI(Cl2)a(HF)]~ Cav 0.2 1.1
[CI(Cl2)a(HF)]~ Cav 0.5 0.0
[CI(CI2)(HF)a]~ Cav 0.1 1.2
[CI(Cl2)(HF)a] Cav 0.0 0.0
[CI(Cl2)2(HF)s]~ Cs 0.6 0.6
[CI(Cl2)2(HF)s]~ Cav 0.6 -
[CI(Cl2)2(HF)s] Dan 0.0 0.0
[CI(Cl2)3(HF)2]~ Cs 0.4 -
[CI(Cl2)s(HF)2]~ Cav 0.1 2.4
[CI(Cl2)3(HF)2]~ Dan 0 0
[CI(Cl2)4(HC]- [ 0.7 -0.3
[CI(Cl2)a(HCD]- Cav 0 0
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e) Coordinates of Optimized Structures

Cl2

B3LYP

Cl  0.000000 0.000000 -1.007067
Cl  0.000000 0.000000 1.007067
MP2

Cl  0.000000 0.000000 —0.998719
Cl 0.000000 0.000000 0.998719

HF

B3LYP(D3BJ)/def2—TZVPP

H 0.000000 0.000000 -0.461179
F  0.000000 0.000000 0.461179
SCS-MP2/def2—TZVPP

H 0.000000 0.000000 -0.458911
F  0.000000 0.000000 0.458911

[Cls]”

B3LYP
Cl  0.000000 0.000000 0.000000
Cl  0.000000 0.000000 2.349407

Cl  0.000000 0.000000 —2.349407
MP2

Cl  0.000000 0.000000 0.000000
Cl  0.000000 0.000000 2.309539
Cl  0.000000 0.000000 —2.309539
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[CI(Cl2)2]~

B3LYP

Cl  0.000000 0.000000 1.622314
Cl -2.073816 0.000000 0.188549
Cl —-3.910600 0.000000 -0.999701
Cl 2.073816 0.000000 0.188549
Cl 3.910600 0.000000 —0.999701
MP2

Cl  0.000000 0.000000 1.675646
Cl —-2.035771 0.000000 0.194206
Cl -3.787579 0.000000 -1.032024
Cl 2.035771 0.000000 0.194206
Cl 3.787579 0.000000 -1.032024

[CI(Cl2)3]~

B3LYP

Cl  0.000000 0.000000 -1.172398
Cl -1.217987 2.109616 —0.172702
Cl -1.217987 -2.109616 -0.172702
Cl 2.435975 0.000000 -0.172702
Cl -2.210211 3.828197 0.590098
Cl -2.210211 -3.828197 0.590098
Cl 4.420421 0.000000 0.590098
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MP2

Cl  0.000000
Cl -1.197595
Cl -1.197595
Cl  2.395190
Cl -2.139171
Cl -2.139171
Cl 4.278343

[CI(Cl2)a]~ (Ta)

B3LYP

Cl  0.000000
Cl -1.562657
Cl  1.562657
Cl 1.562657
Cl -2.772668
Cl -1.562657
Cl -2.772668
Cl 2.772668
Cl 2.772668
MP2

Cl  0.000000
Cl -1.583094
Cl  1.583094
Cl 1.583094
Cl -2.770238
Cl -1.583094
Cl -2.770238
Cl 2.770238
Cl  2.770238

0.000000
2.074295
—2.074295

0.000000
3.705153
-3.705153

0.000000

0.000000
1.562657
-1.562657
1.562657
2.772668
—-1.562657
—2.772668
2.772668
—2.772668

0.000000
1.583094
—-1.583094
1.583094
2.770238
—-1.583094
—2.770238
2.770238
—2.770238

—1.352348
—-0.203260
—-0.203260
-0.203260
0.680639
0.680639
0.680639

0.000000

1.562657
1.562657
1.562657

2.772668
-1.562657
—2.772668
—2.772668
2.772668

0.000000

1.583094
1.583094
1.583094

2.770238
—1.583094
—2.770238
—2.770238
2.770238
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[CI(Cl2)4]™ (Cav)

B3LYP

Cl  0.000000
Cl 1.875613
Cl 1.875613
Cl -1.875613
Cl 3.312616
Cl 3.312616
Cl -3.312616
Cl -1.875613
Cl -3.312616
MP2

Cl  0.000000
Cl  1.920789
Cl 1.920789
Cl -1.920789
Cl  3.349803
Cl  3.349803
Cl —3.349803
Cl -1.920789
Cl —-3.349803

0.000000
1.875613
-1.875613
-1.875613
3.312616
-3.312616
-3.312616
1.875613
3.312616

0.000000
1.920789
—-1.920789
—-1.920789
3.349803
—-3.349803
—3.349803
1.920789
3.349803

0.840397
0.133658
0.133658
0.133658

—-0.343757

—-0.343757
—-0.343757
0.133658

—-0.343757

0.606293
0.100995
0.100995
0.100995

—-0.252568

—-0.252568
—0.252568
0.100995

—-0.252568
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[CI(Cl2)4]™ (Dan)

B3LYP

Cl  0.000000

Cl  1.934028

Cl  1.934028

Cl -1.934028
Cl -1.934028

Cl  3.410378

Cl  3.410378

Cl -3.410378

Cl -3.410378

MP2

Cl  0.000000

Cl  1.950780

Cl  1.950780

Cl -1.950780
Cl -1.950780
Cl 3.401627

Cl 3.401627

Cl -3.401627
Cl -3.401627

0.000000
-1.934028
1.934028
-1.934028
1.934028
-3.410378
3.410378
-3.410378
3.410378

0.000000
-1.950780
1.950780
—1.950780
1.950780
-3.401627
3.401627
-3.401627
3.401627

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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[CI(Cl2)s]™ (Dan)

B3LYP

Cl  0.000000
Cl  0.000000
Cl -1.382381
Cl  0.000000
Cl -1.382381
Cl 2.764763
Cl  0.000000
Cl -2.421684
Cl  0.000000
Cl 4.843368
Cl -2.421684
MP2

Cl  0.000000
Cl -1.401556
Cl  0.000000
Cl  0.000000
Cl -1.401556
Cl 2.803111
Cl  0.000000
Cl —-2.423208
Cl  0.000000
Cl -2.423208
Cl 4.846416

0.000000 0.000000
0.000000 2.814077
2.394355 0.000000
0.000000 -2.814077
—2.394355 0.000000
0.000000 0.000000
0.000000 —4.880091
4.194480 0.000000
0.000000 4.880091
0.000000 0.000000
-4.194480 0.000000

0.000000 0.000000
2.427566 0.000000
0.000000 2.831512
0.000000 4.869122
—2.427566  0.000000
0.000000 0.000000
0.000000 -2.831512
-4.197120 0.000000
0.000000 -4.869122
4.197120 0.000000
0.000000 0.000000
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[CI(Cl2)s]™ (Cav)

B3LYP

Cl  0.000000
Cl 1.927571
Cl 1.927571
Cl -1.927571
Cl  3.355209
Cl  3.355209
Cl -3.355209
Cl  0.000000
Cl  0.000000
Cl -1.927571
Cl -3.355209
MP2

Cl  0.000000
Cl 1.975156
Cl 1.975156
Cl -1.975156
Cl  3.403401
Cl 3.403401
Cl -3.403401
Cl  0.000000
Cl  0.000000
Cl -1.975156
Cl -3.403401

0.000000
1.927571
-1.927571
-1.927571
3.355209
—3.355209
—-3.355209
0.000000
0.000000
1.927571
3.355209

0.000000
1.975156
-1.975156
-1.975156
3.403401
—3.403401
—3.403401
0.000000
0.000000
1.975156
3.403401

—0.054051
—-0.695179
-0.695179
—-0.695179
-1.150918
—-1.150918
—-1.150918
2.675453
4.762984
-0.695179
—-1.150918

-0.297079
—-0.698690
—-0.698690
—-0.698690
-0.979342
—0.979342
-0.979342
2.480736
4.528469
—0.698690
—0.979342
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[CI(Cl2)e]”
B3LYP

Cl  0.000000
Cl  0.000000
Cl  0.000000
Cl 2.833453
Cl —2.833453
Cl  0.000000
Cl  0.000000
Cl  0.000000
Cl  0.000000
Cl 4.893870
Cl  0.000000
Cl -4.893870
Cl  0.000000
MP2

Cl  0.000000
Cl  0.000000
Cl  0.000000
Cl 2.859341
Cl —-2.859341
Cl  0.000000
Cl  0.000000
Cl  0.000000
Cl  0.000000
Cl 4.891937
Cl  0.000000
Cl -4.891937
Cl  0.000000

0.000000
—2.833453
0.000000
0.000000

0.000000
0.000000
2.833453
4.893870
0.000000
0.000000

—4.893870

0.000000

0.000000

0.000000
—2.859341
0.000000
0.000000

0.000000
0.000000
2.859341
4.891937
0.000000
0.000000

—-4.891937

0.000000

0.000000

0.000000
0.000000
2.833453
0.000000
0.000000
—2.833453
0.000000
0.000000
4.893870
0.000000
0.000000
0.000000
—4.893870

0.000000
0.000000
2.859341
0.000000
0.000000
—2.859341
0.000000
0.000000
4.891937
0.000000
0.000000
0.000000
—4.891937
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[CI(CI2)a(HF)]™ (Cav)

B3LYP

F 0.000000
Cl  0.000000
H 0.000000
Cl  0.000000
Cl  0.000000
Cl -2.309510
Cl  2.309510
Cl  0.000000
Cl  0.000000
Cl —-4.039088
Cl  4.039088
MP2

F 0.000000
Cl  0.000000
H 0.000000
Cl  0.000000
Cl  0.000000
Cl -2.575640
Cl 2.575640
Cl  0.000000
Cl  0.000000
Cl -4.423275
Cl  4.423275

0.000000
0.000000
0.000000
2.808001
—2.808001
0.000000
0.000000
4.876328
-4.876328
0.000000
0.000000

0.000000
0.000000
0.000000
2.840383
—2.840383
0.000000
0.000000
4.865849
—-4.865849
0.000000
0.000000

-3.333265
-0.280739
—2.391682
—-0.320531
-0.320531
1.247935
1.247935
—-0.342270
—-0.342270
2.400329
2.400329

-3.284122
-0.267362
—2.344106
0.009950
0.009950
0.927170
0.927170
0.207065
0.207065
1.786231
1.786231
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[CI(CI2)a(HF)]™ (Cav)

B3LYP
Cl  0.000000 0.000000 0.269161
Cl -1.382580 2.394698 0.221942
Cl —2.422227 4.195421 0.180958
Cl —-1.382580 -2.394698 0.221942
Cl —2.422227 -4.195421 0.180958
Cl 2765159 0.000000 0.221942
Cl 4.844455 0.000000 0.180958
Cl  0.000000 0.000000 -2.574319
Cl 0.000000 0.000000 —4.634738
H 0.000000 0.000000 2.395588
F 0.000000 0.000000 3.335634
MP2
Cl  0.000000 0.000000 0.354702
Cl -1.412610 2.446712 0.209756
Cl —-2.430906 4.210453 0.099174
Cl -1.412610 -2.446712 0.209756
Cl -2.430906 -4.210453 0.099174
Cl 2.825220 0.000000 0.209756
Cl 4.861812 0.000000 0.099174
Cl 0.000000 0.000000 -2.538190
Cl  0.000000 0.000000 -4.566922
H 0.000000 0.000000 2.442483
F 0.000000 0.000000 3.381163
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[CI(CI2)a(HF)]™ (Cav)

B3LYP
Cl  0.000000
Cl 1.917460
Cl 1.917460
Cl -1.917460
Cl 3.341214
Cl 3.341214
Cl -3.341214
Cl -1.917460
Cl -3.341214
H 0.000000
F 0.000000
MP2
Cl  0.000000
Cl 1.951299
Cl 1.951299
Cl -1.951299
Cl  3.346071
Cl  3.346071
Cl -3.346071
Cl -1.951299
Cl -3.346071
H 0.000000
F 0.000000

0.000000
1.917460
-1.917460
-1.917460
3.341214
-3.341214
-3.341214

1.917460

3.341214
0.000000
0.000000

0.000000
1.951299
—1.951299
—1.951299
3.346071
-3.346071
-3.346071
1.951299
3.346071
0.000000
0.000000

0.217131
—-0.479160
-0.479160
-0.479160
—-0.966605
—-0.966605
—0.966605
-0.479160
—0.966605
2.311369
3.254562

0.237000
-0.472636
-0.472636
-0.472636
—0.977088
—-0.977088
-0.977088
-0.472636
-0.977088
2.310785
3.251111
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[CI(Cl2)(HF)a]~ (C2v)

B3LYP

Cl
H
=
H
F
H
=
H
=

Cl
Cl

-0.000627
-0.008658
-0.012271

0.000476

0.000945
-2.111676
-3.049703

2.111938

3.050449

0.009365
0.016782

MP2

Cl

I mm T M I

H
F

Cl
Cl

0.000000
0.000000
0.000000
0.000000
0.000000
-2.072648

-2.990781

2.072648
2.990781

0.000000

0.000000

-0.000660
-1.864638
-2.697661

1.866198

2.700528

0.004195

0.006392
-0.006145
-0.008543

-0.004813

-0.007896

0.000000
-1.734601
-2.511710

1.734601

2.511710

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

-0.307486
-1.279844
-1.721205
-1.274304
-1.713189
-0.087673
-0.016683
-0.102762
-0.038476

2.489358
4.565502

-0.389967
-1.574597
-2.099374
-1.574597
-2.099374

0.022346

0.205577

0.022346

0.205577

2.632217
4.649848
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[CI(Cl2)(HF)4]~ (Cav)

B3LYP
Cl  0.000000
H 1.046127
F 1.516799
H 1.046127
F 1.516799
Cl  0.000000
Cl  0.000000
H -2.092253
F -3.033599
H 0.000000
F 0.000000
MP2
Cl  0.000000
H 1.042338
F 1.507679
H 1.042338
F 1.507679
Cl  0.000000
Cl  0.000000
H -2.084677
F -3.015358
H 0.000000
F 0.000000

0.000000
1.811945
2.627174

-1.811945
-2.627174

0.000000

0.000000
0.000000
0.000000
0.000000
0.000000

0.000000
1.805383
2.611377

-1.805383
-2.611377

0.000000

0.000000
0.000000
0.000000
0.000000
0.000000

0.332937
0.180356
0.122533
0.180356
0.122533
-2.506273
-4.571701
0.180356
0.122533
2.447358
3.389010

0.430669
0.186601
0.073177
0.186601
0.073177
-2.605325
-4.621232
0.186601
0.073177
2.539788
3.476764
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[CI(CI2)2(HF)3]~ (Cay)

B3LYP

Cl  0.000000 0.000000 0.354082

Cl 0.000000 2.447303 -0.984192
Cl 0.000000 4.271688 -1.975889
H -2.093367 0.000000 -0.005283

F -3.024375 0.000000 -0.138108

H 2.093367 0.000000 -0.005283

F 3.024375 0.000000 -0.138108

Cl 0.000000 -2.447303 -0.984192
Cl 0.000000 -4.271688 -1.975889
H 0.000000 0.000000 2.455039

F 0.000000 0.000000 3.397824

MP2

Structure converges into a Dz, Symmetric minimum. See below.
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[CI(Cl2)2(HF)3]~ (Dan)

B3LYP
Cl  0.000000
H -1.049929
F -1.521252
H -1.049929
F -1.521252
Cl  0.000000
Cl  0.000000
Cl  0.000000
Cl  0.000000
H 2.099859
F 3.042505
MP2
Cl  0.000000
H -1.043105
F -1.512440
H -1.043105
F -1.512440
Cl  0.000000
Cl  0.000000
Cl  0.000000
Cl  0.000000
H 2.086209
F 3.024880

0.000000
-1.818531
-2.634886

1.818531

2.634886

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000
-1.806710
-2.619623

1.806710

2.619623

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000
0.000000
0.000000
0.000000
0.000000
2.804970
4.876920
-2.804970
-4.876920
0.000000
0.000000

0.000000
0.000000
0.000000
0.000000
0.000000
2.936165
4.961530
-2.936165
-4.961530
0.000000
0.000000
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[CI(Cl2)2(HF)3]~ (Cs)

B3LYP

Cl  0.296757
Cl -2.475662
Cl -4.554853
H 0.237875
F 0.226764
H 1.224826
F 1.648129
H 1.224826
F 1.648129
Cl 0.272042
Cl 0.251167
MP2

Cl 0.348746
Cl -2.577098
Cl -4.598730
H 0.082722
F -0.043378
H 1.435592
F 1.917898
H 1.435592
F 1.917898
Cl 0.117196
Cl -0.036439

0.324191

0.235583

0.164557
2.440826
3.381932
0.167497
0.108325
0.167497
0.108325
-2.517698
-4.581035

0.393888

0.210876

0.079552
2.471069
3.400795
0.196535
0.099082
0.196535
0.099082

-2.565854 0.000000

-4.581560

0.000000
0.000000
0.000000
0.000000
0.000000
1.880672
2.720657
-1.880672
-2.720657
0.000000
0.000000

0.000000
0.000000
0.000000
0.000000
0.000000
1.768831
2.568640
-1.768831
-2.568640

0.000000
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[CI(Cl2)3(HF)2]~ (Dan)

B3LYP

Cl  0.000000 0.000000 0.000000
Cl 1.387910 2.403930 0.000000
Cl 2.426984 4.203659 0.000000
Cl 1.387910 -2.403930 0.000000
Cl 2.426984 -4.203659 0.000000
H 0.000000 0.000000 2.127087
F 0.000000 0.000000 3.066948
H 0.000000 0.000000 -2.127087
F 0.000000 0.000000 -3.066948
Cl -2.775819 0.000000 0.000000
Cl -4.853967 0.000000 0.000000
MP2

Cl  0.000000 0.000000 0.000000
Cl 1.435941 2.487123 0.000000
Cl 2.452670 4.248149 0.000000
Cl 1435941 -2.487123 0.000000
Cl 2.452670 -4.248149 0.000000
H 0.000000 0.000000 2.094581
F 0.000000 0.000000 3.032140
H 0.000000 0.000000 -2.094581
F 0.000000 0.000000 -3.032140
Cl -2.871882 0.000000 0.000000
Cl -4.905340 0.000000 0.000000
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8.2 Sl of From Missing Links to New Records: A Series of Novel Polychlorine Anions

[CI(Cl2)3(HF)2]~ (Cs)

B3LYP

Cl -0.284656 0.307674 0.000000
Cl -0.205269 -2.534867 0.000000
Cl 1.118716 0.224078 -2.389378
H -2.384535 0.166620 0.000000

F -3.325342 0.113382 0.000000

Cl -0.144851 -4.595805 0.000000
Cl 2162648 0.154509 -4.186083
Cl 1.118716 0.224078 2.389378
Cl 2.162648 0.154509 4.186083
H -0.132879 2.423172 0.000000
F -0.085196 3.362651 0.000000

MP2

Structure converges into a C,, Symmetric minimum. See below.
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[CI(CI2)3(HF)2]~ (Cay)

B3LYP

Cl  0.000000 0.000000 -0.238489
Cl 0.000000 2.803940 -0.367190
Cl  0.000000 -2.803940 -0.367190
Cl  0.000000 0.000000 2.525593
H 1.915770 0.000000 -1.115844
H -1.915770 0.000000 -1.115844
F 2769714 0.000000 -1.513113
F -2.769714 0.000000 -1.513113
Cl 0.000000 -4.872103 -0.450551
Cl 0.000000 4.872103 -0.450551
Cl  0.000000 0.000000 4.606291
MP2

Cl  0.000000 0.000000 -0.343170
Cl 0.000000 2.880413 -0.124941
Cl 0.000000 -2.880413 -0.124941
Cl  0.000000 0.000000 2.538760
H 1.785698 0.000000 -1.408655
H -1.785698 0.000000 -1.408655
F 2595825 0.000000 -1.884543
F -2.595825 0.000000 -1.884543
Cl  0.000000 -4.904862 0.035242
Cl  0.000000 4.904862 0.035242
Cl  0.000000 0.000000 4.570204
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8.2 Sl of From Missing Links to New Records: A Series of Novel Polychlorine Anions

[CI(HF)s]~ (Dan)

B3LYP

Cl
H

g
H
.
H
g
H
g
H
g

0.000000
-1.050233
-1.521699
-1.050233
-1.521699

2.100467
3.043398
0.000000
0.000000
0.000000

0.000000

MP2

Cl

H

E
H
=
H
E
H
=
H
F

0.000000
-1.062067
-1.529777
-1.062067
-1.529777

2.124135
3.059554
0.000000
0.000000
0.000000

0.000000

0.000000
-1.819058
-2.635660

1.819058
2.635660
0.000000
0.000000
0.000000
0.000000
0.000000

0.000000

0.000000
-1.839555
-2.649652

1.839555
2.649652
0.000000
0.000000
0.000000
0.000000
0.000000

0.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
2.119383
3.060396
-2.119383
-3.060396

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
2.141407
3.075357
-2.141407
-3.075357
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[Cl20]* (C)

B3LYP

Cl 0.010581 -0.005774 -1.025459
Cl -0.010581 0.005774 1.025459
Cl -0.029310 -0.017723 4.125454
Cl 0.029310 0.017723 —4.125454
Cl -1.919745 1.941871 -3.510105
Cl -1.886940 -1.951833 -3.568305
Cl 1964564 -1.936481 -3.583798
Cl 1919745 -1.941871 3.510105
Cl -1.994744 -1.922143 3.510095
Cl -1.964564 1.936481 3.583798
Cl 1994744 1.922143 -3.510095
Cl 1886940 1.951833 3.568305
Cl -3.395502 3.381403 3.200611
Cl -3.447374 -3.330744 3.078076
Cl 3.354795 -3.366324 3.073986
Cl 3.304750 3.407203 3.176276
Cl 3.447374 3.330744 -3.078076
Cl -3.354795 3.366324 -3.073986
Cl -3.304750 -3.407203 -3.176276
Cl 3.395502 -3.381403 -3.200611
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MP2
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl

—0.009705
0.009705
0.006496

~0.006496

~1.990812

~1.962661
1.977741
1.990812

~1.998942

-1.977741
1.998942
1.962661

—3.377406

—3.414442
3.393265
3.350144
3.414442

—3.393265

—3.350144
3.377406

—-0.017091
0.017091
0.009021
—-0.009021
1.975535
—2.031585
—2.013551
—1.975535
—-1.956242
2.013551
1.956242
2.031585
3.439543
-3.350092
-3.383911
3.465280
3.350092
3.383911
—-3.465280
—3.439543

—-1.014670
1.014670
4.113648

-4.113648
—3.487445

-3.538715
-3.567490

3.487445

3.488889

3.567490

—3.488889
3.538715
3.198444
3.063315

3.066049

3.152714
-3.063315
-3.066049

—3.152714

—3.198444
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[CI(CI2)a(HCD]™ (Cav)

B3LYP

Cl  0.000000
Cl  0.000000
H 0.000000
Cl  0.000000
Cl  0.000000
Cl -2.274010
Cl 2.274010
Cl  0.000000
Cl  0.000000
Cl —3.994569
Cl  3.994569
MP2

Cl  0.000000
Cl  0.000000
H 0.000000
Cl  0.000000
Cl  0.000000
Cl -2.319740
Cl  2.319740
Cl  0.000000
Cl  0.000000
Cl -3.990364
Cl  3.990364

0.000000
0.000000
0.000000
2.780696
—2.780696
0.000000
0.000000
4.842265
—4.842265
0.000000
0.000000

0.000000
0.000000
0.000000
2.843036
—2.843036
0.000000
0.000000
4.879090
—4.879090
0.000000
0.000000

-3.622155
—-0.129925
—2.314436
—-0.409001
—-0.409001
1.426031
1.426031
—-0.598793
—0.598793
2.597641
2.597641#

-3.724147
—-0.299642
—2.422008
—-0.292795
—0.292795
1.306444
1.306444
—-0.285606
—-0.285606
2477476
2477476
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[CI(CI2)a(HCD)]™ (Cav)

B3LYP
Cl  0.000000
Cl 1.375189
Cl 2.413152
Cl 1.375189
Cl 2.413152
Cl -2.750378
Cl -4.826304
Cl  0.000000
Cl  0.000000
H 0.000000
Cl  0.000000
MP2
Cl  0.000000
Cl  1.409524
Cl 2.429866
Cl  1.409524
Cl  2.429866
Cl —-2.819049
Cl -4.859731
Cl  0.000000
Cl  0.000000
H 0.000000
Cl  0.000000

0.000000
2.381897
4.179702
—2.381897
-4.179702
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.000000
2.441368
4.208651
—2.441368
—4.208651
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

—-0.036780
—-0.224892
—-0.364859
—0.224892
—-0.364859
—0.224892
—-0.364859
2.760953
4.830793
—2.240600
-3.545136

-0.210262
—0.195497
—-0.183525
-0.195497
—0.183525
—0.195497
—-0.183525
2.648543
4.681966
—2.341431
-3.641777
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8.2 Sl of From Missing Links to New Records: A Series of Novel Polychlorine Anions

f) Calculated Vibrational Spectra

Table S9. Cl2
B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm intensity /cm™t intensity
/ /
km mol-! km mol-!
1 Iy 537.1 0 1 Iy 561.2 0
Table S10. HF
B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm? intensity /cm? intensity
/ /
km mol-* km mol-!
1 ot 4081.2 106 1 Tt 4146.9 111
Table S11. [Cls]~
B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm™t intensity /cm™t intensity
/ /
km mol* km mol*
1 I1, 154.5 1 1 I1, 169.0 1
2 I, 154.5 1 2 11, 169.0 1
3 Iy 247.4 0 3 I 270.5 0
4 X 261.7 410 4 3 295.3 568
Table S12. [CI(Cl2)2]
B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm intensity /cm™t intensity
/ /
km mol- km mol-!
1 Ar 194 0 1 Ay 16.5 0
2 B 128.7 33 2 B 91.2 760
3 Az 135.0 0 3 Ay 139.3 18
4 A1 136.7 7 4 Az 144.2 0
5 B2 149.5 1 5 B1 151.1 187
6 B 187.3 445 6 B2 161.8 1
7 A1 201.0 19 7 Ay 203.0 45
8 B 304.3 374 8 B 3255 269
9 Ar 353.3 93 9 Ar 374.3 124

243
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Table S13. [CI(Cl2)s]~

B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm™t intensity /cm™t intensity
/ /
km mol? km mol!
1 E 12.6 0 1 E 11.8 0
2 E 12.6 0 2 E 11.8 0
3 A1 16.3 0 3 A1 14.8 0
4 E 112.0 45 4 E 92.2 169
5 E 112.0 45 5 E 92.2 169
6 A1 1124 3 6 AL 112.3 7
7 Az 118.5 0 7 Az 123.3 0
8 E 127.2 14 8 E 128.1 6
9 E 127.2 14 9 E 128.1 6
10 A1 169.4 5 10 E 1554 125
11 E 176.3 166 11 E 155.4 125
12 E 176.3 166 12 A1 170.0 15
13 E 355.3 364 13 E 393.2 286
14 E 355.3 364 14 E 393.2 286
15 A1 407.6 34 15 A1 438.2 50
Table S14. [CI(Cl2)4]" (Td)
B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm™t intensity /cm™t intensity
/ /
km mol? km mol?
1 E 7.4 0 1 E 6.9 0
2 E 7.4 0 2 E 6.9 0
3 T 8.5 0 3 T 9.5 0
4 T 8.5 0 4 T 9.5 0
5 T 8.5 0 5 T 9.5 0
6 A1 90.2 0 6 A1 83.5 0
7 T 98.6 40 7 T 90.4 61
8 T 98.6 40 8 T 90.4 61
9 T 98.6 40 9 T 90.4 61
10 T1 107.6 0 10 T1 1114 0
11 T1 107.6 0 11 T1 1114 0
12 T1 107.6 0 12 T1 1114 0
13 E 120.7 0 13 E 119.3 0
14 E 120.7 0 14 E 119.3 0
15 T 172.4 100 15 T 158.2 97
16 T 172.4 100 16 T 158.2 97
17 T 172.4 100 17 T 158.2 97
18 T 389.9 309 18 T 437.5 220
19 T 389.9 309 19 T 437.5 220
20 T 389.9 309 20 T 437.5 220
21 Ag 438.3 0 21 Aq 472.1 0
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Table S15. [CI(Cl2)4]” (Cav)

B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm™t intensity /cm™t intensity
/ /
km mol? km mol?
1 B. -8.6 0 1 B. -4.0 0
2 Ag 18.2 0 2 Ag 17.3 1
3 E 20.2 2 3 E 19.3 0
4 E 20.2 2 4 E 19.3 0
5 Bi1 23.0 0 5 Bi1 20.3 0
6 B: 64.9 0 6 B: 56.9 0
7 A1 94.4 1 7 A1 86.8 1
8 B: 99.7 0 8 E 99.3 70
9 E 100.3 24 9 E 99.3 70
10 E 100.3 24 10 B: 105.6 0
11 Az 102.0 0 11 Az 107.5 0
12 E 108.1 0 12 E 111.3 0
13 E 108.1 0 13 E 111.3 0
14 B1 1194 0 14 B1 120.8 0
15 A1 139.8 2 15 A1 135.2 2
16 E 148.4 247 16 E 143.4 217
17 E 148.4 247 17 E 143.4 217
18 B: 396.2 0 18 B: 444.4 0
19 E 400.4 403 19 E 445.3 291
20 E 400.4 403 20 E 445.3 291
21 As 448.2 10 21 Aq 479.4 5
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Table S16. [CI(Cl2)4]™ (Dan)

B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm™t intensity /cm™t intensity
/ /
km mol? km mol?
1 B1u -16.2 0 1 By -1.9 0
2 Az -10.8 0 2 Eu 17.3 0
3 Ey 16.5 1 3 = 17.3 0
4 Eu 16.5 1 4 Big 184 0
5 Big 19.6 0 5 Aoy 23.5 1
6 By 70.1 0 6 Baog 57.5 0
7 Axg 88.5 0 7 Axg 81.7 0
8 By 91.5 0 8 Eu 100.0 69
9 Eu 101.8 36 9 Eu 100.0 69
10 Eu 102.3 36 10 By 105.2 0
11 Azg 102.3 0 11 Azg 107.6 0
12 Eg 105.4 0 12 Eg 112.0 0
13 = 105.4 0 13 = 112.0 0
14 Az 111.3 1 14 Big 120.1 0
15 Big 118.2 0 15 Aoy 129.1 1
16 Eu 151.5 270 16 Eu 144.1 245
17 Eu 151.5 270 17 Eu 144.1 245
18 Eu 398.5 437 18 Eu 444.6 304
19 Eu 398.5 437 19 Eu 444.6 304
20 Bag 401.1 0 20 Bag 445.3 0
21 Axg 447.6 0 21 Aig 479.1 0
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Table S17. [CI(Cl2)s]~ (Dan)

B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm™ intensity /cm™ intensity
/ /
km mol= km mol

1 E' 5.9 0 1 E' 12.7 0
2 E' 5.9 0 2 E' 12.7 0
3 E' 12.9 0 3 E" 194 0
4 E' 12.9 0 4 E" 19.4 0
5 E" 15.2 0 5 E' 21.1 0
6 E" 15.2 0 6 E' 21.1 0
7 A" 15.5 1 7 A" 23.3 0
8 Al 64.1 0 8 Al 57.2 0
9 Al 83.8 0 9 Al 77.3 0
10 E' 89.7 14 10 E' 89.3 39
11 E' 89.7 14 11 E' 89.3 39
12 E" 93.9 0 12 A" 100.2 48
13 E" 93.9 0 13 A 103.1 0
14 A" 97.6 28 14 E' 107.6 0
15 E' 97.9 19 15 E' 107.6 0
16 E' 97.9 19 16 E" 108.9 0
17 Ao 100.8 0 17 E" 108.9 0
18 E" 110.2 0 18 E" 118.6 0
19 E" 110.2 0 19 E" 118.6 0
20 Ay 148.2 161 20 A" 149.8 125
21 E' 160.3 95 21 E' 151.4 84
22 E' 160.3 95 22 E' 151.4 84
23 E' 414.5 278 23 E' 463.8 172
24 E' 414.5 278 24 E' 463.8 172
25 Al 423.2 0 25 Al 468.9 0
26 A" 432.2 311 26 A" 474.9 196
27 Al 466.2 0 27 Al 496.8 0
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Table S18. [CI(Cl2)s]~ (Cav)

B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm™ intensity /cm™ intensity
/ /
km mol* km mol

1 B> -3.6 0 1 B2 5.3 0
2 E 8.8 0 2 E 12.2 0
3 E 8.8 0 3 E 12.2 0
4 A 12.1 0 4 A 13.6 0
5 E 16.3 1 5 B1 16.6 0
6 E 16.3 1 6 E 17.2 0
7 B1 18.8 0 7 E 17.2 0
8 B2 62.3 0 8 B2 57.5 0
9 A 82.2 3 9 A 73.9 7
10 A 89.5 16 10 A 86.5 19
11 E 93.5 17 11 E 93.2 34
12 E 93.5 17 12 E 93.2 34
13 Az 93.8 0 13 Az 994 0
14 B2 94.8 0 14 B2 100.2 0
15 E 98.2 1 15 E 103.3 0
16 E 98.2 1 16 E 103.3 0
17 E 106.0 22 17 B1 109.9 0
18 E 106.0 22 18 E 1114 13
19 B 108.1 0 19 E 1114 13
20 E 154.3 137 20 A1 144.1 57
21 E 154.3 137 21 E 151.3 129
22 Ay 157.9 74 22 E 151.3 129
23 Ay 406.7 233 23 Az 457.4 132
24 B: 425.9 0 24 E 471.4 203
25 E 426.6 314 25 E 471.4 203
26 E 426.6 314 26 B2 471.7 0
27 A1 466.2 2 27 Az 496.9 0

248




8.2 Sl of From Missing Links to New Records: A Series of Novel Polychlorine Anions

Table S19. [CI(Cl2)e]~

B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm™ intensity /cm™ intensity
/ /
km mol km mol

1 T2u 88 0 1 T2u 11.3 0
2 T2u 8.8 0 2 T2u 11.3 0
3 Tau 8.8 0 3 Tau 11.3 0
4 Tlu 12.7 1 4 Tlg 15.0 0
5 Tlu 12.7 1 5 Tlg 15.0 0
6 Tlu 12.7 1 6 Tlg 15.0 0
7 Tog 13.7 0 7 T 18.4 0
8 TZg 13.7 0 8 Tlu 18.4 0
9 TZg 13.7 0 9 Tlu 18.4 0
10 = 63.3 0 10 Eg 57.8 0
11 = 63.3 0 11 Eg 57.8 0
12 Alg 79.0 0 12 Alg 73.0 0
13 T 87.9 14 13 T 89.5 23
14 T 87.9 14 14 T 89.5 23
15 T 87.9 14 15 T 89.5 23
16 Tig 88.9 0 16 Tig 97.1 0
17 Tig 88.9 0 17 Tig 97.1 0
18 Tig 88.9 0 18 Tig 97.1 0
19 Tay 88.9 0 19 Tay 98.1 0
20 Tau 88.9 0 20 Tau 98.1 0
21 Tau 88.9 0 21 Tau 98.1 0
22 Tog 100.5 0 22 Tag 105.8 0
23 Tog 100.5 0 23 Tog 105.8 0
24 Tog 100.5 0 24 Tag 105.8 0
25 T 144.0 144 25 T 147.4 110
26 Tw 144.0 144 26 Ta 147.4 110
27 T 144.0 144 27 T 147.4 110
28 T 441.8 270 28 T 485.8 156
29 T 441.8 270 29 T 485.8 156
30 Ta 441.8 270 30 Ta 485.8 156
31 Eq 443.8 0 31 Eq 486.5 0
32 Eq 443.8 0 32 = 486.5 0
33 Ag 480.7 0 33 A 509.3 0
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Table S20. [CI(Cl2)a(HF)] (C2v)

B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm™ intensity /cm™ intensity
/ /
km mol km mol
1 A1 6.5 0 1 A1 7.1 0
2 B1 8.4 2 2 B 14.3 2
3 Az 13.4 0 3 Ax 17.2 1
4 Az 14.9 0 4 Az 17.6 0
5 B: 15.2 0 5 B: 18.4 1
6 B1 17.1 1 6 B 20.7 0
7 B2 21.9 0 7 B2 22.6 1
8 A1 67.8 4 8 A1 56.7 1
9 Ax 90.2 3 9 Az 79.3 4
10 B1 91.4 9 10 B 92.4 27
11 B2 95.9 9 11 B2 95.8 27
12 Az 95.9 0 12 A; 99.9 0
13 A1 98.3 3 13 A 102.6 0
14 Bi1 99.5 8 14 B1 103.1 0
15 B2 103.5 18 15 B2 103.2 7
16 Az 110.7 0 16 Az 112.3 0
17 A1 118.4 1 17 Ay 115.0 1
18 Bi1 145.7 91 18 B1 137.1 84
19 B2 146.8 166 19 B2 137.8 112
20 A1 192.6 33 20 A 200.8 24
21 Bi1 414.6 243 21 B 476.0 152
22 A1 420.8 66 22 A 477.6 12
23 B2 428.2 324 23 B2 480.6 175
24 A1 460.9 10 24 A 499.1 9
25 B2 595.8 101 25 B2 708.9 95
26 B 599.2 58 26 B 710.2 68
27 A1 3659.4 1423 27 A 3672.1 1428
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Table S21. [CI(Cl2)a(HF)] (Cav)

B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm™ intensity /cm™ intensity
/ /
km mol km mol
1 E 3.9 0 1 E 7.7 0
2 E 3.9 0 2 E 7.7 0
3 E 134 0 3 E 154 1
4 E 13.4 0 4 E 15.4 1
5 A 13.5 0 5 E 19.5 0
6 E 17.7 0 6 E 19.5 0
7 E 17.7 0 7 A 20.4 1
8 A1 73.2 9 8 A1 63.1 5
9 E 90.3 12 9 A1 84.4 12
10 E 90.3 12 10 E 88.5 30
11 A 90.8 7 11 E 88.5 30
12 E 96.5 21 12 E 100.0 1
13 E 96.5 21 13 E 100.0 1
14 Az 99.6 0 14 Az 101.2 0
15 E 107.4 0 15 E 111.2 0
16 E 107.4 0 16 E 111.2 0
17 A 113.8 3 17 As 118.1 3
18 E 158.2 92 18 E 141.9 70
19 E 158.2 92 19 E 141.9 70
20 A 183.0 53 20 As 196.4 48
21 E 412.3 278 21 E 471.6 153
22 E 412.3 278 22 E 471.6 153
23 A 430.0 61 23 A 483.4 15
24 A 462.3 50 24 As 503.3 39
25 E 568.6 94 25 E 679.3 95
26 E 568.6 94 26 E 679.3 95
27 A 3689.8 1402 27 A 3699.3 1496

251




8.2 Sl of From Missing Links to New Records: A Series of Novel Polychlorine Anions

Table S22. [CI(Cl2)a(HF)] (Cav)

B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm™ intensity /cm™ intensity
/ /
km mol km mol
1 B> -4.5 0 1 B. 6.4 0
2 A 14.4 0 2 A 18.4 1
3 E 15.6 2 3 E 18.7 2
4 E 15.6 2 4 E 18.7 2
5 E 19.1 0 5 B1 21.7 0
6 E 19.1 0 6 E 22.4 0
7 B1 19.4 0 7 E 22.4 0
8 B> 62.2 0 8 B. 54.3 0
9 Ax 86.0 1 9 Az 77.2 3
10 E 93.7 17 10 E 91.9 28
11 E 93.7 17 11 E 91.9 28
12 Az 94.5 0 12 Az 98.2 0
13 B2 94.9 0 13 B> 99.2 0
14 E 100.3 0 14 E 102.4 0
15 E 100.3 0 15 E 102.4 0
16 B1 109.2 0 16 B: 109.0 0
17 A 112.5 0 17 Ay 113.6 1
18 E 142.0 160 18 E 135.6 108
19 E 142.0 160 19 E 135.6 108
20 A 195.9 14 20 As 201.8 19
21 B2 422.5 0 21 B> 478.3 0
22 E 423.5 314 22 E 478.8 168
23 E 423.5 314 23 E 478.8 168
24 A 461.8 13 24 As 499.3 10
25 E 625.3 71 25 E 707.6 80
26 E 625.3 71 26 E 707.6 80
27 A 3628.1 1403 27 A 3665.9 1411
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Table S23. [CI(Cla)(HF)a]" (C2v)

B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm™ intensity /cm™ intensity
/ /
km mol km mol
1 B> 8.2 0 1 B. 8.5 0
2 A1 14.3 0 2 A1 18.6 1
3 B 22.1 0 3 B2 27.2 0
4 B2 22.3 0 4 B1 29.4 0
5 Ax 25.4 2 5 Az 29.4 0
6 B1 27.2 1 6 Az 30.8 2
7 Az 28.7 0 7 B: 32.6 1
8 B2 106.5 0 8 A 72.8 10
9 B1 108.1 0 9 B2 88.8 0
10 A 108.7 21 10 B: 94.7 0
11 A 147.0 0 11 A 150.5 0
12 A 168.4 30 12 A 174.5 14
13 B 1994 15 13 B2 193.7 10
14 B2 200.4 9 14 B: 202.9 18
15 A 430.9 117 15 As 521.8 28
16 Az 537.1 0 16 Az 625.3 0
17 B2 562.9 92 17 B> 628.1 14
18 B1 563.0 51 18 B: 635.0 22
19 A 568.2 114 19 A 649.7 147
20 B2 609.2 115 20 B> 668.7 220
21 A 636.4 192 21 As 694.6 196
22 B 639.7 131 22 B1 717.9 179
23 Az 675.3 0 23 Az 730.4 0
24 B2 3624.5 1805 24 B2 3705.5 1532
25 A 3643.2 708 25 As 3720.3 893
26 B 3662.7 2136 26 B1 3734.9 2014
27 A 3719.5 400 27 A 3795.4 140
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Table S24. [CI(Cla)(HF)a]" (Cav)

B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm™ intensity /cm™ intensity
/ /
km mol km mol
1 E 9.7 0 1 E 11.1 1
2 E 9.7 0 2 E 11.1 1
3 E 24.6 0 3 E 24.1 0
4 E 24.6 0 4 E 24.1 0
5 A1 27.0 1 5 A1 26.8 2
6 E 27.0 1 6 E 29.0 1
7 E 27.0 1 7 E 29.0 1
8 A 94.9 19 8 A 68.1 10
9 E 97.4 0 9 E 81.8 0
10 E 97.4 0 10 E 81.8 0
11 A 153.7 1 11 Aq 155.0 0
12 A 180.5 44 12 A 181.0 21
13 E 198.0 9 13 E 197.4 11
14 E 198.0 9 14 E 197.4 11
15 A 445.5 110 15 A 525.8 26
16 E 553.5 32 16 E 623.9 13
17 E 553.5 32 17 E 623.9 13
18 Az 586.9 0 18 Az 645.3 0
19 A 626.3 295 19 A 671.1 333
20 E 644.6 68 20 E 696.8 49
21 E 644.6 68 21 E 696.8 49
22 E 655.8 105 22 E 708.2 163
23 E 655.8 105 23 E 708.2 163
24 E 3617.9 1711 24 E 3710.0 1612
25 E 3617.9 1711 25 E 3710.0 1612
26 Ay 3638.3 722 26 A 3718.9 1056
27 A 3691.0 1114 27 A 3780.9 368
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Table S25. [CI(Cl2)2(HF)s]~ (Cav)

B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm™ intensity /cm™ intensity
/ /
km mol km mol

1 A 4.9 1 1 * * *
2 B2 14.3 1 2 * * *
3 B1 18.7 0 3 * * *
4 A 20.9 0 4 * * *
5 B2 24.1 1 5 * * *
6 Az 25.1 0 6 * * *
7 B1 25.2 1 7 * * *
8 Aq 85.3 6 8 * * *
9 B2 97.9 15 9 * * *
10 Az 106.3 0 10 * * *
11 B1 108.4 0 11 * * *
12 A 113.6 0 12 * * *
13 B2 139.1 101 13 * * *
14 Aq 144.2 0 14 * * *
15 A 192.7 18 15 * * *
16 B1 200.2 16 16 * * *
17 B2 416.9 263 17 * * *
18 A 440.5 41 18 * * *
19 B 554.2 18 19 * * *
20 B2 570.6 150 20 * * *
21 A 576.4 170 21 * * *
22 Az 587.8 0 22 * * *
23 B2 619.3 122 23 * * *
24 B1 648.8 71 24 * * *
25 A 3633.4 1475 25 * * *
26 B 3669.2 1999 26 * * *
27 A 3710.1 120 27 * * *

* Structure converges into a D3y Ssymmetric minimum. See table S24

255




8.2 Sl of From Missing Links to New Records: A Series of Novel Polychlorine Anions

Table S26. [CI(Cl2)2(HF)s]~ (D3n)

B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm™ intensity /cm™ intensity
/ /
km mol km mol
1 E' 5.8 1 1 E' 11.2 3
2 E' 5.8 1 2 E' 11.2 3
3 E" 22.4 0 3 E" 20.5 0
4 E" 22.4 0 4 E" 20.5 0
5 E' 22.9 1 5 A" 21.7 2
6 E' 22.9 1 6 E' 24.7 0
7 A" 23.3 1 7 E' 24.7 0
8 Ar' 72.6 0 8 Al 56.2 0
9 E' 96.8 0 9 E" 92.4 0
10 E' 96.8 0 10 E" 92.4 0
11 E" 98.8 0 11 E' 94.8 0
12 E" 98.8 0 12 E' 94.8 0
13 A" 136.7 192 13 A" 111.0 84
14 Al 150.5 0 14 Al 156.4 0
15 E' 198.8 10 15 E' 205.5 14
16 E' 198.8 10 16 E' 205.5 14
17 A" 421.7 346 17 A" 502.4 113
18 Al 446.2 0 18 A 509.4 0
19 A 582.2 0 19 A 658.8 0
20 E" 618.2 0 20 E" 680.8 0
21 E" 618.2 0 21 E" 680.8 0
22 A" 619.5 294 22 A" 681.1 342
23 E' 639.3 111 23 E' 710.6 118
24 E' 639.3 111 24 E' 710.6 118
25 E' 3627.7 1647 25 E 3686.9 1665
26 E' 3627.7 1647 26 E' 3686.9 1665
27 Al 3672.6 0 27 A 3738.7 0
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Table S27. [CI(Cl2)2(HF)s]~ (Cs)

B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm™ intensity /cm™ intensity
/ /
km mol km mol
1 A" 9.3 0 1 A" 8.8 0
2 A 10.1 1 2 A 13.8 1
3 A 17.5 0 3 A" 16.8 0
4 A" 19.1 0 4 A 21.1 1
5 A 21.4 2 5 A 25.4 1
6 A 25.0 1 6 A 28.7 1
7 A" 26.5 0 7 A" 31.0 0
8 Al 85.3 21 8 A 68.4 12
9 A' 96.5 4 9 A 89.9 9
10 A" 96.7 0 10 A" 95.6 0
11 A" 109.4 0 11 A 98.1 6
12 A' 110.8 4 12 A" 101.6 0
13 A' 122.9 16 13 A 106.8 5
14 Al 167.5 34 14 A 173.9 18
15 A' 182.2 48 15 A 190.6 29
16 A" 202.7 11 16 A" 203.4 14
17 Al 419.5 153 17 A 504.6 44
18 A' 452.2 91 18 A 515.3 36
19 A" 548.5 38 19 A" 640.1 15
20 Al 565.2 74 20 A 654.7 84
21 A" 601.1 36 21 A" 673.2 60
22 A 621.4 148 22 A 703.3 203
23 A' 630.6 171 23 A 708.4 142
24 A" 647.1 44 24 A" 718.3 56
25 A" 3629.4 1761 25 A" 3675.7 1644
26 A 3646.3 875 26 Al 3688.0 1225
27 Al 3683.9 1729 27 A 3732.9 1192
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Table S28. [CI(Cl2)3(HF)2]~ (D3n)

B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm™ intensity /cm™ intensity
/ /
km mol km mol
1 E' 6.6 0 1 E' 8.1 1
2 E' 6.6 0 2 E' 8.1 1
3 A" 14.5 1 3 E' 16.1 1
4 E' 16.6 1 4 E' 16.1 1
5 E' 16.6 1 5 A" 16.9 2
6 E" 20.2 0 6 E" 19.5 0
7 E" 20.2 0 7 E" 19.5 0
8 Ar' 78.5 0 8 Al 64.8 0
9 E' 95.5 32 9 E' 86.8 26
10 E' 95.5 32 10 E' 86.8 26
11 A 100.4 0 11 Ao 97.3 0
12 E" 106.0 0 12 E" 101.2 0
13 E" 106.0 0 13 E" 101.2 0
14 A" 108.1 0 14 A" 105.6 0
15 Al 140.7 0 15 E' 130.2 52
16 E' 154.3 83 16 E' 130.2 52
17 E' 154.3 83 17 Al 151.2 0
18 A" 203.2 19 18 A" 218.5 28
19 E' 414.7 268 19 E' 484.9 120
20 E' 414.7 268 20 E' 484.9 120
21 A 446.5 0 21 A 498.1 0
22 E' 562.3 194 22 E 643.2 204
23 E' 562.3 194 23 E' 643.2 204
24 E" 580.6 0 24 E" 664.1 0
25 E" 580.6 0 25 E" 664.1 0
26 A" 3681.1 1971 26 A" 3706.8 2120
27 Al 3716.9 0 27 A 3749.5 0
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Table S29. [CI(Cl2)s(HF)2]~ (Cs)

B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm™ intensity /cm™ intensity
/ /
km mol km mol

l A' 52 0 l *%* *%* *%*
2 A" 11.2 1 2 o * >
3 A 15.3 0 3 * > >
4 A 17.0 0 4 * * >
5 A" 18.0 0 5 b ** *
6 A" 20.3 1 6 > > >
7 A 24.0 1 7 * * *
8 Al 78.2 18 8 * * *
9 A" 92.6 6 9 > > >
10 A 95.5 1 10 * * *
11 A' 97.2 6 11 * * **
12 A" 99.0 12 12 * * >
13 A" 109.2 0 13 * * *
14 A' 112.1 2 14 * > *
15 A' 120.3 1 15 * * **
16 A" 144.2 103 16 * * >
17 A' 180.8 46 17 * * *
18 A' 193.5 29 18 b * *
19 A" 413.1 264 19 * * *
20 A' 426.3 96 20 ** ** *
21 A 458.1 70 21 * * *
22 A 555.3 82 22 * * *
23 A" 573.0 59 23 ** ** *
24 A" 612.0 96 24 ** ** *
25 A' 627.9 99 25 * b *
26 A 3642.3 1379 26 > > >
27 Al 3681.7 1659 27 ** ** *

** Structure converges into a C,y minimum. See table S28.
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Table S30. [CI(Cl2)s(HF)2]~ (C2v)

B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm™ intensity /cm™ intensity
/ /
km mol km mol
1 A1 6.6 1 1 Bi1 6.6 1
2 B1 7.5 1 2 Az 12.8 2
3 B. 12.4 0 3 B- 20.4 1
4 B1 15.1 0 4 Az 21.3 1
5 Ax 18.6 1 5 Az 22.1 0
6 B2 22.5 0 6 B2 24.0 1
7 Az 23.2 0 7 B 25.8 1
8 A1 70.5 3 8 A1 58.0 1
9 Ax 91.2 4 9 Az 85.3 10
10 B1 95.4 0 10 B2 94.7 10
11 B2 96.2 3 11 B2 103.3 15
12 Az 98.4 0 12 B 103.8 0
13 B2 105.8 21 13 A; 106.0 0
14 Bi1 109.4 0 14 B 109.3 0
15 A1 121.5 20 15 A 110.5 11
16 B2 143.7 165 16 B2 126.3 90
17 A1 166.7 37 17 Ay 179.3 26
18 Bi1 204.1 13 18 B1 211.2 17
19 A1 417.3 141 19 A 489.6 40
20 B2 427.5 333 20 B2 490.1 147
21 A1 455.9 7 21 A 503.3 17
22 Bi1 593.3 25 22 B1 675.2 36
23 B2 600.5 203 23 Az 697.9 0
24 Az 605.5 0 24 B2 698.2 210
25 A1 614.9 107 25 A 712.3 109
26 B 3645.0 1734 26 B 3666.3 1678
27 A1 3674.2 710 27 A 3698.8 962
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Table S31. [CI(HF)s]~ (Dsn)

B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm™ intensity /cm™ intensity
/ /
km mol km mol
1 E' 11.1 0 1 E' 11.9 0
2 E' 11.1 0 2 E' 11.9 0
3 E' 27.5 1 3 E' 30.4 1
4 E' 27.5 1 4 E' 30.4 1
5 A" 28.6 1 5 E" 32.8 0
6 E" 30.0 0 6 E" 32.8 0
7 E" 30.0 0 7 A" 33.1 1
8 Al 138.2 0 8 Al 131.4 0
9 Al 157.5 0 9 Al 151.6 0
10 E' 195.1 7 10 E' 186.7 8
11 E' 195.1 7 11 E' 186.7 8
12 A" 198.1 13 12 A" 191.1 14
13 E" 535.5 0 13 E" 581.4 0
14 E" 535.5 0 14 E" 581.4 0
15 E' 563.8 91 15 E' 610.9 67
16 E' 563.8 91 16 E' 610.9 67
17 A 583.7 0 17 A2 615.8 0
18 A" 622.8 280 18 A" 664.4 307
19 E' 648.6 212 19 E' 676.8 270
20 E' 648.6 212 20 E' 676.8 270
21 E" 682.6 0 21 E" 716.7 0
22 E" 682.6 0 22 E" 716.7 0
23 E' 3620.5 1771 23 E' 3754.0 1558
24 E' 3620.5 1771 24 E' 3754.0 1558
25 A 3643.1 0 25 A 3772.4 0
26 A" 3654.7 2267 26 A" 3781.4 1998
27 Al 3736.3 0 27 A 3852.1 0
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Table S32. [Cl20]? (Ci).

B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm™ intensity /cm™ intensity
/ /
km mol km mol

1 Au —4.8 0 1 Au 7.5 0
2 Au -1.9 0 2 Au 8.9 0
3 Au -1.5 0 3 Ay 11.6 0
4 Aq 10.0 0 4 Aq 13.2 0
5 Aq 10.2 0 5 Aq 14.1 0
6 Ag 12.5 0 6 Au 14.4 0
7 Au 12.8 1 7 Ag 14.5 0
8 Ay 13.0 1 8 Ag 15.1 0
9 Ag 13.1 0 9 Au 15.2 1
10 Ay 13.6 1 10 Ay 16.4 1
11 Au 16.1 7 11 Ag 18.2 0
12 Aq 16.8 0 12 Aq 19.2 0
13 Au 174 0 13 Ay 19.9 0
14 Aq 18.5 0 14 Aq 20.1 0
15 Ag 18.8 0 15 Au 24.2 9
16 Aq 41.8 0 16 Aq 44.0 0
17 Au 45.2 0 17 Au 44.9 0
18 Au 45.8 0 18 Au 45.9 0
19 Au 55.8 12 19 Au 52.2 0
20 Ag 57.6 0 20 Ag 52.3 0
21 Ay 57.7 0 21 Ay 55.5 3
22 Ag 82.8 0 22 Ag 77.2 0
23 Ag 83.0 0 23 Ag 84.5 0
24 Ay 86.1 246 24 Ag 85.1 0
25 Au 86.5 246 25 Au 85.5 106
26 Ag 89.0 0 26 Ay 86.1 100
27 Ag 91.2 0 27 Au 87.5 33
28 Ag 91.5 0 28 Ag 95.2 0
29 Ag 94.2 0 29 Ay 95.3 0
30 Ay 94.2 0 30 Ag 97.4 0
31 Ag 94.9 0 31 Ay 98.0 0
32 Ay 94.9 0 32 Ag 98.0 0
33 Ay 98.8 13 33 Ag 98.1 0
34 Ay 102.1 1 34 Au 100.7 0
35 Ay 102.1 1 35 Ay 101.0 0
36 Ag 105.7 0 36 Ag 102.4 0
37 Ag 105.8 0 37 Ay 102.4 0
38 Ag 107.5 0 38 Ag 112.9 0
39 Ay 107.6 0 39 Ag 113.9 0
40 Ag 122.0 0 40 Au 121.5 34
41 Ay 122.1 574 41 Ag 125.1 0
42 Ag 122.4 0 42 Au 125.8 293
43 Au 122.5 568 43 Au 126.8 302
44 Au 124.3 29 44 Ag 128.0 0
45 Aq 128.1 0 45 Aq 129.1 0
46 Au 406.0 1019 46 Ag 484.1 0
47 Ay 406.2 1015 47 Ay 484.2 327
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48 Ag 408.5 0 48 Ag 484.4 0
49 Aq 408.7 0 49 Ay 484.4 354
50 Ag 415.5 0 50 Ag 485.8 0
51 Au 416.1 3 51 Au 485.8 31
52 Ag 444.5 0 52 Ag 497.1 0
53 Ay 453.7 2 53 Au 499.9 7
54 Ag 475.4 0 54 Ag 507.0 0
Table S33. [CI(Cl2)a(HCI)]~ (C2v)
B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm™ intensity /cm™ intensity
/ /
km mol= km mol
1 B1 3.0 0 1 B1 7.7 0
2 A1 6.9 0 2 A1 9.8 0
3 B 114 0 3 B2 16.3 0
4 A 12.1 0 4 Az 17.2 0
5 A; 12.6 0 5 B1 19.4 0
6 B2 13.2 0 6 A1 19.7 0
7 B2 18.9 0 7 B2 20.3 0
8 A 68.5 2 8 Aq 59.1 2
9 A 89.1 2 9 A 82.2 7
10 B 91.3 11 10 Bi1 90.4 26
11 A 96.2 2 11 B2 99.4 33
12 A; 97.0 0 12 B1 103.0 0
13 B2 98.1 7 13 Ay 104.1 3
14 Bi1 100.7 8 14 Az 104.6 0
15 B2 103.2 24 15 A 105.2 0
16 A 104.9 7 16 B2 108.6 4
17 Az 111.9 0 17 Az 113.5 0
18 B 147.9 97 18 B 137.0 63
19 B2 152.5 167 19 B2 142.9 116
20 Ay 164.3 54 20 Ay 166.6 64
21 Bi1 408.5 231 21 B 470.1 132
22 A 416.8 93 22 A 473.5 42
23 B2 424.7 315 23 B2 478.0 185
24 B2 446.9 50 24 Bi1 496.0 13
25 Bi1 451.6 37 25 B2 541.6 30
26 Aq 457.1 10 26 B 541.7 17
27 Ay 2579.6 1527 27 Ay 2612.0 1875
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Table S34. [CI(Cl2)a(HCI)] (Csv)

B3LYP-D3BJ/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/cm™ intensity /cm™t intensity
/ /
km mol~ km mol
1
1 E 4.8 0 1 E 9.4 0
2 E 4.8 0 2 E 9.4 0
3 E 10.6 0 3 E 15.2 0
4 E 10.6 0 4 E 15.2 0
5 A 13.2 0 5 E 19.1 0
6 E 15.1 0 6 E 19.1 0
7 E 15.1 0 7 Aq 19.4 0
8 Aq 72.9 5 8 Aq 63.3 4
9 A 87.4 3 9 Aq 814 8
10 E 93.4 25 10 E 89.7 35
11 E 93.4 25 11 E 89.7 35
12 E 100.0 8 12 Az 102.1 0
13 E 100.0 8 13 E 106.0 0
14 Az 100.7 0 14 E 106.0 0
15 A 101.3 8 15 Az 107.4 4
16 E 110.5 0 16 E 112.7 0
17 E 110.5 0 17 E 112.7 0
18 A 159.0 90 18 E 144.5 75
19 E 161.6 94 19 E 144.5 75
20 E 161.6 94 20 Aq 165.5 86
21 E 410.5 226 21 E 469.2 158
22 E 410.5 226 22 E 469.2 158
23 E 420.5 83 23 Az 478.2 35
24 E 420.5 83 24 Az 496.1 41
25 A 421.6 123 25 E 549.7 25
26 Ay 454.3 36 26 E 549.7 25
27 Ay 2619.0 1354 27 A1 2635.5 1772
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g) Raman Spectra of Samples Cooled to —196 °C
Method for low temperature Raman spectroscopy of single crystals:

1) Transfer of the sample from the reaction flask into a cool nitrogen stream where a

crystal can be selected (Figure S18).

2) Transfer of the selected crystal onto a Teflon plate which is cooled by a copper block
which is cooled by liquid nitrogen (Figure S19, Figure S20). By evaporation of the
nitrogen a layer of cool gaseous nitrogen protects the sample from moisture.

3) Measuring of the Raman spectra using a Raman microscope (Figure S21).

As often rather big needle shaped crystals were obtained often a crystal was split with a

scalpel and one part was used for XRD while the other part was used for Raman
spectroscopy.

)
9]
-3 |
3 |

Figure S18. Setting for preparing a single crystal for x-ray diffraction or low temperature Raman spectroscopy.
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Expanded polystyren

Liquid nitrogen

Copper block
Teflon plate

Figure S19. Setting for cooling a sample to —196 °C for low temperature Raman spectroscopy.

Figure S20. Prepared crystal (red dot) on the Teflon plate for low temperature Raman spectroscopy.
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Figure S21. Assembly in the RamanScope.
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h) Crystal Data

Table S35. Crystal data of the synthesized compounds

Empirical formula CsH12ClgN; CaoHz1CloFFe CaoH30ClyoFe
Formula weight 383.785 665.35 680.79
Temperature/K 100.8 100.05 104.01
Crystal system orthorhombic monoclinic monoclinic

Space group P21212; C2/m C2lc
a/A 9.4032(6) 16.218(2) 15.9249(13)
b/A 10.4318(6) 11.1516(14) 22.7897(18)
c/A 15.3683(9) 15.612(2) 15.8496(13)
a/° 90 90 90
B/° 90 92.468(6) 91.107(3)
v/° 90 90 90
Volume/A3 1507.51(16) 2820.9(7) 5751.1(8)
VA 4 4 8
Pcarcg/cm? 1.691 1.567 1.573
p/mm-t 1.467 1.403 1.463
F(000) 772.9 1356.0 2768.0
Crystal size/mm? 0.42 x 0.22 x 0.08 0.4% 03 x0.15 0228 % T8
Radiation Mo Ka (h=0.71073)  MoKa (A = 0.71073) 1%"7%%%):

20 range for data
collection/®

Reflections collected

Independent reflections

Data/restraints/paramete

4.72 t0 56.66

28044

3748 [Rin = 0.0255,
Rsigma = 00147]

5.028 to 62.044

47723

4622 [Rint = 0.0641,
Rsigma = 00407]

5.116 to 61.122

42418

8515 [Rin = 0.0460,
Rsigma = 00395]

s 3748/0/140 4622/0/168 8515/0/401
Goodness-of-fit on F2 1.032 1.053 1.019
Final R indexes [I>=20 R; =0.0151, wR; = R; =0.0405, wR; = R; =0.0405, wR; =
0] 0.0374 0.0707 0.0876
. . R: = 0.0158, WR2 = R: = 0.0765, WR2 = R: = 00691, WR; =
Final R indexes [all data] 0.0378 0.0793 0.0978
Largest diff. peak/hole
/e A3 0.18/-0.35 0.47/-0.47 1.25/-0.61
Flack parameter 0.07(5) -
CCDC deposition 2031714 2031710 2031711
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Table S36. Crystal data of the synthesized compounds

Empirical formula
Formula weight
Temperature/K
Crystal system

Space group
alA
b/A
c/A
al®
B/
y/°
Volume/A3
Z
Pcarcg/cm?
p/mm-t
F(000)
Crystal size/mm?

Radiation

20 range for data
collection/°

Reflections collected

Independent reflections

Data/restraints/paramete
rs
Goodness-of-fit on F2
Final R indexes [I>=20

0]

Final R indexes [all data]

Largest diff. peak/hole
le A3

Flack parameter

CCDC deposition
numbers

C12H25ClIgN
505.40
100.01

tetragonal

-4
11.7904(8)
11.7904(8)
8.5436(6)
90
90
90
1187.68(18)
2
1.413
1.057
520.0
0.45 x 0.38 x 0.25
MoKa (A =0.71073)

4.886 to 60.986

15575

1827 [Rint = 0.0302,
Rsigma = 00166]

1827/0/61

1.085

R1=0.0175, wR> =
0.0413
R1=0.0185, wR> =
0.0418

0.18/-0.25

0.01(2)
2031713
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1) Pictures of Samples

Figure S22. Picture of a sample of [Cp*2Fe][CI(Cl2)a(HF)].

Figure S23. Picture of a sample of [Cp*2Fe][Cl2q].
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a) Raman Spectra
al. Polychlorides
— [NBuMe;][CI(Cl,),]

Raman Intensity

' I ' I ' I ' I ' I ' I ' I '
4000 3500 3000 2500 2000 1500 1000 500 0
Wavenumber [cm™]

Figure S 1. Raman Spectrum of [NBuMej3][CI(Cl,),]-

— [NEt,Me,][CI(Cl,),]

Raman Intensity

! I ! I ! I ! I ! I ! I ' I '
4000 3500 3000 2500 2000 1500 1000 500 0
Wavenumber [cm™]

Figure S 2. Raman Spectrum of [NEt,Me,][CI(Cl,),].
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—— [NEtMe,J[CI(Cl,),]

Raman Intensity

e

! | ! I ! I ! I I I ' I '
4000 3500 3000 2500 2000 1500 1000 500 0
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Figure S 3. Raman Spectrum of [NEtMe;3][CI(Cl,),].

— [NPr;Me][CI(Cl,),]

Raman Intensity
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Figure S 4. Raman Spectrum of [NPrzMe][CI(Cl,),].
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— [PBu;Me][CI(Cl,),]

Raman Intensity
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Figure S 5. Raman Spectrum of [PBuzMe][CI(Cl;),]-

— [SMe;][CI(C,), ]

Raman Intensity
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Figure S 6. Raman Spectrum of [SMe;][CI(Cl,),]-
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a2. Long Term Stability

— [NEt;Me][CI(Cl,),] after O Days
— [NEt;Me][CI(Cl,),] after 804 Days

Raman Intensity

v I I I I v I v I v I v
4000 3500 3000 2500 2000 1500 1000 500 0

Wavenumber [cm™]

Figure S 7. Raman Spectrum of [NEt;Me][CI(Cl,),] after 0 and 804 days.

—— [NEt;Me][Cl;] after O Days
— [NEt;Me][Cl,] after 799 Days

Raman Intensity

Sooial o

' I ' I ' I ! I ! 1 i I i I !
4000 3500 3000 2500 2000 1500 1000 500 0

Wavenumber [cm™]

Figure S 8. Raman Spectrum of [NEt;Me][Cl3] after 0 and 799 days.
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— [NBu,J[CI(Cl,),] after 0 Days
—— [NBu,][CI(Cl,),] after 180 Days

Raman Intensity

! I i 1 ! I ' I ! I ! I I
4000 3500 3000 2500 2000 1500 1000 500 0

Wavenumber [cm™]

Figure S 9. Raman Spectrum of [NBu,][CI(Cl,),] after 0 and 180 days.
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Figure S 10. Raman Spectra of [NEt;Me][Cl;] after storing at room temperature in the presence of light for 0 to 75
days.
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Mz,
B Day 26 JJ"{K\M
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Figure S 11. Raman Spectra of [NEt;Me][Cl;] after storing at room temperature in the absence of light for 0 to 75

days.
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Figure S 12. Raman Spectra of [NEt;Me][Cl3] after storing at 0 °C in the absence of light for 0 to 75 days.
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Raman Intensity

Day 75 M
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Figure S 13. Raman Spectra of [NEt;Me][Cl;] after storing at 50 °C in the absence of light for 0 to 75 days.
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Figure S 14. Raman Spectra of [NEt;Me][CI(Cl,),] after storing at room temperature in the presence of light for 0 to

75 days.
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Figure S 15. Raman Spectra of [NEt;Me][CI(Cl,),] after storing at room temperature in the absence of light for 0 to
75 days.
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Figure S 16. Raman Spectra of [NEt;Me][CI(Cl,),] after storing at 0 °C in the absence of light for 0 to 75 days.
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Day 75

Day 46

Day 26

Day 22

Day 21

Day 15

Day 11

Raman Intensity

Day 8

Day 7

Day 4

.

Day 1

Mo,

Day 0

A

' 1 ' I
4000 3500 3000

! I ! I ! I ' I N I
2500 2000 1500 1000 500
Wavenumber [cm™]

0

Figure S 17. Raman Spectra of [NEt;Me][CI(Cl,),] after storing at 50 °C in the absence of light for 0 to 75 days.
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b) Mass Spectra
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Figure S 18. ESI (pos) mass spectrum of [NBuy][Cls] after 6 months.
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Figure S 19. Detailed excerpt of the ESI (pos) mass spectrum of [NBu4][Cl;] after 6 months and assignments of the

characteristic signals.
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c) Chlorine Release Experiments
c1. Setup for Chlorine Release Experiments

[Nggge:'gfug] =

'J-_--

Figure S 20. Setup for chlorine release.
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c2. Vapor Pressure Curves for [NEt;Me][CI(Cly),]

g (Chlorine) / g (INEt;Me]Cl)
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n = Equivalents Cl,

Figure S 21. Vapor pressure curve of [NEtsMe][CI(Cl;),] depending on different values of n determined by
gravimetric determination of Cl, equivalents.
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Figure S 22. Vapor pressure curve of [NEtzMe][CI(Cl,),] depending on n determined by volumetric determination
(by mass flow controller) of Cl, equivalents.
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Figure S 23. p-T diagram of [NEt;Me][CI(Cl,),] for various values of n.
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Figure S 24. Comparison of the vapor pressures of Cl, (Stull, D. R. Vapor Pressure of Pure Substances. Organic
and Inorganic Compounds, Ind. Eng. Chem., 1947, 39, 517-540, https://doi.org/10.1021/ie50448a022) and
[NEt;Me][CI(Cly)1 77] at different temperatures.
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c3. Kinetic of Chlorine Release Experiments under Different Conditions
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Figure S 25. Chlorine release by an argon stream at room temperature.
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Figure S 26. Chlorine release at 80 °C.
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c4. Chlorine Release by Water Addition
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Figure S 27. '"H NMR spectrum (400 MHz, CDCI3, 20 °C) of the recycled [NEt;Me]Cl.
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Figure S 28. Optimization of the amount of H,O needed for chlorine release.
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Table S 1. Chlorine release by addition of polar solvents.

Method Chlorine Release
Addition of 5 equiv. H,O at r.t. 97 %
Addition of 10 equiv. H,O at r.t. 70 %
Addition of 10 equiv. H,O at 40 °C 76 %
Addition of 10 equiv. 5 % sodium chloride solution at r.t. 82 %
Addition of 10 equiv. saturated sodium chloride solution at r.t. 89 %
S18
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d) Chlorine Storage Capacities and Physical Properties

Table S 2. Storage capacities of [Cat]Cl and physical properties of [Cat][CI(Cl,),]-

Substrate Melting Density dyn. Storage Storage Storage
point at 25 °C viscosity capacity capacity capacity
poly- [g mI-1] [mPa s] by amount of by mass by volume

chloride substance [g g '][*! [g mL-1]te
[°C] [mol mol-][a
Cl,ldl -101, 1.38 - 1.38
(—34)e
[NMe4]ClI decom- - solid 1.06 0.68 -
position

[NEt,;]CI 60 1.10 solid 1.51 0.64 0.43

[NPrgCI 65-70 1.00 solid 1.23 0.39 0.39

[NBug]CI 5 1.30 684 2.18 0.55 0.46

[NEtMe;]ClI 8 1.24 low 1.44 0.82 0.56
viscosity

[NEt,Me,]CI -19 1.20 16 1.57 0.8 0.54

[NEt;Me]ClI 1(—10) 1.21 19 1.68 0.79 0.53

[NBuMe;]ClI 21 1.25 low 2.57 1.19 0.68
viscosity

[NBuEt,Me]ClI -19 1.30 46 2.72 1.06 0.67

[NMePr;]ClI 9 1.23 141 213 0.77 0.54

[NBu;Me,]CI =27 1.17 low 2.29 0.83 0.53
viscosity

[NBuzMe]Cl 8 1.19 low 2.46 0.73 0.51
viscosity
[PEt;Me]CI 5 1.60 low 1.85 0.77 0.70
viscosity

[PBus;Me]ClI —1 1.05 low 2.2 0.61 0.40
viscosity

[SMe;]CI 45 1.36 high 0.94 0.59 0.51
viscosity

[a] Storage capacity by amount of substance is equal to the amount of substance of Cl, which can be stored on
1 mol of the chloride salt. [b] Storage capacity by mass is equal to the mass of Cl, which can be stored on 1 g of
the chloride salt. [c] Storage capacity by volume is equal to the mass of Cl, which is stored in 1 mL of the
[Cat][CI(Cly),]. [d] Values taken from P. Schmittinger, T. Florkiewicz, L. C. Curlin, B. Like, R. Scannell, T. Navin, E.
Zelfel, R. Bartsch, Chlorine. In Ullmann’s Encyclopedia of Industrial Chemistry. Wiley-VCH, Weinheim, 2000.[e] b.p.
of elemental chlorine. [e] Determined by cooling liquid [NEt;Me][CI(Cl.)1 gs]-
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e) Calorimetric Measurements
e1l. Setup

Figure S 29. Setup for calorimetric measurements.
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e2. Hydration Energy of [NEt;Me]Cl

Table S 3. Recipe for determination of Hydration Energy of [NEt;Me]Cl

# | Action/ Note / Sample Start Time | End Time
Start of experiment with thermostat off and stirrer off, Water=50 ml

1 | Details: 00:00:00 00:00:05

2 | Ramp stirrer speed to 300 rpm over 10 sec 00:00:05 00:00:17

3 | Heat Trto 25 (22) °C as fast as possible 00:00:05 00:01:53

4 | Wait 10 min 00:00:17 00:10:17

5 | Record virtual volume in reactor 00:03:11

6 | U -cpr- U determination with 15 min waiting time and A Trof 3K | 00:10:17 01:55:24

7 | Add 10 g of [NEtzMe]Cl over 10 min 01:55:24 01:57:42

8 | Wait 10 min 01:57:42 02:07:42

9 | Record virtual volume in reactor 02:09:08

10 | U - cpr - U determination with 15 min waiting time and A Trof 3 K | 02:09:08 03:54:14

11 | End of experiment 03:56:01 03:56:01

Obtained Values
Table S 4. Determined values for the solvation energy of [NEt;Me]Cl in water.
Measurement m [NEt;Me]ClI n [NEtzMe]ClI E Econ
[g] [mol] [kJ] [kJ mol-"]
1 10.003 0.066 -1.134 -17.18
2 10.003 0.066 -1.292 -19.58
3 10.003 0.066 —1.247 -18.89
Average 10.003 0.066 -1.224 -18.55
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Trends

Table S 5. Color code for measured data.

Trend | Color Units

Tr °C

Tj - lcc

Tr-Tj K

gr_hf w

30
10
35

20

(=]
w
S

(M) Ju™1b

Tr-Tj (K)
Tr(°C), Ti(°C)

20

00:00:00 00:30:00 01:00:00 01:30:00 02:00:00 02:30:00 03:00:00 03:30:00
Time

Figure S 30. Temperature curves and heat flow for the addition of 10 g of [NEt;Me]Cl in 50 mL of water
(Measurement 1).
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Figure S 31. Temperature curves and heat flow for the addition of 10 g of [NEt;Me]Cl in 50 mL of water
(Measurement 2).
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Figure S 32. Temperature curves and heat flow for the addition of 10 g of [NEt;Me]Cl in 50 mL of water
(Measurement 3 using a glass covered Pt100 and a glass covert calibration heater).
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Calorimetric Calculations Raw Data

Measurement 1

Table S 6. Integral Results.

Start End .
Trend | Name Time Time Integral Baseline Type ATad
qr_hf |1 01:56:01 | 02:10:32 | 1.1343 kdJ | Proportional To Conversion | 5.2326 K

Table S 7. Virtual Volume (Vv).

Time Vv (used) | Interpolation
00:00:06 | 50 ml Proportional to Vr
00:03:12 | 64 ml Proportional to Vr
02:09:08 | 72 ml Constant offset

Table S 8. Heat Transfer Coefficient (U).

Time

U (used)

UA

Calculated by

Tr

Interpolation

00:32:50

136.58 W/K*m"2

0.89142 W/K

Standard method

25.66 °C

Proportional to Vv_observed

01:32:54

135.53 W/K*m*2

0.88455 W/K

Standard method

28.73°C

Proportional to Vv_observed

02:31:40

121.72 W/K*m”2

0.86932 W/K

Standard method

28.65°C

Proportional to Vv_observed

03:31:42

117.31 W/K*m”2

0.83781 W/K

Standard method

31.67 °C

Hold value

Table S 9. Specific Heat (cpr).

Time

cpr (used)

Calculated by

Tr

Interpolation

01:02:50

4.9888 J/g*K

Standard method

26.01°C

Proportional to Mr

03:01:40

3.6180 J/g*K

Standard method

29.05°C

Hold value

Table S 10. Selected reactor inserts.

EasyMax calibration heater, C22, 10W

Pt100 temperature sensor, EasyMax, FEP-coated, 175mm

Magnetic stir bar, cross-shaped, PTFE coated, 38mm

Table S 11. Specific Heat of Reactor Inserts (Cpi).

Cpi at Min. Working Vol.

Cpi per cm

At start of experiment

10.92 J/IK

1.079 J/K*cm

Total

10.92 J/IK

1.079 J/K*cm

Table S 12. Various Parameters.

qr definition

qr_hf = gflow_hf - qc + gaccu + qdos

qdos averaged

yes

Reactor Time Constant

15s

ATad calculation

Use mr and cpr at the end of the integral
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Measurement 2

Table S 13. Integral Results.
Start End .

Trend | Name Time Time Integral Baseline Type ATad

gr_hf |1 01:56:18 | 02:12:28 | 1.2916 kJ | Proportional To Conversion | 7.0231 K
Table S 14. Virtual Volume (Vv).

Time Vv (used) | Interpolation

00:00:06 | 40 ml Proportional to Vr

00:00:50 | 52 ml Proportional to Vr

02:11:14 | 62 ml Constant offset

Table S 15. Heat Transfer Coefficient (U).

Time

U (used)

UA

Calculated by

Tr

Interpolation

00:32:50

153.69 W/K*m*2

0.86122 W/K

Standard method

22.70°C

Proportional to Vv_observed

01:32:52

157.77 W/K*m*2

0.88406 W/K

Standard method

25.67 °C

Proportional to Vv_observed

02:33:44

127.44 W/K*m”2

0.81215 W/K

Standard method

25.69 °C

Proportional to Vv_observed

03:33:46

124.53 W/K*m”2

0.79360 W/K

Standard method

28.70 °C

Hold value

Table S 16. Specific Heat (cpr).

Time

cpr (used)

Calculated by

Tr

Interpolation

01:02:50

4.5769 J/g*K

Standard method

23.05°C

Proportional to Mr

03:03:46

3.6831 JIg*K

Standard method

26.06 °C

Hold value

Table S 17. Selected reactor inserts.

EasyMax calibration heater, C22, 10W

Pt100 temperature sensor, EasyMax, FEP-coated, 175mm

Magnetic stir bar, cross-shaped, PTFE coated, 38mm

Table S 18. Specific Heat of Reactor Inserts (Cpi).

Cpi at Min. Working Vol.

Cpi per cm

At start of experiment

10.92 J/IK

1.079 J/K*cm

Total

10.92 J/IK

1.079 J/K*cm

Table S 19. Various Parameters.

qr definition

qr_hf = gflow_hf - qc + gaccu + qdos

qdos averaged

yes

Reactor Time Constant

15s

ATad calculation

Use mr and cpr at the end of the integral
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Measurement 3

Table S 20. Integral Results.
Start End .

Trend | Name Time Time Integral Baseline Type ATad

gr_hf |1 02:36:35 | 02:45:38 | 1.2466 kJ | Proportional To Conversion | 6.5174 K
Table S 21. Virtual Volume (Vv).

Time Vv (used) | Interpolation

00:00:06 | 50 ml Proportional to Vr

00:05:04 | 62 ml Proportional to Vr

02:54:44 | 72 ml Constant offset

Table S 22. Heat Transfer Coefficient (U).

Time

U (used)

UA

Calculated by

Tr

Interpolation

00:32:50

134.13 W/K*m”2

0.85474 W/K

Standard method

19.16 °C

Proportional to Vv_observed

01:32:52

135.55 W/K*m”2

0.86379 W/K

Standard method

2216 °C

Proportional to Vv_observed

03:17:16

123.17 W/K*m”2

0.87965 W/K

Standard method

2212 °C

Proportional to Vv_observed

04:17:20

123.23 W/K*m”2

0.88009 W/K

Standard method

2512°C

Hold value

Table S 23. Specific Heat (cpr).

Time

cpr (used)

Calculated by

Tr

Interpolation

01:02:50

3.9705 J/g*K

Standard method

19.59 °C

Proportional to Mr

03:47:18

3.1924 Jig*K

Standard method

22.61°C

Hold value

Table S 24. Selected reactor inserts.

EasyMax calibration heater, C22, 10W

Pt100 temperature sensor, EasyMax, glass

Magnetic stir bar, cross-shaped, PTFE coated, 38mm

Table S 25. Specific Heat of Reactor Inserts (Cpi).

Cpi at Min. Working Vol.

Cpi per cm

At start of experiment

11.43 J/IK

1.413 J/K*cm

Total

11.43 J/IK

1.413 J/K*cm

Table S 26. Various Parameters.

qr definition qr_hf = gflow_hf - qc + gaccu + qdos
qdos averaged yes
Reactor Time Constant | 15s

ATad calculation

Use mr and cpr at the end of the integral

297

S26
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Table S 27. Recipe for determination of rection energy of [NEtsMe][CI(Cl,)4.1g] with 5 Equivalents H,O.

e3. Reaction of [NEt;Me][CI(Cl,)4 1g] with 5 Equivalents H,O

# | Action/ Note / Sample ?It:‘r; ﬁ::e

1 maErtts&fe?E(&?ggf?:t:gt:ﬂTr set to 25 C and R set to 300 rpm, 00:00:00 00:00:05
2 | Ramp stirrer speed to 300 rpm over 10 sec 00:00:05 00:00:17
3 | Cool Trto 22 °C as fast as possible 00:00:05 00:01:28
4 | Wait 10 min 00:00:18 00:10:18
5 | Record virtual volume in reactor 00:19:46

6 | U-cpr-U determination with 15 min waiting time and A Tr of 3 K 00:19:46 02:04:53
7 | Cool Trto 22 °C as fast as possible 02:04:53 02:06:12
8 | Wait 20 min 02:06:12 02:26:12
9 | Add 19 ml of Water at once 02:26:12 02:56:53
10 | Wait 10 min 02:56:53 03:06:55
11 | Record virtual volume in reactor 03:07:37

Obtained Values

Table S 28. Determined values for the reaction energy of [NEt;Me][CI(Cl,),] with 5 equivalents of water.

Measurement n mass Amount of E Eson
[a] substance [kJ] [kJ mol-"]
[mol]
1 1.16 48.532 0.207 3.878 18.73
2 1.19 48.378 0.207 3.755 18.14
3 1.19 50.486 0.214 4.275 19.98
Average 1.18 49.131 0.209 3.969 18.99
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Trents

Table S 29. Color code for measured data.

Trend | Color Units
Tr °C

Tj °C
Tr-Tj K
gr_hf

Tr-Tj (K)

Figure S 33. Temperature curves and heat flow for the addition of 19 g

(Measurement 1).
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Figure S 34. Temperature curves and heat flow for the addition of 19 g Water to [NEt;Me][CI(Cl)1.16]

(Measurement 2).

30—

TeTj (K)

00:00:00

—_—

i

02:00:00

Time

03:00:00 04:00:00

60

50

40

30

(M) y71b

20

-10

Figure S 35. Temperature curves and heat flow for the addition of 19 g Water to [NEt;Me][CI(Cl2)1.16]

(Measurement 3).
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Calorimetric Calculations

Measurement 1

Table S 30. Integral Result

S.

Start End .

Trend | Name Time Time Integral Baseline Type ATad

qr_hf |1 02:26:58 | 03:05:36 | -3.8775 kJ | Proportional To Conversion | -27.174 K
Table S 31. Virtual Volume (Vv).

Time Vv (used) | Interpolation

00:00:06 | 40 ml Proportional to Vr

00:19:46 | 42 ml Proportional to Vr

03:07:38 | 60 ml Constant offset

Table S 32. Heat Transfer

Coefficient (U).

Time U (used)

UA

Calculated by

Tr

Interpolation

00:42:18 | 141.52 W/K*m”2

0.68413 W/K

Standard method

22.73°C

Proportional to Vv_observed

01:42:22 | 143.24 W/K*m”2

0.69245 W/K

Standard method

25.73°C

Proportional to Vv_observed

03:30:10 | 130.96 W/K*m"2

0.81444 W/K

Standard method

22.61°C

Proportional to Vv_observed

04:30:12 | 130.83 W/K*m"2

0.81360 W/K

Standard method

25.63°C

Hold value

Table S 33. Specific Heat (cpr).

Time cpr (used)

Calculated by Tr

Interpolation

01:12:18

1.5105 J/g*K

Standard method

23.14°C

Proportional to Mr

04:00:10

2.0394 J/g*K

Standard method

23.14°C

Hold value

Table S 34. Selected reactor inserts.

EasyMax calibration heater, C22, 10W

Pt100 temperature sensor, EasyMax, glass

Magnetic stir bar, cross-shaped, PTFE coated, 38mm

Table S 35. Specific Heat of Reactor Inserts (Cpi).

Cpi at Min. Working Vol.

Cpi per cm

At start of experiment

11.43 J/IK

1.413 J/K*cm

Total

11.43 J/IK

1.413 J/K*cm

Table S 36. Various Param

eters.

qr definition

qr_hf = gflow_hf - qc + qaccu + qdos

gdos averaged

yes

Reactor Time Constant

15s

ATad calculation

Use mr and cpr at the end of the integral
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Measurement 2

Table S 37. Integral Results.
Start End .

Trend | Name Time Time Integral Baseline Type ATad

gr_hf |1 02:23:52 | 02:53:27 | -3.7546 kJ | Proportional To Conversion | -25.811 K
Table S 38. Virtual Volume (Vv).

Time Vv (used) | Interpolation

00:00:06 | 36.92 ml Proportional to Vr

00:10:22 | 48 ml Proportional to Vr

03:22:54 | 59 ml Constant offset

Table S 39. Heat Transfer

Coefficient (U).

Time U (used)

UA

Calculated by

Tr

Interpolation

00:32:52 | 106.24 W/K*m”"2

0.56261 W/K

Standard method

22.93°C

Proportional to Vv_observed

01:33:00 | 105.77 W/K*m"2

0.56013 W/K

Standard method

25.90 °C

Proportional to Vv_observed

03:45:26 | 105.80 W/K*m"2

0.64983 W/K

Standard method

22.84 °C

Proportional to Vv_observed

04:45:28 | 106.41 W/K*m"2

0.65358 W/K

Standard method

2583 °C

Hold value

Table S 40. Specific Heat (cpr).

Time cpr (used)

Calculated by Tr

Interpolation

01:02:56

1.7326 Jig*K

Standard method

23.05°C

Proportional to Mr

04:15:24

2.2050 J/g*K

Standard method

23.05°C

Hold value

Table S 41. Selected reactor inserts.

EasyMax calibration heater, C22, 10W

Pt100 temperature sensor, EasyMax, glass

Magnetic stir bar, cross-shaped, PTFE coated, 38mm

Table S 42. Specific Heat of Reactor Inserts (Cpi).

Cpi at Min. Working Vol.

Cpi per cm

At start of experiment

11.43 J/IK

1.413 J/K*cm

Total

11.43 J/IK

1.413 J/K*cm

Table S 43. Various Param

eters.

qr definition qr_hf = gflow_hf - qc + gaccu + qdos
qdos averaged yes
Reactor Time Constant | 15s

ATad calculation

Use mr and cpr at the end of the integral
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Measurement 3

Table S 44. Integral Results.

Start End .
Trend | Name Time Time Integral Baseline Type ATad
ar_hf |1 02:19:26 | 02:41:36 | -4.2754 kJ | Proportional To Conversion | -29.055 K

Table S 45. Virtual Volume (Vv).

Time Vv (used) | Interpolation
00:00:06 | 38.77 ml Proportional to Vr
00:12:30 | 49 ml Proportional to Vr
02:47:32 | 60 ml Constant offset

Table S 46. Heat Transfer Coefficient (U).

Time U (used)

UA

Calculated by

Tr

Interpolation

00:35:02 | 147.83 W/K*m”2

0.79426 W/K

Standard method

22.63°C

Proportional to Vv_observed

01:35:06 | 150.41 W/K*m”2

0.80811 W/K

Standard method

25.62°C

Proportional to Vv_observed

03:10:04 | 146.15 W/K*m”2

0.90888 W/K

Standard method

22.57°C

Proportional to Vv_observed

04:10:06 | 145.98 W/K*m"2

0.90782 W/K

Standard method

25.55°C

Hold value

Table S 47. Specific Heat (cpr).

Time cpr (used)

Calculated by Tr

Interpolation

01:05:02

1.5571 JIg*K

Standard method

23.18 °C

Proportional to Mr

03:40:04

2.1523 J/g*K

Standard method

23.16 °C

Hold value

Table S 48. Selected reactor inserts.

EasyMax calibration heater, C22, 10W

Pt100 temperature sensor, EasyMax, glass

Magnetic stir bar, cross-shaped, PTFE coated, 38mm

Table S 49. Specific Heat of Reactor Inserts (Cpi).

Cpi at Min. Working Vol.

Cpi per cm

At start of experiment

11.43 J/IK

1.413 J/K*cm

Total

11.43 J/IK

1.413 J/K*cm

Table S 50. Various Parameters.

qr definition qr_hf = gflow_hf - qc + gaccu + qdos
gdos averaged yes
Reactor Time Constant | 15s

ATad calculation

Use mr and cpr at the end of the integral
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e4. Reaction of [NEt;Me][CI(Cl,) 6g] With 5 Equivalents H,O

Table S 51. Recipe for determination of the reaction energy for the reaction of [NEt;Me][CI(Cl,)sgs] with 5
Equivalents H,O

# | Action/ Note / Sample _?It:‘r; .IIE.ir::e

y [Sr\ﬁelér;tg&fe(]afgc(a&rgf]rltdfv(\)ntr::Ithermostat off and stirrer off, 00:00:00 00:00:05
2 | Ramp stirrer speed to 300 rpm over 10 sec 00:00:05 00:00:17
3 | Heat Trto 18.5 °C as fast as possible 00:00:06 00:00:10
4 | Wait 10 min 00:00:17 00:10:17
5 | Record virtual volume in reactor 00:11:06

6 | U-cpr-U determination with 15 min waiting time and A Tr of 3 K 00:11:07 01:56:13
7 | Add 19 g of Water at once 01:56:13 02:47:06
8 | Wait 10 min 03:18:58 03:28:58
9 | Record virtual volume in reactor 03:29:45

10 | U - cpr - U determination with 15 min waiting time and A Tr of 3 K 03:29:45 05:14:54
11 | End of experiment 05:53:49 05:53:49

Obtained Values

Table S 52. Determined values for the reaction energy of [NEt;Me][CI(Cl,),] with 5 equivalents of water.

Measurement n mass Amount of E Eson
[a] substance [kJ] [kJ mol-]
[mol]
1 1.68 56.405 0.208 7.075 34.01
2 1.67 56.292 0.208 7.701 37.02
3 1.69 56.597 0.209 7.325 35.05
Average 1.68 56.431 0.208 7.367 35.36

S33
304



8.3 Sl of Alkyl Ammonium Chloride Salts for Efficient Chlorine Storage at Ambient Conditions

Table S 53. Color code for measured data.

Trend | Color Units
Tr °C

Tj °C
Tr-Tj K
gr_hf w
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Figure S 36. Temperature curves and heat flow for the addition of 19 g Water to [NEt;Me][CI(Cl,)6s]
(Measurement 1).
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Figure S 37. Temperature curves and heat flow for the addition of 19 g Water to [NEt;Me][CI(Cl;)/gs]
(Measurement 2).
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Figure S 38. Temperature curves and heat flow for the addition of 19 g Water to [NEt;Me][CI(Cly)1 es]
(Measurement 3).
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Calorimetric Calculations

Measurement 1

Table S 54. Integral Results.

Start End .
Trend | Name Time Time Integral Baseline Type ATad
ar_hf |1 02:12:50 | 02:28:23 | -7.0751 kJ | Proportional To Conversion | -47.296 K

Table S 55. Virtual Volume (Vv).

Time Vv (used) | Interpolation
00:00:06 | 40 ml Proportional to Vr
00:01:28 | 55 ml Proportional to Vr
02:37:20 | 61 ml Constant offset

Table S 56. Heat Transfer Coefficient (U).

Time U (used)

UA

Calculated by

Tr

Interpolation

00:34:00 | 143.38 W/K*m”2

0.83650 W/K

Standard method

18.40 °C

Proportional to Vv_observed

01:34:02 | 144.87 W/K*m”2

0.84522 W/K

Standard method

21.40°C

Proportional to Vv_observed

02:59:50 | 137.40 W/K*m”2

0.86502 W/K

Standard method

21.40°C

Proportional to Vv_observed

03:59:54 | 137.72 W/K*m"2

0.86703 W/K

Standard method

24.39°C

Hold value

Table S 57. Specific Heat (cpr).

Time cpr (used)

Calculated by Tr

Interpolation

01:04:00

1.7848 J/g*K

Standard method

18.99 °C

Proportional to Mr

03:29:52

2.1370 J/g*K

Standard method

21.95°C

Hold value

Table S 58. Selected reactor inserts.

EasyMax calibration heater, C22, 10W

Pt100 temperature sensor, EasyMax, glass

Magnetic stir bar, cross-shaped, PTFE coated, 38mm

Table S 59. Specific Heat of Reactor Inserts (Cpi).

Cpi at Min. Working Vol.

Cpi per cm

At start of experiment

11.43 J/IK

1.413 J/K*cm

Total

11.43 J/IK

1.413 J/K*cm

Table S 60. Various Parameters.

qr definition qr_hf = gflow_hf - qc + gaccu + qdos
gdos averaged yes
Reactor Time Constant | 15s

ATad calculation

Use mr and cpr at the end of the integral
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Measurement 2

Table S 61. Integral Results.

Start End .
Trend | Name Time Time Integral Baseline Type ATad
gr_hf |1 02:27:43 | 02:58:21 | -7.7011 kJ | Proportional To Conversion | -49.297 K

Table S 62. Virtual Volume (Vv).

Time Vv (used) | Interpolation
00:00:06 | 40 ml Proportional to Vr
00:11:12 | 52 ml Proportional to Vr
02:58:40 | 61 ml Constant offset

Table S 63. Heat Transfer Coefficient (U).

Time U (used)

UA

Calculated by

Tr

Interpolation

00:33:44 | 132.12 W/K*m”2

0.74033 W/K

Standard method

19.22 °C

Proportional to Vv_observed

01:33:48 | 133.58 W/K*m"2

0.74851 W/K

Standard method

2222 °C

Proportional to Vv_observed

03:21:12 | 118.84 W/K*m"2

0.74818 W/K

Standard method

22.24°C

Proportional to Vv_observed

04:21:14 | 118.97 W/K*'m"2

0.74899 W/K

Standard method

25.22°C

Hold value

Table S 64. Specific Heat (cpr).

Time cpr (used)

Calculated by Tr

Interpolation

01:03:44

2.1065 J/g*K

Standard method

19.61°C

Proportional to Mr

03:51:10

2.2317 JIg*K

Standard method

22.58 °C

Hold value

Table S 65. Selected reactor inserts.

EasyMax calibration heater, C22, 10W

Pt100 temperature sensor, EasyMax, glass

Magnetic stir bar, cross-shaped, PTFE coated, 38mm

Table S 66. Specific Heat of Reactor Inserts (Cpi).

Cpi at Min. Working Vol.

Cpi per cm

At start of experiment

11.43 J/IK

1.413 J/K*cm

Total

11.43 J/IK

1.413 J/K*cm

Table S 67. Various Parameters.

qr definition

qr_hf = gflow_hf - qc + qaccu + qdos

gqdos averaged

yes

Reactor Time Constant

15s

ATad calculation

Use mr and cpr at the end of the integral
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Measurement 3

Table S 68. Integral Results.

Start End .
Trend | Name Time Time Integral Baseline Type ATad
gr_hf 02:11:47 | 02:38:52 | -7.0812 kJ Proportional To Conversion | -72.517 K
gr_hf |2 02:57:22 | 03:17:41 | -0.24401 kJ | Proportional To Conversion | -1.737 K

Table S 69. Virtual Volume (Vv).

Time Vv (used) | Interpolation
00:00:06 | 40 ml Proportional to Vr
00:11:06 | 55 ml Proportional to Vr
03:29:46 | 82 ml Constant offset

Table S 70. Heat Transfer Coefficient (U).

Time

U (used)

UA

Calculated by

Tr

Interpolation

00:33:38

129.38 W/K*m”2

0.75482 W/K

Standard method

19.18 °C

Proportional to Vv_observed

01:33:42

131.90 W/K*m*”2

0.76952 W/K

Standard method

2216 °C

Proportional to Vv_observed

03:52:18

124.17 W/K*m”2

0.98235 W/K

Standard method

22.03°C

Proportional to Vv_observed

04:52:20

124.60 W/K*m”2

0.98577 W/K

Standard method

25.03°C

Hold value

Table S 71. Specific Heat (cpr).

Time cpr (used)

Calculated by Tr

Interpolation

01:03:40

1.8779 JIg*K

Standard method

19.65 °C

Proportional to Mr

04:22:20

2.1359 Jig*K

Standard method

22.66 °C

Hold value

Table S 72. Selected reactor inserts.

EasyMax calibration heater, C22, 10W

Pt100 temperature sensor, EasyMax, glass

Magnetic stir bar, cross-shaped, PTFE coated, 38mm

Table S 73. Specific Heat of Reactor Inserts (Cpi).

Cpi at Min. Working Vol.

Cpi per cm

At start of experiment

11.43 J/IK

1.413 J/K*cm

Total

11.43 J/IK

1.413 J/K*cm

Table S 74. Various Parameters.

qr definition

qr_hf = gflow_hf - qc + gaccu + qdos

gqdos averaged

yes

Reactor Time Constant

15s

ATad calculation

Use mr and cpr at the end of the integral
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Experimental Setup

1COinlet

2 Cl, inlet

3 Pressure sensor

L 4 |R spectrometer

5 UV/Vis spectrometer

6 Gas wash bottle with
diffusor und stopcock

7 Peristaltic pump
8 Bubbler with stopcock

9 Vacuum line

Fig. S1. Experimental setup for the investigation of the reaction of Cl, with CO.
Photo Credit: Patrick VVoRnacker, FU Berlin
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=

Vakuum line

I

Diffusor

NS14 joint

Dispersion of [NEt;Me]Cl
in o-dichlorobenzene

1COinlet

2 Cl,inlet

3 Pressure sensor

4 IR spectrometer

5 UV/Vis spectrometer

6 Gas wash bottle with
diffusor und stopcock

7 Peristaltic pump
8 Bubbler
9 Vacuum pump

. Stopcock

Fig. S2. Schematic representation of the experimental setup for the investigation of the reaction of Cl, with CO.

313



8.4  SI of Novel Synthetic Pathway for the Production of Phosgene

3

Fig. S3. Experimental setup for the
Photo Credit: Patrick VVol3nacker, FU Berlin

investigation

314

of

the

dark

reaction

of C|z

with CO.



8.4 SI of Novel Synthetic Pathway for the Production of Phosgene

Detailed Quantum-Chemical Results

A first method assessment, summarized in Table S1, showed that SCS-MP?2 results deviate
by less than 5% from high-level single-point CCSD(T)//SCS-MP2 relative energies for the
intermediate complex ([IC]") with respect to free and separated CO and [Clz] ", and for the overall
electronic reaction energy (AE). MP2 single-point calculations, on the other hand, overestimate
the formation energy of the [IC]™ and the reaction energy of the products by about 10%. DFT
results with several different functionals vary appreciably. M06-2X agrees best with the SCS-MP2
results and was hence applied subsequently in the ONIOM calculations with [NEtsMe]*. Addition
of D3 dispersion corrections(55) was considered for B3LYP, M06, and M06-2X but had no
appreciable impact on any value. Neglecting solvent effects completely at SCS-MP2 level has a
dramatic destabilizing effect, reducing the relative electronic energy of the IC to —60.6 kJ/mol and
the reaction energy to —16.0 kJ/mol. The corresponding Gibbs free energies at SCS-MP2 level
(including solvent effects) are —72.8 and —81.2 kJ/mol, respectively. This means, the character of
the final Cl -abstraction step is endothermic but becomes exergonic once entropic contributions
are considered. Consequently, we will focus the main discussion in the following on free energies
in oDCB but provide also electronic energies and enthalpies for comparison.

Table S1. Calculated relative electronic energies (AE®X) for the intermediate complex [COCI;][CI] ([IC]") and the
total reaction energy for the formation of C(O)Cl; and CI-. Energies are given with respect to free separated CO and
[Cls]~ and were calculated at different levels of theory. All energies (in kJ/mol) were calculated from full structure
optimizations at the indicated levels, except for those at MP2 and CCSD(T) levels, which were obtained from single
point calculations at SCS-MP2 optimized structures. For B3LYP, M06 and M06-2X, values in parenthesis were
calculated including Grimme’s D3 dispersion correction. Implicit solvent effects by ortho-dichlorobenzene were
considered through the use of a polarizable continuum model (PCM).

SCS-MP2 ssMP2 s»CCSD(T) B3LYP-D3

[1cr -99.8 -112.8 -97.4 -76.4(-81.2)

total reaction -94.0 -104.9 -90.3 —74.0(-75.7)
M06-D3 M06-2X-D3 PBEO
[1cr -106.3(-106.4) -101.3(-101.5) -121.4
total reaction —100.5(-100.3) -93.8 (-93.7) -116.5

Table S2 and Fig. S4 show characteristic energies and free energies along the reaction path,
calculated with different models. Considering only energies or enthalpies (AESS_ppa OF

AHZ2S) - p12), CO and [Cls]~ form a weakly bound encounter complex ([EC]") ata C-Cl distance

of about 3.4 A, which is, however, not stable on the free energy surface at room temperature

(AG sy riz)- When CO and [Cls]” get closer, one CI-CI bond is cleaved, forming a transition

state ([TS]") with a relative free energy (AGg sy ryoriz ) Of +57 kiimol (omitting the counter-ion)

or +78 kJ/mol (including one explicit cation). From there, energies would suggest formation of a
stable [COCL][CI]™ intermediate complex ([IC]"), with a structure very similar to that of the
products, namely one chloride ion weakly bound to a phosgene molecule. In the phosgene moiety
the C-O and C-Cl distances deviate by less than 0.012 A from the equilibrium structure of isolated
COCl. However, due to entropic reasons, this [IC]™ dissociates without any free-energy barrier

into the final products COCI; and [CI]™, and in total, the reaction is favorable by about 60 kJ/mol
(AGZ98.15K,0DCB)
ccSD(T)—-F12 7

315



8.4  SI of Novel Synthetic Pathway for the Production of Phosgene

Both the encounter complex [EC]™ and the intermediate complex [IC]™ are stable on the
potential-energy surface, even after adding ZPE. But they are disfavored entropically and by
solvent effects and do not exist on the free-energy surface in solution.

Table S2. Calculated characteristic energies and free energies along the reaction path. Relative energies (in kJ/mol)
with respect to isolated CO and [Cls]~ of the [CO][Cls]~ encounter complex ([EC]"), the transition state ([TS]"), the
intermediate [COCI,][CI]~ complex ([IC]"), and the overall total reaction energy are gvien. Where indicated,
complexes of the anions [EC]~, [TS], [IC], [Cls]” and CI~ with the [NEtsMe]* cation were modeled. All calculations
were performed for isolated anions/ion pairs; solvent effects were included a posteriori. The energy contributions are
the total electronic energies at SCS-MP2 level (AE2_,,p,); the correction for higher order electron correlation

effects at CCSD(T)-F12 level (Agcespery-r12); the zero point energy correction (Agzpg); thermal corrections for
); the enthalpy at 298.15 K (4H
Ag2B15KY- entropic contributions at 298.15 K (—TAS); the free energy of solvation contribution (AG cosmo—gs), and

298.15 K (AgZ)815K

therm.

298.15K,0DCB = AH

the resulting Gibbs free energy for 298.15 K (AG¢csp(ry-r12

298.15K
CCSD(T)-F12

298.15K
CCSD(T)-F12

= AEYEs_yp2 + Agcespry-r12 + A€zpp +

+ AGcosmo-rs) When summing up

all terms.
AESEs_yp2 Agcespry-r1z | A&zp AgZpe K
[EC]” -11.3 +1.0 +0.5 -3.0
[TS]” +67.3 -3.3 +2.4 -2.1
[1IC]” —68.5 +8.6 +10.3 -4.0
total reaction -21.8 +9.5 +9.3 -39
AHZR50-p12 | —TAS AGcosmo-rs A G%‘Z‘}ﬁfﬁ"_”p’ff
[EC]” -12.8 +29.5 -14.7 +2.0
[TS]” +64.3 +28.8 —36.2 +56.9
[1IC]~ —53.6 +34.9 -33.8 —-52.5
total reaction —6.9 +8.6 —-61.1 —-59.4
AES_ vip2 Agccspry-r1z | A&zpg Agfporm’
[EC][NEtsMe]* | 9.7 +0.6 +1.0 -1.8
[TS][NEtsMe]* | +37.1 -4.1 +3.4 3.7
[IC]'[NEtsMe]* | —95.1 +8.8 +9.5 2.1
total reaction —61.3 +9.3 +7.1 —5.5
AH ?Zgéf’r'g -r1z | —TAS AGcosmo-rs 4 G%‘Zﬁﬁ?ﬁ’f?ff
[EC]'[NEtsMe]* | —9.9 +37.5 -8.0 +19.6
[TS]'[NEtsMe]* | +32.7 +44.8 +0.1 +77.6
[IC] [NEtsMe]* | -78.9 +24.1 -12.0 —56.8
total reaction -50.4 2.2 -10.4 —63.0
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100 [TsIF
[
80
60
40
S 20
€
=
E €O + [CLL] c(o)cl, +cI-
20
5 0
[ e}
(]
()
=
©
] -20 o
| AESCS—MPZ
1 [ | 0K
-40 AECCSD(T)—FlZ
| 298.15K
AH¢cspiry-F12
-60 -— 298.15K
W AGicsp(ry-rFiz
S 298.15K,0DCB -
AG(:CSD(T)—Flz for [A]
-80
W AGlosp(ry iz Tor [AIINEt;Me]*
-100

Fig. S4. Calculated reaction path for the reaction of CO and [Cls] . Relative energies and free energies (in kJ/mol)
with respect to isolated CO and [Cls]™ of the [CO][Cls]~ encounter complex ([EC]Y), the transition state ([TS]"), the
intermediate [COCI2][CI]™ complex ([IC]"), and the products C(O)Cl, and CI~. All calculations were performed for
isolated anions/ion pairs; solvent effects were included a posteriori. Reaction profiles are derived from the total
electronic energy at SCS-MP2 level (AEX;_,p2: black), including higher-order electron correlation effects at
CCSD(T)-F12 level (AE‘C"C‘SD(T)_F12 = AEYs_ yp2 + Agcespr-r12; Orange), including zero point energy
correction and thermal corrections for 298.15 K (AHZ¢sp it -r12 = AEtsp(ry_r12 + A&zpp + Ao’ yellow),

therm.

including entropic contributions to the Gibbs free energy for 298.15 K (AG2&sp(ry_r12 = AHzeapiry-p12 — TAS;

green), including solvent effects for orthodichlorobenzene calculated with COSMO-RS but no cations

(AGEosntrptz Tor [A]; blue), and including one explicit [NEtsMe]* cation for each anion (AGZesp ry pia fOr

CCSD(T)-F12
[A] [NEt:Me]*; violet).

The cation and the solvent complement each other in stabilizing the anionic species. That is,
solvent effects are diminished when a cation is included in the computations, as one might expect.
The cation reduces the electronic contribution to the barrier by about 30 kJ mol but at the same
time increases the entropic barrier by about 15 kJ mol and the solvent contribution by about 24
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kJ mol~t. A moderate overall increase of the free-energy barrier by about 20 kJ mol results. We
note, however, that these reaction steps likely do not occur in the organic phase but in the IL phase
or at the interface between the two phases (see below). In that sense, the employed solvent model
and the single counter-ion only approximate the true environmental effects.

The distribution of the involved stable species between the oDCB and the IL phase was
investigated by COSMO-RS calculations of the equilibrium mole fractions (Table S3). While the
gaseous compounds (CO, Clz, COCI,) have a decent to clear preference for the organic phase, all
ionic species, including the chloride ion, prefer almost exclusively the IL phase. Even contact ion
pairs of [NEtsMe][Clz] clearly prefer the IL phase. Since the [IC]™ intermediate shows a very clear
preference for the IL phase as well, the reaction most likely takes place in the IL or at the interface
between both phases, while gaseous CO and COCI> move to or from the IL through the organic
phase. This is in agreement with the experimental finding that the reaction takes place in the pure
ionic liquid as well.

Table S3. Equilibrium mole fractions of various compounds in the organic (phase 1) and the IL phase (phase 2),
calculated at the COSMO-RS level, as well as the ratio of the two molar fractions. The equilibrium was calculated
starting from a pure oDCB phase and an IL phase containing equal parts of [NEtsMe]* and [Cls]~ (x0=0.49455984)
and all other compounds, respectively (xo=0.00098912).

Compound x in phase 1 (0DCB) x in phase 2 (IL) X1/X2
CO 0.00089679 0.00018638 4.8
Clz 0.00093889 0.00012016 7.8
COCl2 0.00096326 0.00008484 11.4
Cl- 0.00000001 0.00073359 1.4-10°
[Cls] 0.00019333 0.47089775 41-10*
[NEtsMe]* 0.00019421 0.47283414 41-10*
[NEtsMe]* [Cls] 0.00012376 0.00130763 9.5-107
IC 0.00000087 0.00120280 7.2-10%
oDCB 0.99668887 0.05263270 18.9
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Molecular Structures

Cartesian coordinates (in Angstrém) from optimizations at SCS-MP2/aug-cc-pVTZ level for
all systems without [NEtzMe]" or with ONIOM (SCS-MP2/aug-cc-pVTZ:M06-2X/cc-pVTZ) for
all systems with [NEtsMe]*. No solvent models were applied during the optimizations. Each line
refers to one atom, containing: a continuous number, the atomic number and the X, y, and z
coordinate in an arbitrary three-dimensional Cartesian coordinate system.

carbon monoxide --- CO
1 6 0.000000 0.000000 0.000000
2 8 1.136400 0.000000 0.000000

trichloride --- [Cl3]~
1 17 0.000000 0.000000 0.000000
2 17 2.317300 0.000000 0.000000
3 17 -2.317300 0.000000 0.000000
phosgene --- C(0)Cl,
1 17 1.447090 -0.483050 -0.000002

2 17 -1.447090 -0.483050 -0.000002
3 6 -0.000000 0.496780 0.000023
4 8 0.000000 1.680375 -0.000008

encounter complex (
1 6 1.686805

Cl7) --- COI[Cls3]~
061250 0.656033

[E
2.
2 8 1.773912 2.215708 -0.467011
317 -2.597394 0.335838 -0.002855
4 17 -0.483791 -0.596151 -0.003088
517 1.651060 -1.509874 -0.005828
transition state ([TS]") --- [ClO(C)Cl2]-
1 6 1.237324 -1.039218 -0.000000
2 8 2.261997 -1.549988 -0.000000
3 17 -0.940758 2.941711 0.000000
4 17 -0.000000 1.078018 0.000000
5 17 -0.560414 -2.923539 -0.000000
intermediate complex ([IC]") --- C(O)Cl.[Cl]~
1 17 -0.453801 -2.450094 0.000000
2 17 0.000000 0.435316 0.000000
3 6 -1.186389 -0.802977 0.000000
4 8 -2.369686 -0.678641 0.000000
517 1.987673 2.617542 0.000000
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cation-chloride-pair --- [NEtsMe]*Cl-
1 7 0.828370 -0.001430 0.004410
2 6 2.310567 -0.007764 0.017571
3 1 2.676670 -0.321818 -0.9553506
4 1 2.657979 -0.698760 0.780010
5 1 2.671099 0.992367 0.239271
6 6 0.308666 -1.373336 -0.390532
7 6 0.451447 -1.703856 -1.862555
8 1 1.464027 -1.580218 -2.247698
9 1 -0.240954 -1.121262 -2.465490
10 1 0.182066 -2.751679 -1.984362
11 1 0.858873 -2.083194 0.224156
12 1 -0.749858 -1.363844 -0.1186064
13 6 0.323391 1.026045 -0.994239
14 6 0.452825 2.465889 -0.540635
15 1 1.458761 2.741932 -0.222942
l6 1 -0.255388 2.692415 0.252518
17 1 0.195714 3.094491 -1.391564
18 1 0.890078 0.851180 -1.906697
19 1 -0.731940 0.783425 -1.140890
20 o6 0.302489 0.349277 1.385770
21 o6 0.413291 -0.764488 2.407172
22 1 -0.299978 -1.558773 2.200699
23 1 0.151509 -0.339521 3.374822
24 1 1.414309 -1.187044 2.496767
25 1 0.866426 1.225537 1.699764
26 1 -0.750160 0.599678 1.233668
27 17 -2.684346 0.004970 -0.013776
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cation-trichloride-pair --- [NEt3:Me]*[Cl3]~
1 7 1.856939 0.000276 -0.174425
2 6 3.285138 0.000570 -0.582528
3 1 3.771014 -0.885670 -0.186217
4 1 3.770808 0.886697 -0.185717
5 1 3.340061 0.000883 -1.668021
6 6 1.804613 -0.000041 1.333555
7 6 0.407493 -0.0001806 1.911838
8 1 -0.163296 0.881507 1.620913
9 1 0.500623 -0.000510 2.997188
10 1 -0.163339 -0.881675 1.620375
11 1 2.365566 -0.877965 1.648299
12 1 2.365548 0.877763 1.648670
13 6 1.157793 1.214337 -0.759100
14 6 1.566320 2.547804 -0.174305
15 1 1.017410 3.309273 -0.725768
l6e 1 2.630654 2.761369 -0.268191
17 1 1.261040 2.642805 0.865848
18 1 1.362143 1.170174 -1.828378
19 1 0.092277 1.063894 -0.613535
20 6 1.158160 -1.213757 -0.759684
21 6 1.566524 -2.547317 -0.174991
22 1 2.631008 -2.760557 -0.267968
23 1 1.018300 -3.308733 -0.7272006
24 1 1.260267 -2.642760 0.864837
25 1 0.092547 -1.063489 -0.614589
26 1 1.363060 -1.169333 -1.828845

27 17 -2.055815 2.302612 -0.099079
28 17 -2.195042 -0.000183 -0.149172
29 17 -2.054468 -2.303257 -0.098775

321



8.4  SI of Novel Synthetic Pathway for the Production of Phosgene

cation-encounter-complex-pair --- [NEtsMe]*[EC]~
1 6 1.816408 1.025532 -1.123072
2 7 1.823485 0.033561 -0.004280
3 6 0.977803 0.561889 1.140960
4 6 1.345285 1.951596 1.617253
5 6 1.194809 -1.237828 -0.540549
6 6 1.015353 -2.345338 0.472978
7 6 3.223839 -0.203534 0.488392
8 6 4.148006 -0.884039 -0.502045
9 17 -1.886340 0.395388 -0.9324061
10 17 -1.346852 2.642290 -0.585514
11 17 -2.200836 -1.846225 -1.160288
12 1 2.429812 1.878493 -0.847905
13 1 0.789403 1.347988 -1.289782
14 1 2.215136 0.550500 -2.013978
15 1 1.952347 -2.662952 0.932099
16 1 0.591912 -3.194481 -0.060652
17 1 0.297561 -2.074910 1.244234
18 1 0.230660 -0.945332 -0.946266
19 1 1.825773 -1.556319 -1.366835
20 1 4.200753 -0.352675 -1.450637
21 1 3.862536 -1.916699 -0.689910
22 1 5.149668 -0.891451 -0.075610
23 1 3.615570 0.772967 0.760947
24 1 3.135944 -0.793304 1.398612
25 1 1.169392 2.698631 0.847276
206 1 2.363583 2.024753 1.997153
27 1 0.669782 2.190182 2.437483
28 1 -0.047383 0.550752 0.779190
29 1 1.073363 -0.165028 1.943566
30 6 —-2.084603 -0.804885 2.292375
31 8 —-3.2160642 -0.791388 2.360462
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cation-transition state-pair --- [NEt3Me]*[TS]-
1 6 -0.994615 -0.808380 -1.493237
2 7 0.068441 -0.415770 -0.519753
3 6 0.121801 1.099510 -0.418132
4 6 0.276936 1.829650 -1.736117
5 6 -0.339283 -0.965895 0.834967
6 6 0.681158 -0.7649306 1.935334
7 6 1.407971 -0.935465 -0.953234
8 6 1.529155 -2.4465506 -0.976242
9 17 -0.786860 2.625886 2.517084
10 17 -3.248863 0.962484 0.454727
11 17 1.372789 2.932226 2.476965
12 1 -0.676573 -0.532128 -2.494410
13 1 -1.910683 -0.289258 -1.209052
14 1 -1.144075 -1.881978 -1.435376
15 1 1.604317 -1.318124 1.762974
16 1 0.240329 -1.144066 2.856238
17 1 0.919449 0.282997 2.104905
18 1 -1.284888 -0.47118¢6 1.062253
19 1 -0.539456 -2.024418 0.679963
20 1 0.810929 -2.908200 -1.650833
21 1 1.416221 -2.884793 0.013090
22 1 2.524932 -2.698817 -1.337003
23 1 1.5849260 -0.528859 -1.945818
24 1 2.140610 -0.497954 -0.278044
25 1 -0.603398 1.723973 -2.366529
26 1 1.165521 1.543747 -2.297414
27 1 0.374528 2.887139 -1.49442¢6
28 1 -0.817631 1.384253 0.052429
29 1 0.9450098 1.332214 0.252712
30 6 —-2.914772 2.355341 2.558150
31 8 —-3.925002 2.555809 3.042568
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cation-intermediate complex-pair --- [NEt:Me]*[IC]-
1 6 -2.584915 -2.121630 -0.072786
2 7 -2.046890 -0.741211 -0.023410
3 6 —-3.049250 0.183269 0.644590
4 6 —-4.248097 0.542401 -0.2097406
5 6 -1.769945 -0.241610 -1.430947
6 6 —-0.544908 -0.845974 -2.087505
7 6 —-0.751645 -0.714366 0.766831
8 6 —-0.9104006 -0.872015 2.264996
9 17 -0.784120 2.584984 0.079077
10 1 -2.738850 -2.482563 0.939762
11 1 -1.875851 -2.764257 -0.586090
12 1 -3.530225 -2.118421 -0.607412
13 1 -1.469038 -1.760870 2.558723
14 1 -1.364884 0.008371 2.712959
15 1 0.091952 -0.965600 2.681078
le 1 -0.135621 -1.511337 0.356089
17 1 -0.310376 0.258655 0.544706
18 1 -4.775562 -0.321582 -0.614610
19 1 -3.968693 1.211674 -1.019856
20 1 —4.947243 1.081676 0.427270
21 1 -3.357869 -0.327791 1.554521
22 1 -2.486681 1.0878061 0.885151
23 1 0.371686 -0.488100 -1.623562
24 1 -0.536857 -0.509989 -3.123184
25 1 -0.541875 -1.936227 -2.097708
26 1 -2.668223 -0.463559 -2.003645
27 1 -1.637513 0.837809 -1.328595
28 17 2.263094 1.233042 -0.0179606
29 6 3.539237 0.072422 -0.011595
30 17 2.905561 -1.587926 0.032101
31 8 4.699054 0.303255 -0.032419
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Spectra
[NEtsMe][Cls] + CO (bulk)
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Fig. S5. Raman spectrum of purified COCI, obtained from the reaction of [NEtzsMe][Cls] + CO in oDCB.
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Fig. S6. Gas-phase IR spectrum of purified COCI, obtained from the reaction of [NEtsMe][Cls] + CO in oDCB.
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Fig. S7. Gas-phase IR spectrum of purified COCI; obtained from the reaction of Cl, + CO in oDCB catalyzed by

3.5 mol% [NEtsMe]Cl.
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Fig. S8. Raman spectrum of [NEtsMe][CI(Cl,)1.45]
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Fig. S9. Time-dependent gas-phase IR spectra of the gaseous constituents obtained from the reaction of [NEtsMe]Cl
+ CO + Cl,. Spectra were recorded after 0, 6, 11, 16, 21, 26, 31, 36, 41, 46, 51, 56, 61, 66, 71, 76, 81, 86, 91, 96, 101,
106, 111, 116, 121, 126, 131, 136, 141, 184, 191, 196, 201, 206, 211, 216, 221, 226 min.
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Fig. S10. Time-dependent integrated gas-phase IR absorbances for the CO stretching bands of CO (black line, 1995
— 2250 cm™) and COCl, (red line, 1760 — 1885 cm™) taken for the reaction of [NEtsMe]Cl + CO + Cl; at reaction
times between 0 and 226 min.
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Fig. S11. Gas-phase IR spectra of the gaseous constituents obtained in the reaction of [NEtsMe]Cl + CO + Cl, after a
reaction time of 0 (black spectrum) and 226 min (red spectrum), respectively.
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Fig. S12. Time-dependent gas-phase IR spectra of the gaseous constituents obtained from the reaction of
[NEtsMe][Cls] + CO. Spectra were recorded after 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85 98,
103, 108, 113, 123, 128, 133, 138, 144, 154, 164, 174, 184, 194, 204, 214, 224 min.
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Fig. S13. Time-dependent integrated gas-phase IR absorbances for the CO stretching bands of CO (black line, 1995
— 2250 cm™) and COCI, (red line, 1760 — 1885 cm™) taken for the reaction of [NEtsMe][Cls] + CO at reaction times
between 0 and 224 min.
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Fig. S14. Gas-phase IR spectra of the gaseous constituents obtained from the reaction of [NEtsMe][Cls] + CO and at
reaction times of 0 (black spectrum) and 224 min (red spectrum), respectively.
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Fig. S15. Time-dependent gas-phase IR spectra of the gaseous constituents obtained from the reaction of [NEt:]CI +
CO + Cl,. Spectra were recorded after 0, 1, 6, 11, 21, 27, 32, 37, 42, 47, 52, 65, 77, 137, 197, 257, 317, 377, 437, 497,
558, 628 min.

335



8.4  SI of Novel Synthetic Pathway for the Production of Phosgene

120 -

< 100 A

e

O,

8

S 80

©

o]

[ -

2

_Q 60_

(4M]

5

QL

®  40-

(@))

9

£
20
0_

Integrated absorbance CO (1995 - 2250 cm™)
Integrated absorbance COCI, (1760 - 1885 cm™)

0

I 1 I I
300 400 500 600

Time [min]

I I
100 200

Fig. S16. Time-dependent integrated gas-phase IR absorbances for the CO stretching bands of CO (black line, 1995
— 2250 cm™) and COClI, (red line, 1760 — 1885 cm™) taken for the reaction of [NEts]CI + CO + Cl; at reaction times

0 and 628.
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Fig. S17. Gas-phase IR spectra of the gaseous constituents obtained in the reaction of [NEts]CI + CO + Cl, at reaction
times of 0 and 628, respectively.
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Fig. S18. Time-dependent gas-phase IR spectra of the gaseous constituents obtained from the reaction of Cl, + CO.
Spectra were recorded after 0, 4, 9, 14, 18, 19, 34, 49, 64, 79, 94, 109, 124, 139, 154, 261, 262, 323, 384, 445, 506,

567, 628, 689, 750, 811 min.
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Fig. S19. Time-dependent integrated gas-phase IR absorbances for the CO stretching bands of CO (black line, 1995
— 2250 cm™) and COCI; (red line, 1760 — 1885 cm™) taken for the reaction CO + Cl, at reaction times 0 and 628.

339



8.4  SI of Novel Synthetic Pathway for the Production of Phosgene

1.2 -

1.0 +

0.8

0.6 -

Absorbance

0.4

0.2 1

0.0 4

— Start

— After 811 min co

HCI CO;

' | ' ] v I
4000 3000 2000 1000

Wavenunber [cm™]

Fig. S20. Gas-phase IR spectra of the gaseous constituents obtained in the reaction of CO + Cl, at reaction times of
0 and 811 min, respectively.
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Fig. S21. Gas-phase IR spectra of the gaseous constituents obtained in the reaction of CO + Cl; at reaction times of
0 and 125 min, respectively, with continuous UV/Vis measurements.
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Comparison of the COCI, formation using different catalyst systems as well as the uncatalysed
reaction
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Fig. S22. Comparison of the COCI, formation using different catalyst systems. The concentration of COCI; is
estimated by integrating the IR absorbance of the carbonyl stretching vibration of COCI, (1760 — 1885 cm™). The
following conditions were used: dashed - dotted line: [NEtsMe][CI(Cl2)150] (0.783 g, 3.033 mmol [NEtsMe]Cl + 4.555
mmol Cl,), 20 mL oDCB, 1000 mbar CO (22.32 mmol); dashed line: [NEtsMe]Cl (0.460 g, 3.033 mmol), 20 mL
oDCB, 1000 mbar CO (22.32 mmol), and 208 mbar Cl, (4.65 mmol); dotted line: [NEt4]CI (0.230 g, 1.393 mmol),
850 mbar CO (20.20 mmol), 150 mbar Cl, (3.530 mmol); continuous line: 850 mbar CO (20.20 mmol, 150 mbar Cl,
(3.53 mmol) in 20 mL oDCB (under exclusion of light). See Materials and Methods for detailed description.
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Fig. S23. Gas-phase IR spectra of the gaseous constituents obtained during the reaction of [NEtzsMe]Cl + Cl, + CHa.
Spectra were recorded after 0, 3, 6, 9, 12, 15, 19, 22, 25, 28, 39, 40, 100, 161, 221, 282, 342, 403, 363, 524 min.
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Fig. S24. Comparison of the gas-phase IR spectrum of the crude reaction product obtained from the reaction PhNH,
+ COCI; (black) with the gas-phase IR spectrum of neat phenyl isocyante (red). (56)
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Fig. S25. Vapor pressure of pristine [NEtsMe][CI(Cl;)«] depending on x.
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Half-life time estimation for the reaction of [NEtsMe]Cls and CO in oDCB
Description of the procedure

The half-life time for the CO consumption of the reaction of [NEtzMe]Cls with CO in oDCB,
was estimated in three different experiments, carried out under similar conditions and amount of
starting materials (see table S1), but different reaction times. The reaction was carried out as
followed:

[NEtsMe]Cl was loaded into a 250 mL Schlenk flask, dried in vacuo at 150 °C for 1 hour and
suspended in 10 mL dry o-Dichlorobenzene (0DCB). The solution was degassed and chlorine was
added until the system retained a pressure of 200 mbar. 800 mbar of CO were added to the flask
and the reaction mixture was stirred, under the exclusion of light, for 62, 202 and 1000 min,
respectively. CO was then removed from the reaction mixture by freeze-pump-thaw-degassing
(CO is the only reactant with a residual vapor pressure at a temperature of —196 °C). To determine
the amount of consumed CO the flask was weighted bevor and after the degassing.

Table S4. Amount of chemicals used in the reactions.

Batch 1 2 3
m([NEtsMe]ClI) [mg] 369 363 360
n([NEtsMe]Cl) 2.43 2.39 2.37

[mmol]

m(Cl2) [mg] 551 560 567
n(Cl2) [mmol] 7.77 7.90 8.00
m(CO) [mg] 241 248 247
n(CO) [mg] 8.60 8.85 8.82
m(CO (used)) [mg] 27 94 190
m(CO (left)) [mg] 214 154 57
n(CO (left)) [mmol] 7.64 5.50 2.04
reaction time [min] 62 202 1000

The uncertainties of measured masses and reaction times are estimated to be +5 mg (due to
residual grease from the joints) and +£5 min, respectively. The following error propagation is
assumed:

Sm = on = (%) (1)
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For plotting 1/ amount of substance vs. time a linear correlation was obtained indicating a
second order reaction. Therefore the expression for the time dependence of the concentration for
a second order reaction was used (assuming that [CO]o=[Cl2]o):

1
—_—= + kt (2)
[CO]  [COlo
The half-life of a second order reaction is given by:

1

tijz = [CO], - k (3)

and using a linear fit (see Fig. S25) k was determined to be (0.38 + 0.01) mol™* min and t
was determined to be (287 £ 14) min.

347



8.4  SI of Novel Synthetic Pathway for the Production of Phosgene

I
o
—
[72]

600

A o)
o o
o o
] ]

1 / Amount of substance [mol™"]
S
o
]

Equation y=a+b*x

Plot |

Weight No Weighting
Intercept 109.14037 + 3.17228
Slope 0.38128 + 0.00621
Residual Sum of Squares 49.72496
Pearson's r 0.99974
R-Square (COD) 0.99947

Adj. R-Square 0.99921

' I
0 200

Fig. S26. Plot of 1 / n(CO) vs time.

|
400

|
600

Time [min]

348

|
800

1
1000



8.4  SI of Novel Synthetic Pathway for the Production of Phosgene

0.009 —
0.008
0.007 —
0.006 ~
0.005 —

0.004

Amount of substance [mol]
S
&
|

0.002 +

0.001

' I
0 200

Fig. S27. Plot of n(CO) vs time

| ' I
400 600
Time [min]

349

|
800

I
1000



8.4 SI of Novel Synthetic Pathway for the Production of Phosgene

Interpretation of the obtained values

Some rather harsh assumption had to be made to obtain the values described above. The
reaction between [NEt:Me][Cls] and CO takes place in a rather complicated reaction media
consisting of three phase (gas phase (Cl, and CO), oDCB solution (solved Clz, maybe small
amounts of [Clz]~and CO) and the [NEtsMe][Cls] ionic liquid phase). It is not completely clear in
which phase the reaction takes place but it is most likely that small amounts of CO dissolve in
[NEtsMe][Cls] and react there. In this system the [Clz]~ will be in large excess over the CO which
makes the assumption that n (CO) ~ n (ClI>) rather unprecise. If the mixing of the reactants is fast
the concentration of CO in [NEtsMe][Clz] should be nearly constant and should only slowly
decrease when the partial pressure of CO in the gas phase decreases. Additionally, the
concentration of [Cls]~ will also stay rather constant since consumed Cl, will be replaced by Cl»
from dissolved Cl, from the oDCB phase or from the gas phase. Due to this many equilibria
between the phases a rather complex kinetic can be expected. Nevertheless, the plot of 1/ n(CO)
vs t shows a rather good linear behavior and at least the determined ti» of (287 £ 14) min (for this
defined system) can be used as a good estimate for the speed of the reaction. A half-life of ca. 5 h
also correlates well to the observed reaction time of ca. 2 days for a full conversion of the Cl. to
COCl.
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Movie S1. Synthesis and handling of [NEtsMe][CI(Cl)1.45]

351



8.4 SI of Novel Synthetic Pathway for the Production of Phosgene

REFERENCES AND NOTES

1. J. Davy, VI. On a gaseous compound of carbonic oxide and chlorine. Phil. Trans. R. Soc. 102, 144—
151 (1812).

2. L. Cotarca, C. Lange, K. Meurer, J. Pauluhn, Ullmann’s Encyclopedia of Industrial Chemistry
(Phosgene, 2019), pp. 1-30.

3. G. E. Rossi, J. M. Winfield, N. Meyer, D. H. Jones, R. H. Carr, D. Lennon, Phosgene formation via
carbon monoxide and dichlorine reaction over an activated carbon catalyst: Towards a reaction
model. Appl. Catal. Gen. 609, 117900 (2021).

4. N. K. Gupta, A. Pashigreva, E. A. Pidko, E. J. M. Hensen, L. Mleczko, S. Roggan, E. E. Ember, J. A.
Lercher, Bent carbon surface moieties as active sites on carbon catalysts for phosgene synthesis.
Angew. Chem. Int. Ed. 55, 1728-1732 (2016).

5. N. K. Gupta, B. Peng, G. L. Haller, E. E. Ember, J. A. Lercher, Nitrogen modified carbon nano-
materials as stable catalysts for phosgene synthesis. ACS Catal. 6, 5843-5855 (2016).

6. G. E. Rossi, J. M. Winfield, C. J. Mitchell, N. Meyer, D. H. Jones, R. H. Carr, D. Lennon, Phosgene
formation via carbon monoxide and dichlorine reaction over an activated carbon catalyst: Reaction
kinetics and mass balance relationships. Appl. Catal. Gen. 602, 117688 (2020).

7. C. J. Mitchell, W. van der Borden, K. van der Velde, M. Smit, R. Scheringa, K. Ahrika, D. H. Jones,
Selection of carbon catalysts for the industrial manufacture of phosgene. Cat. Sci. Technol. 2, 2109
(2012).

8. S. K. Ajmera, M. W. Losey, K. F. Jensen, M. A. Schmidt, Microfabricated packed-bed reactor for
phosgene synthesis. AIChE J. 47, 1639-1647 (2001).

©

. L. Khachatryan, B. Dellinger, Formation of chlorinated hydrocarbons from the reaction of chlorine
atoms and activated carbon. Chemosphere 52, 709-716 (2003).

10. K. Sonnenberg, L. Mann, F. A. Redeker, B. Schmidt, S. Riedel, Polyhalogen and polyinterhalogen
anions from fluorine to iodine. Angew. Chem. Int. Ed. 59, 5464-5493 (2020).

352



11.

12.

13.

14.

15.

16.

17.

8.4 SI of Novel Synthetic Pathway for the Production of Phosgene

H. Keil, D. Sonnenberg, C. Miller, R. Herbst-Irmer, H. Beckers, S. Riedel, D. Stalke, Insights in the
topology and the formation of a genuine ppc bond: Experimental and computed electron densities in

mono anionic trichlorine [Cls] . Angew. Chem. 60, 2569-2573 (2020).

M. Paven, Y. Schiesser, R. Weber, G. Langstein, V. Trieu, S. Hasenstab-Riedel, N. Schwarze, S.
Steinhauer, Storage medium and a method of separating, storage and transportation of chlorine
derived from chlorine-containing gases, W02019215037A1 (2018).

S. Grimme, Improved second-order Mgller—Plesset perturbation theory by separate scaling of

parallel- and antiparallel-spin pair correlation energies. J. Chem. Phys. 118, 9095-9102 (2003).

S. Dapprich, I. Komaromi, K.S. Byun, K. Morokuma, M. J. Frisch, A new ONIOM implementation
in Gaussian98. Part I. The calculation of energies, gradients, vibrational frequencies and electric
field derivatives. J. Mol. Struct. 461-462, 1-21 (1999).

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G.
Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V. Marenich, J. Bloino,
B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L.
Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng, A. Petrone, T.
Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, M.
Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai,
T. Vreven, K. Throssell, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark, J. J. Heyd,
E. N. Brothers, K. N. Kudin, V. N. Staroverov, T. A. Keith, R. Kobayashi, J. Normand, K.
Raghavachari, A. P. Rendell, J. C. Burant, S. S. lyengar, J. Tomasi, M. Cossi, J. M. Millam, M.
Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B.

Foresman, and D. J. Fox, Gaussian 16 (Gaussian Inc., 2016).

H.-J. Werner, P. J. Knowles, G. Knizia, F. R. Manby, M. Schiitz, Molpro: A general-purpose
qguantum chemistry program package. WIREs Comput. Mol. Sci. 2, 242-253 (2012).

H.-J. Werner, P. J. Knowles, G. Knizia, F. R. Manby, M. Schitz, P. Celani, W. Gyorffy, 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.

353



18.

19.

20.

21.

22.

23.

24,

25.

8.4 SI of Novel Synthetic Pathway for the Production of Phosgene

Goll, C. Hampel, A. Hesselmann, G. Hetzer, T. Hrenar, G. Jansen, C. Koppl, 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 I1l, M. E. Mura,
A. Nicklass, D. P. O’Neill, P. Palmieri, D. Peng, K. Pfliiger, R. Pitzer, M. Reiher, T. Shiozaki, H.

Stoll, A. J. Stone, R. Tarroni, T. Thorsteinsson, M. Wang, M. Welborn, MOLPRO, version 2019.2, a

package of ab initio programs.

T. H. Dunning Jr, Gaussian basis sets for use in correlated molecular calculations. I. The atoms
boron through neon and hydrogen. J. Chem. Phys. 90, 1007-1023 (1989).

R. A. Kendall, T. H. Dunning, R. J. Harrison, Electron affinities of the first-row atoms revisited.
Systematic basis sets and wave functions. J. Chem. Phys. 96, 67966806 (1992).

D. E. Woon, T. H. Dunning Jr, Gaussian basis sets for use in correlated molecular calculations. I1I.
The atoms aluminum through argon. J. Chem. Phys. 98, 1358-1371 (1993).

F. Weigend, A fully direct RI-HF algorithm: Implementation, optimised auxiliary basis sets,
demonstration of accuracy and efficiency. Phys. Chem. Chem. Phys. 4, 4285-4291 (2002).

S. Miertus, E. Scrocco, J. Tomasi, Electrostatic interaction of a solute with a continuum. A direct
utilizaion of AB initio molecular potentials for the prevision of solvent effects. Chem. Phys. 55,
117-129 (1981).

S. Miertus, J. Tomasi, Approximate evaluations of the electrostatic free energy and internal energy
changes in solution processes. Chem. Phys. 65, 239-245 (1982).

J. L. Pascual-ahuir, E. Silla, I. Tufion, GEPOL: An improved description of molecular surfaces. I1I.
A new algorithm for the computation of a solvent-excluding surface. J. Comput. Chem. 15, 1127-
1138 (1994).

M. Cossi, V. Barone, R. Cammi, J. Tomasi, Ab initio study of solvated molecules: A new
implementation of the polarizable continuum model. Chem. Phys. Lett. 255, 327-335 (1996).

354



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

8.4 SI of Novel Synthetic Pathway for the Production of Phosgene

E. Cances, B. Mennucci, J. Tomasi, A new integral equation formalism for the polarizable
continuum model: Theoretical background and applications to isotropic and anisotropic dielectrics.
J. Chem. Phys. 107, 3032-3041 (1997).

V. Barone, M. Cossi, J. Tomasi, A new definition of cavities for the computation of solvation free
energies by the polarizable continuum model. J. Chem. Phys. 107, 3210-3221 (1997).

B. Mennucci, J. Tomasi, Continuum solvation models: A new approach to the problem of solute’s
charge distribution and cavity boundaries. J. Chem. Phys. 106, 5151-5158 (1997).

B. Mennucci, E. Canceés, J. Tomasi, Evaluation of solvent effects in isotropic and anisotropic
dielectrics and in ionic solutions with a unified integral equation method: Theoretical bases,
computational implementation, and numerical applications. J. Phys. Chem. B 101, 1050610517
(1997).

V. Barone, M. Cossi, Quantum calculation of molecular energies and energy gradients in solution by
a conductor solvent model. J. Phys. Chem. A 102, 1995-2001 (1998).

M. Cossi, V. Barone, B. Mennucci, J. Tomasi, Ab initio study of ionic solutions by a polarizable
continuum dielectric model. Chem. Phys. Lett. 286, 253-260 (1998).

V. Barone, M. Cossi, J. Tomasi, Geometry optimization of molecular structures in solution by the
polarizable continuum model. J. Comput. Chem. 19, 404417 (1998).

R. Cammi, B. Mennucci, J. Tomasi, Second-order Maller—Plesset analytical derivatives for the
polarizable continuum model using the relaxed density approach. J. Phys. Chem. A 103, 9100-9108
(1999).

J. Tomasi, B. Mennucci, E. Cancés, The IEF version of the PCM solvation method: An overview of
a new method addressed to study molecular solutes at the QM ab initio level. J. Mol. Struct.
(THEOCHEM) 464, 211-226 (1999).

M. Cossi, N. Rega, G. Scalmani, V. Barone, Polarizable dielectric model of solvation with inclusion
of charge penetration effects. J. Chem. Phys. 114, 5691-5701 (2001).

355



36

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

8.4 SI of Novel Synthetic Pathway for the Production of Phosgene

. M. Cossi, G. Scalmani, N. Rega, V. Barone, New developments in the polarizable continuum model
for quantum mechanical and classical calculations on molecules in solution. J. Chem. Phys. 117, 43—
54 (2002).

M. Cossi, N. Rega, G. Scalmani, V. Barone, Energies, structures, and electronic properties of
molecules in solution with the C-PCM solvation model. J. Comput. Chem. 24, 669-681 (2003).

G. Scalmani, M. J. Frisch, Continuous surface charge polarizable continuum models of solvation. I.
General formalism. J. Chem. Phys. 132, 114110 (2010).

F. Lipparini, G. Scalmani, B. Mennucci, E. Cancés, M. Caricato, M. J. Frisch, A variational
formulation of the polarizable continuum model. J. Chem. Phys. 133, 014106 (2010).

F. Eckert, A. Klamt, Fast solvent screening via quantum chemistry: COSMO-RS approach. AIChE J.
48, 369-385 (2002).

A. Klamt, The COSMO and COSMO-RS solvation models. Wiley Interdiscip. Rev. Comput. Mol.
Sci. 1, 699-709 (2011).

A. Klamt, M. Diedenhofen, Calculation of solvation free energies with DCOSMO-RS. J. Phys.
Chem. A 119, 5439-5445 (2015).

A. Hellweg, F. Eckert, Brick by brick computation of the gibbs free energy of reaction in solution
using quantum chemistry and COSMO-RS. AIChE J. 63, 3944-3954 (2017).

R. Ahlrichs, M. Bar, M. Haser, H. Horn, C. Kbdlmel, Electronic structure calculations on workstation
computers: The program system turbomole. Chem. Phys. Lett. 162, 165-169 (1989).

O. Treutler, R. Ahlrichs, Efficient molecular numerical integration schemes. J. Chem. Phys. 102,
346-354 (1995).

M. V. Arnim, R. Ahlrichs, Performance of parallel TURBOMOLE for density functional
calculations. J. Comput. Chem. 19, 1746-1757 (1998).

356



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

8.4 SI of Novel Synthetic Pathway for the Production of Phosgene

A. D. Becke, Density-functional exchange-energy approximation with correct asymptotic behavior.
Phys. Rev. A 38, 3098-3100 (1988).

J. P. Perdew, Density-functional approximation for the correlation energy of the inhomogeneous
electron gas. Phys. Rev. B. 33, 8822-8824 (1986).

F. Weigend, R. Ahlrichs, Balanced basis sets of split valence, triple zeta valence and quadruple zeta
valence quality for H to Rn: Design and assessment of accuracy, Phys. Chem. Chem. Phys. 7, 3297—
3305 (2005).

K. Eichkorn, O. Treutler, H. Ohm, M. Haser, R. Ahlrichs, Auxiliary basis sets to approximate
Coulomb potentials. Chem. Phys. Lett. 242, 652660 (1995).

K. Eichkorn, F. Weigend, O. Treutler, R. Ahlrichs, Auxiliary basis sets for main row atoms and
transition metals and their use to approximate Coulomb potentials. Theor. Chem. Acc. 97, 119-124
(1997).

F. Weigend, Accurate Coulomb-fitting basis sets for H to Rn. Phys. Chem. Chem. Phys. 8, 1057—
1065 (2006).

M. Sierka, A. Hogekamp, R. Ahlrichs, Fast evaluation of the Coulomb potential for electron
densities using multipole accelerated resolution of identity approximation. J. Chem. Phys. 118,
9136-9148 (2003).

A. Klamt, M. Diedenhofen, A refined cavity construction algorithm for the conductor-like screening
model. J. Comput. Chem. 39, 1648-1655 (2018).

S. Grimme, J. Antony, S. Ehrlich, H. Krieg, A consistent and accurate ab initio parametrization of
density functional dispersion correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 132,
154104 (2010).

NIST Chemistry WebBook, Sadtler Research Labs Under US-EPA Contract (10 February 2021);
https://webbook.nist.gov/cgi/cbook.cgi?ID=C103719&Type=IR-SPEC&Index=0#IR-SPEC.

357



8.5 Sl of Synthesis of a Hexachloro Sulfate(lV) Dianion Enabled by Polychloride
Chemistry

Patrick Vofsnacker, Alisa Wiist, Carsten Miiller, Merlin Kleoff, Sebastian Riedel*
Angew. Chem. Int. Ed. 2022, 61, 202209684

Angew. Chem. 2022, 134, e202209684.

https://doi.org/10.1002/anie.202209684

https://doi.org/10.1002/ange.202209684

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH.

358



8.5 Sl of Synthesis of a Hexachloro Sulfate(IV') Dianion Enabled by Polychloride Chemistry

Angewandte
e s mamcmss CHEITNE

Supporting Information

Synthesis of a Hexachloro Sulfate(I'V) Dianion Enabled by
Polychloride Chemistry

P. Vofinacker, A. Wiist, C. Miiller, M. Kleoff, S. Riedel*

359



8.5 Sl of Synthesis of a Hexachloro Sulfate(IV') Dianion Enabled by Polychloride Chemistry

Table of Contents

a) EXPerimental SECHON ........oooieeeeeee 2
al. Apparatus and MALErIalS ..........uiiiiiiiiiiece e aaaaa 2
a2. SYNthesis Of [NELZME]2[SCle] .uvruuiiiiiiiiiiiiiiie i e e e e eaaees 2
a3. Synthesis of [NEtaMe]2[SCle]"4CHCla .....ooovviiiiiiiiiiiiiiiiiiiiiiii 3
oY = o1 1 Ao L AV 1Y 1= P 1 3 PP 3

b) Molecular Structures in Solid State Including Intermolecular Interactions.......................... 4
DL, [NEtZME[2[SCI6] coeeeeeeeiieeeeeee e 4
b2. [NEtsME[2[SCle]'4 CHoCla oo 5

(o) IO ) r= L D | v- VPSR 6

d) Experimental and Calculated Raman and IR Spectra........cccceeeveeiiiiiiiiiiiiiie e, 7

e) Stereochemically Active Lone Pair in ABeE SyStemMS........cooovvveiiiiiiii, 10

f) NBO Analysis of Symmetric and ASymmetric [SCle]? ......coovrireeieiiiee e eeeiee e 11

g) Relaxed Surface SCaN Of [SCIa]2 ...oei it e e 13

h) Solid State CalCUIATIONS ..........uuiiiiiiiiiiii bbb bbeeennennnenee 16

1) OPUMIZEA STIUCTUINES ...ttt 19

j) Calculated Energies and Free Reaction ENEIQI€S ......cc.cceeiiiveiiiiieiii e 21
j1) B3LYP(DA4)/def2-TZVPP ENEIQIES ...uiieeeieeeeie ettt e et 21
j2) SCS-MP2/def2-TZVPP ENEIGIES ....ccoeeeeeeeeeeeeeeeeeeeeeeeee e 22
j3) Free Reaction Energy CalCulation.............couuuiiiiiiiiiiieeeee e 23

k) Calculated Vibrational FrEQUENCIES .........iiiiiiiiiiecee e e e eeaaas 25

[) Coordinates of OpPtiMIZed SIIUCTUIES .........uuuuuiiiiiiiiiiiiiiiiiiiiii bbb eeeeeeeeeee 34

M) RETEIEINCES. ...ttt 44

1

360



8.5 Sl of Synthesis of a Hexachloro Sulfate(IV') Dianion Enabled by Polychloride Chemistry

a) Experimental Section
al. Apparatus and Materials

All substances sensitive to water and oxygen were handled under an argon atmosphere using
standard Schlenk techniques and oil pump vacuum up to 10~ mbar. Commercially available
[NEtsMe]Cl, sulfur, and chlorine were used without further purification. All salts were dried in
vacuo at 100 °C for 1 h to 1 day prior to use. Dry DCM was obtained by storage over activated
3 A molecular sieves. Raman spectra were recorded at room temperature on a Bruker
(Karlsruhe, Germany) MultiRAM Il equipped with a low-temperature Ge detector (1064 nm,
100-180 mW, resolution of 4 cm™). Spectra of single crystals were recorded at —196 °C using
the Bruker RamanScope Il (See Chem.Eur.J. 2020,26,13256—-13263 for detailed description)
[ X-ray diffraction data were collected on a Bruker D8 Venture CMOS area detector (Photon
100) diffractometer with Mokq radiation. Single crystals were coated with perfluoroether oil at
low temperature (—40/-80 °C) and mounted on a 0.1-0.2 mm Micromount. The structures were
solved with the ShelXT® structure solution program using intrinsic phasing and refined with
the ShelXLF! refinement package using least squares on weighted F2 values for all reflections
using OLEX2M. Hydrogen atom were treated using the HFIX 23 (CH. groups) and HFIX 137
(for CHs groups) restrains as implemented in ShelXL. For structure optimization (with and
without solvent model COSMOP)), and frequency calculations (including Raman intensities)
the program package TURBOMOLE 7.3"! was used. Relaxed surface scan were performed
using orca 5.0.3" and NBO® analyses were performed with Gaussain G16[° software
package. Functionals (B3LYP(D4)%1 and SCS-MP2*?) and the basis set (def2-TZVPP®3,
aug-cc-pVTZ) were used as implemented. Minima on the potential energy surface were
characterized by harmonic vibrational frequency analysis. Thermochemistry was provided for
AG values calculated at 298.15 K and 1.0 bar. Representations of Hirshfeld surfaces were
generated using CrystalExplorer211°

a2. Synthesis of [NEtsMe]2[SClg]

270 mg (1.06 mmol, 1.35 equiv. (1.54 mmol Cl;, 1.97 equiv.) [NEtsMe][CI(Cl>)1.45] was
dissolved in 1.5 mL CH2Cl>and 25 mg (0.78 mmol, 1 equiv.) sulfur was added. A clear solution
was obtained which was stirred overnight. Yellow single crystals of [NEt:Me].[SCle] were
obtained within several days by slowly cooling to —40 °C.

[NEtsMe]2[SCls] Raman (=196 °C): Vv = 3023 (w), 2994 (m), 2941 (m), 1446 (w), 680 (w),
3016 (w), 2973 (w), 1076 (w), 877 (vw), 281 (vs), 242 (vs), 168 (vs) cm™.
CCDC number: 2156516
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a3. Synthesis of [NEtzMe]2[SCls]-4CH2Cl>

75 mg (1.06 mmol, 2 equiv.) Clowas condensed onto 160 mg (1.06 mmol, 2 equiv. [NEtsMe]Cl
and 16 mg (0.53 mmol, 1 equiv.) sulfur. Addition of 2 mL CH.Cl, yields a clear solution. Yellow
single crystals of [NEtsMe]z[SClg] -4CH.Cl; were obtained by slowly cooling to —80 °C.

[NEtsMe][SClg] Raman (=196 °C): V = 3043 (w), 2987 (m), 2976 (m), 2958 (w), 2936 (w),
1474 (w), 1144 (w), 699 (m), 345 (w), 277 (vs), 239 (vs), 177 (m), 166 (w) cm™.

CCDC number: 2156517

a4. Stability of [NEtsMe]2[SCle]

0.466 g (6.57 mmol, 1.93 equiv.) Cl. was condensed onto 1.035g (6.82 mmol, 2 equiv.)
[NEtsMe]Cl and 0.109 g (3.40 mmol, 1 equiv.) sulfur. The reaction mixture was warmed to
40 °C and a clear orange solution was obtained. Cooling to room temperature yields an orange
solid. The reaction mixture was characterized by Raman spectroscopy at room temperature
and 40 °C and by IR spectroscopy at —80 °C.

Raman (RT): V = 3016 (w), 2991 (m), 2945 (m), 2885 (vw), 1448 (w), 1129 (vw), 1075 (vw),
1027 (vw), 1009 (vw), 956 (vw), 877 (vw), 680 (w), 451 (vw), 278 (vs), 237 (vs),
166 (vs) cm™.

Raman (40 °C): ¥ = 2985 (m), 2946 (m), 1455 (vw), 1124 (vw), 1072 (vw), 1011 (vw), 961 (vw),
875 (vw), 682 (W), 499 (m), 534 (W), 429 (m), 275 (vs), 210 (w) cm™.

IR (=80 °C): ¥ = 3024 (vw), 2983 (W), 2946 (vw), 1486 (W), 1444 (m), 1402 (m), 1393 (w), 1379
(w), 1379 (w), 1370 (w), 1350 (w), 1317 (w), 1305 (vw), 1213 (w), 1205 (w), 1205 (w), 1191
(W), 1151 (vw), 1127 (w), 1071 (vw), 1024 (m), 1007 (w), 954 (w), 873 (vw), 808 (w), 791 (m),
305 (vs), 264 (s), 126 (vs) cm™,
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b) Molecular Structures in Solid State Including Intermolecular
Interactions
bl. [NEtsMe]2[SCle]

Figure S 1. Arrangement of the molecules within the unit cell of [NEtsMe]2[SCle]. Thermal ellipsoids are shown at
50 % probability. CI-H hydrogen bonds are displayed by dashed lines.
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b2. [NEtsMe]2[SCle]-4 CH2CI?

Figure S 2. Arrangement of the molecules within the unit cell of [NEtsMe]2[SCls]-4 CH2Cl2. Thermal ellipsoids are
shown at 50 % probability. Cl-H hydrogen bonds are displayed by dashed lines. Disorder is omitted for clarity.
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c) Crystal Data

Table S 1. Crystal data of the synthesized compounds.

Empirical formula C14H36ClsN2S CisH44Cl14N2S
Formula weight 477.21 816.91
Temperature/K 104.4 100.0
Crystal system monoclinic triclinic

Space group P2i/n P-1
a/A 9.7726(4) 10.1220(10)
b/A 9.0349(5) 13.5938(9)
c/A 13.1501(6) 14.6209(15)
a/° 90 116.305(3)
B/ 90.136(2) 90.917(3)
y/° 90 91.176(3)
Volume/A3 1161.08(10) 1802.4(3)
A 2 2
Pcaicg/cm? 1.365 1.505
u/mm-t 0.831 1.143
F(000) 504.0 840.0
Crystal size/mm? 0.387 x 0.312 x 0.502 x 0.452 x
0.242 0.335
uals MoKas
20 range for data 5.2 to 61.024 4.026 to 56.608
collection/
Reflections collected 47821 122213
Independent reflections 343 6 [Ri: ; 810225?1 Ogggg [S:;m_a =
sigma = - 0.0264]
Data/reStraipstS/ paramete - 3496/0/110 8950/12/373
Goodness-of-fit on F? 1.129 1.024
Final R indexes [I>=20 R;=0.0173, wR2 = R3;=0.0252, wR,
] 0.0425 = 0.0579
Final R indexes [all data] Ri= Obcl)ggiéWRz = R zzob?gg’beRz
Largest diff. peak/hole
Je A3 0.40/-0.22 0.38/-0.29
CCDC deposition 2156516 2156517

numbers
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d) Experimental and Calculated Raman and IR Spectra

239
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Figure S 3. Experimental Raman spectrum of a single crystal of [NEtsMe]2[SCls] and [NEtsMe]2[SCle]-4 CH2Cl2
recorded at —196 °C and comparison to the calculated spectra (B3LYP/def2-TZVPP, SCS-MP2/def2-TZVPP and
SCS-MP2-Cosmo/def2-TZVPP (gr = 100) level of theory).
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Raman Intensity

—— [NEt,;Me],[SCl]-4 CH,Cl,
—— [NEt,Me],[SCl]

*

*

' I ' I ' I ' I ' I ' I ' I
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [cm™]

Figure S 4. Experimental Raman spectrum of a single crystal of [NEtsMe]2[SCls] and [NEtsMe]2[SCle]-4 CH2Cl2
recorded at —196 °C. Bands highlighted with asterisk are associated to the [SCls]>.

Raman Intensity

! | ' I ! I ' I ' | ! | ! | !
4000 3500 3000 2500 2000 1500 1000 500 0

— 1/8 Sg + 2 [NEt;Me][Cl;] 40 °C (liquid)
— 1/8 Sg + 2 [NEt;Me][Cl;] r.t. (solid)
— [NEt;Me],[SCl¢] crystal

Wavenumber [cm™']

Figure S 5. Raman spectrum of the reaction mixture of sulfur and [NEtsMe][Cls] at 40 °C (red) and room temperature
(blue) and comparison to the Raman spectrum of the single crystal of [NEtsMe]2[SCle] (black).

367



8.5 SI of Synthesis of a Hexachloro Sulfate(1V') Dianion Enabled by Polychloride Chemistry

— 1/8 Sg + [NEt;Me][Cl;] 40 °C (liquid)
— [NEt;Me][Cl;]

—— 8,Cl, 0
fffff [SCl;]” (SCS-MP2)

Raman Intensity

I I 4 I I
600 500 400 300 200
Wavenumber [cm™]

Figure S 6. Raman spectra of the reaction mixture of sulfur and [NEtsMe][Cls] at 40 °C as well as reference spectra
of [NEtsMe][Clz], S2Cl2 and the calculated spectrum of [SCls]~ (SCS-MP2/def2-TZVPP).

— IR spectrum of [NEt;Me],[SCl]

Absorbance

Iﬂ
g_,,ﬁkm_%_,yjj W'UMM | }

T I I I I
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [cm]™

Figure S 7. IR spectrum of the reaction mixture of sulfur and [NEtsMe][Cls] recorded at —80 °C. Bands highlighted
with an asterisk belong to the [SCle]?~ anion while the band highlighted with a dagger presumably corresponds to
[SCl3]~.
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e) Stereochemically Active Lone Pair in ABsE Systems

L 4
'

Figure S 8. Possible orientations of the stereochemically active lone pair in ABE systems.

\

10
369



8.5 SI of Synthesis of a Hexachloro Sulfate(1V') Dianion Enabled by Polychloride Chemistry

f) NBO Analysis of Symmetric and Asymmetric [SCls]*~

NBO analysis for [SClg]?>~ was performed on B3LYP/aug-cc-pVTZ level of theory using the NBO
7.0.4 program as implemented in Gaussian 16. The NBO analysis was performed on
geometries of [SClg]> taken from the solid state structures of [NEt:Me];[SCls] and
[NEtsMe]z[SCls]-4CH.Cl,. For the symmetric [SCls]*>~ ([NEtsMe]z[SCls]) the lone pair has a s-
character of 100% while for the asymmetric [SClg]*>~ ([NEtsMe][SCls]-4CH.Cl,) the lone pair
has a s-character of 99.67 % and a p-character of 0.33 %.

Symmetric Asymmetric

Figure S 9. NBOs showing the lone pair located at the sulfur atom for the symmetric [SCls]*~ ([NEtsMe]2[SCle], left)
and the asymmetric [SCle]*~ ([NEtsMe]2[SCls]-4CH2Clz, right). Isosurface value 0.1 a.u., bond lengths are given in
pm.

11
370



8.5 Sl of Synthesis of a Hexachloro Sulfate(IV') Dianion Enabled by Polychloride Chemistry

Table S 2. Summary of Natural Population Analysis for the symmetric [SCle]*~.

Atom No Natural Natural Population
Charge Core Valence Rydberg Total
S 1 0.56732 9.99999 5.29113 0.14156 15.43268
Cl 2 —-0.42760 9.99999 7.41535 0.01226 17.42760
Cl 3 —0.42696 9.99999 7.41461 0.01236 17.42696
Cl 4 —-0.42910 9.99999 7.41706 0.01204 17.42910
Cl 5 —-0.42760 9.99999 7.41535 0.01226 17.42760
Cl 6 —0.42696 9.99999 7.41461 0.01236 17.42696
Cl 7 -0.42910 9.99999 7.41706 0.01204 17.42910
Total - -2 69.99996  49.78516 0.21487 120

Table S 3. Summary of Natural Population Analysis for the asymmetric [SCle]?~.

Atom No Natural Natural Population
Charge Core Valence Rydberg Total

Cl 1 —0.42877 9.99999 7.41662 0.01215 17.42877
S 2 0.57218 9.99999 5.2858 0.14202 15.42782
Cl 3 —0.42451 9.99999 7.41213 0.01238 17.42451
Cl 4 —-0.36797 9.99999 7.35176 0.01621 17.36797
Cl 5 —0.42673 9.99999 7.41446 0.01228 17.42673
Cl 6 —0.49245  10.00000 7.48344 0.00901 17.49245
Cl 7 —0.43176 9.99999 7.41984 0.01193 17.43176
Total - =2 69.99996  49.78405 0.21599 120

Coordinates for the symmetric [SClg]*~
S —-4.88630 9.03490 0.00000

Cl -3.78193 7.03123 -0.35558
Cl —-4.54947 8.81282 2.27654

Cl —-6.92342 7.93165 0.17161

Cl -5.99067 11.03857 0.35558
Cl -5.22313 9.25698 -2.27654
Cl -2.84918 10.13815 -0.17161
Coordinates for the asymmetric [SClg]*
Cl 4.36174 2.94997 3.48244

S 235235 1.80829 3.30268

Cl 2.37056 1.41420 5.58199

Cl 3.44747 -0.11057 2.97750
Cl 0.35165 0.65522 3.13551

Cl 1.15929 3.86980 3.63757

Cl 232435 2.21746 1.01486

12
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g) Relaxed Surface Scan of [SCle]*

The relaxed surface scan for [SClg]>~ was performed on B3LYP/def2-TZVPP level of theory
using a CPCM model for CH.Cl; as implemented in orca 5.0.3. The scan was started at the
equilibrium structure of [SCls]>~and one S-Cl bond was elongated in 5 pm increments while all
other degrees of freedom were optimizing freely.

Table S 4. Calculated Energies for the relaxed surface scan of [SCle]?.

R (S-CI1) E (Hatree) AE (kJ mol™)
237.63 -3159.43917236 0.00
242.63 -3159.43910991 0.16
247.63 -3159.43894456 0.60
252.63 -3159.43869710 1.25
257.63 -3159.43838824 2.06
262.63 -3159.43804388 2.96
267.63 -3159.43767931 3.92
272.63 -3159.43729111 4.94
277.63 -3159.43686877 6.05
282.63 -3159.43640691 7.26
287.63 -3159.43591142 8.56
292.63 -3159.43539777 9.91
297.63 -3159.43488392 11.26
302.63 -3159.43438382 12.57
307.63 -3159.43390545 13.83
312.63 -3159.43345178 15.02
317.63 -3159.43302258 16.15
322.63 -3159.43261865 17.21
327.63 -3159.43224617 18.18
332.63 -3159.43191625 19.05
337.63 -3159.43163663 19.79
342.63 -3159.43140226 20.40
347.63 -3159.43119659 20.94
352.63 -3159.43100297 21.45
357.63 -3159.43081470 21.94
362.63 -3159.43063880 22.40
367.63 -3159.43048405 22.81
372.63 -3159.43033711 23.20
377.63 -3159.43018948 23.58
382.63 -3159.43006028 23.92
387.63 -3159.42996910 24.16
392.63 -3159.42990485 24.33
397.63 -3159.42984703 24.48
402.63 -3159.42979206 24.63
407.63 -3159.42974122 24.76
412.63 -3159.42969771 24.88
417.63 -3159.42967816 24.93
422.63 -3159.42970806 24.85
427.63 -3159.42975366 24.73
432.63 -3159.42977422 24.67
437.63 -3159.42978394 24.65
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8.5 Sl of Synthesis of a Hexachloro Sulfate(IV') Dianion Enabled by Polychloride Chemistry

h) Solid State Calculations

Periodic density functional theory (DFT) calculations with the B3LYP functional and cc-pvVDZ
basis set!*®! were performed with the CRYSTAL17 program{*”l. Electron dispersion effects were
included via the empirical D3 schemel!**€l, The first Brillouin zone was sampled using an
6x6x6 Monkhorst-Pack grid. To facilitate convergence, the Coulomb and exchange integral
thresholds were sufficiently tightened with the TOLINTEG keyword to values of 8, 8, 8, 16 and
32. AIM analysis was performed with the TOPOND code developed by Gatti*® and recently
implemented in CRYSTAL17. The estimated stabilization energy for one [SClg]>~ molecule in the
solid was calculated as

AE=05"- (Ebulk — 2 * Edianion — Ecation—lattice)1

where Enuik is the total energy of the periodic [NEtsMe]o[SCls] per unit cell, Egianion is the total
energy of one isolated [SClg]* ion, and Ecaton-atiice the total energy of the cation sub-lattice per
unit cell. All three energies were calculated based on the experimental crystal structure.

Table S 5. Properties for all 52 symmetry-inequivalent bond critical points (BCP) found in the unit cell of the periodic
[NEtsMe]2[SCle] structure. Columns Al and A2 list the two bound atoms; rai-a2 the bond distance; psce, V2pacer,
ELFscr the values of the electron density, Laplacian of the electron density and electron localization function at the
BCP, and Gscp, Vaer, |Vecr|/Gecr the values for the potential and kinetic energy density as well as there ratio at the
BCP.

GBCP VBCP

# Al A2 Fagn2 Pece Vipsce g [Vace|/Gacp
[A] [e/A%] [e/AY] a.u. a.u.

1 1s 7cl 23120  0.584 1737 0556  4.3341E-02  -6.8662E-02 1.58

2 1S 3cCl 23153  0.580 1750 0555 4.3064E-02  -6.7972E-02 1.58

3 1s 11cl 23232 0571 1786 0550  4.2302E-02  -6.6079E-02 1.56

5 2Cl  66H 27936  0.056 0.633 0028 5.6361E-03  -4.7054E-03 0.83

6 2Cl  54H 29112 0.046 0506  0.025 4.5013E-03  -3.7515E-03 0.83

7 2Cl 68H 3.0730  0.036 0432 0016 3.6537E-03  -2.8247E-03 0.77
11 3Cl  55H 2.7364  0.065 0.724 0035 6.5395E-03  -5.5720E-03 0.85
12 3Cl  88H 2.8692  0.048 0511  0.027 4.5879E-03  -3.8780E-03 0.85
13 3Cl  68H 2.9875  0.041 0.444 0020 3.9400E-03  -3.2785E-03 0.83
14 3Cl  107H  3.0003  0.045 0.564  0.021  4.6468E-03  -3.4448E-03 0.74
15 3Cl  60H 3.0308  0.037 0.412 0019 3.5849E-03  -2.9001E-03 0.81
16 3Cl  52H 3.1388  0.025 0.310  0.010 2.6051E-03  -1.9952E-03 0.77
17 4Cl  68H 2.7983  0.058 0.638  0.031 5.7683E-03  -4.9194E-03 0.85
18 4Cl  47H 2.8678  0.049 0537 0027 4.7975E-03  -4.0211E-03 0.84
23 5N 35C 1.5005  1.603  -11.841  0.806  1.2820E-01  -3.7924E-01 2.96
24 5N 19C 15144 1556  -11.103  0.809  1.2105E-01  -3.5729E-01 2.95
25 5N 27C 15195 1538  -10.738  0.806 1.1974E-01  -3.5088E-01 2.93
26 5N 23C 15210  1.536  -10.704  0.811 1.1774E-01  -3.4653E-01 2.94
27 6C  47TH 0.9900  2.344  -38.054  0.986 5.7850E-02  -5.1048E-01 8.82
28 6C  51H 0.9900 2351  -38.377 0988 55288E-02  -5.0869E-01 9.20
29 6C  39C 15161  1.656  -12.626  0.950 6.3120E-02  -2.5722E-01 4.08
30 7C  55H 0.9900 2353  -38.375  0.987 55826E-02  -5.0974E-01 9.13
31 7C  59H 0.9900  2.344  -38.165  0.987 5.7015E-02  -5.0995E-01 8.94
32 7C  31cC 15160  1.656  -12.621  0.950 6.3150E-02  -2.5723E-01 4.07
33 8C  63H 0.9900  2.344  -38.025 0986 58321E-02 -5.1112E-01 8.76
34 8C  67H 0.9880  2.356  -38.621  0.988 5.3666E-02  -5.0798E-01 9.47
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8.5 Sl of Synthesis of a Hexachloro Sulfate(IV') Dianion Enabled by Polychloride Chemistry
# Al A2 r““ii\] ‘[’eB/Cg3] VZ[‘:;E;] ELFacp GBCPalu. Vece au.  Vecel/Gece
35 8C  43C 15136  1.664  -12.725 0.951  6.3510E-02  -2.5903E-01 4.08
36 9C  71H 0.9800  2.318  -36.835 0.977 7.4074E-02  -5.3027E-01 7.16
37 9C  75H 0.9800  2.319  -12.750 0.978  7.3145E-02  -5.2909E-01 7.23
38 9C  79H 0.9800 2299  -36.401 0.976  7.5138E-02  -5.2790E-01 7.03
39 9C 15N 25579  0.071 1.343 0.019  1.0485E-02  -7.0415E-03 0.67
40 10C 87H 0.9800  2.364  -38.806 0.986  6.0136E-02  -5.2285E-01 8.69
41 11C 95H 09760  2.314  -36.674 0.976  7.5541E-02  -5.3253E-01 7.05
42 12C 115H 09760 2316  -36.731 0976  7.5297E-02  -5.3164E-01 7.06
44 15H 83H 22872  0.021 0.278 0.008  2.1638E-03  -1.4457E-03 0.67
45 16H 104 H 2.4182  0.028 0.406 0.009  3.2553E-03  -2.2958E-03 0.71
46 17H  75H 21191  0.071 1.204 0.022  9.7410E-03  -6.9932E-03 0.72
52 24H 107H 21834  0.016 0.210 0.006  1.6042E-03  -1.0255E-03 0.64
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Figure S 14. Optimized structure using a periodic model for [NEtzsMe]2[SCle]
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1) Optimized Structures
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Figure S 15. Optimized structures calculated on the B3LYP(D4)/def2-TZVPP (blackj, SCS-MP2/def2-TZVPP
(blue), Cosmo-SCS-MP2/def2-TZVPP with (er = 10) (green) and Cosmo-SCS-MP2/def2-TZVPP with (er = 100)

(red) level of theory.
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Figure S 16. Optimized structures calculated on the B3LYP(D4)/def2-TZVPP (black), SCS-MP2/def2-TZVPP
(blue), Cosmo-SCS-MP2/def2-TZVPP with (& = 10) (green) and Cosmo-SCS-MP2/def2-TZVPP with (&r = 100)
(red) level of theory.
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8.5 Sl of Synthesis of a Hexachloro Sulfate(IV') Dianion Enabled by Polychloride Chemistry

J) Calculated Energies and Free Reaction Energies
j1) B3LYP(D4)/def2-TZVPP Energies

All Free Energy calculations were carried out for T = 298.15 K and p = 1.0 bar.

Table S 6. Calculated energies on B3LYP(D4)/def2-TZVPP level of theory.

Compound Etot / En Eiot / kJ mol™ G / kJ mol?
Crr —-460.22009153 —-1208307.9 -1208347.3
Cl> —920.29295228 —2416229.1 —2416283.4

[Cls]~ —1380.56911826 —-3624684.2 —-3624747.3
[Cls]~ —2300.88506425 —6040973.7 -6041061.9
Ss —3185.38469 —-8363227.5 —-8363292.6
S.Cl2 —1716.66099442 —-4507093.4 —-4507161.5
SCl; —1318.47707733 —-3461661.6 —-3461726.2
SCly —2238.77338942 —5877899.5 -5877970.8
[S2Cls] —2176.934085 —5715540.4 -5715620.6
[SCl3]~ —1778.74899354 —-4670105.5 -4670181.2
[SCls]~ —2699.06736670 —7086401.4 —7086478.6
[SCle]* —3159.21730437 —8294525.0 —-8294606.0
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j2) SCS-MP2/def2-TZVPP Energies

Table S 7. Calculated energies on SCS-MP2/def2-TZVPP level of theory.

Compound Etot / En Ewmp2/ En Etot+mp2 / kJ mol™ G / kJ mol™

CI- —-459.55562242  -0.346212077 -1207472.27 -1207511.75

Cl, -918.98287991 -0.67866770 —2414571.39 —2414625.42
[Cla]~ -1378.55619762  —1.04983132 —-3622155.63 —-3622217.50
[Cls]~ —2297.54169011  -1.73983938 —6036763.66 —-6036852.28

Ss —3180.36529468  —2.53454576 —8356703.53 —8356765.52
S2Cl2 -1714.09391978  -1.31117234 —4503796.07 —4503862.97
SCl; —1316.54256107  —0.99272865 -3459188.90 —-3459252.84
SCls —2235.48081451  -1.70958138 —5873743.38 -5873811.61
[S2Cls]~ —2173.66974220  —-1.67968992 -5711379.93 -5711457.62
[SCls] -1776.11860560  —1.36104112 —-4666772.81 —-4666846.56
[SCls]~ —-2695.06746152  —-2.09289076 —7081394.50 —7081467.87
[SCle]* —3154.51139576  —2.47971458 —8288680.16 —8288752.86

Table S 8. Calculated energies on Cosmo-SCS-MP2/def2-TZVPP (&r = 10) level of theory.
Compound Etot / En Ewvp2/ En Etwot+mp2 / kJ mol™ G / kJ mol?

CI- —459.6633456 —0.34613543 —1207754.893 —1207794.381

Cl; -918.9842183 —0.678549984 —2414574.598 —2414628.688
[Cls]~ —1378.62918 —1.049801827 —-3622347.166 -3622410.036
[Cls]~ —2297.622704 —1.72535081 —-6036938.319 —6037030.549

Ss -3180.368375 —2.533420838 —-8356708.665 —8356771.545
SoClo —1714.096259 -1.310756176 -4503801.119 -4503868.529
SCl, -1316.544514 —-0.992405961 -3459193.182 -3459257.372
SCls —2235.489494 -1.707635175 —-5873761.061 —5873830.591
[S2Cls] —2173.752312 —1.668086776 —5711566.256 —5711647.546
[SCls]~ -1776.191788 —-1.360170229 -4666962.667 —-4667038.997
[SCls]~ —2695.136970 —2.091107879 —7081572.319 —7081646.659
[SCle]* —3154.752235 —2.480096521 —-8289313.487 —-8289388.007
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Table S 9. Calculated energies on Cosmo-SCS-MP2/def2-TZVPP (&r = 100) level of theory.

Compound Etot / En Ewmp2/ En Etot+mp2 / kJ mol™ G / kJ mol™
Crr —459.6794238 —0.346124185 -1207797.076 —1207836.565
Cl, —918.9844248 —0.67853317 —2414575.096 —2414629.196

[Cls]~ —-1378.642319 —1.049811384 —-3622381.689 —-3622445.039
[Cls]~ —2297.638332 -1.721391767 —6036968.955 —6037061.055
Ss —3180.368853 —2.533246899 —8356709.463 —8356772.383
S2Cl2 -1714.096651 -1.310697273 —-4503801.994 —-4503869.474
SCl; -1316.544829 —0.992352347 -3459193.87 —-3459258.09
SCly —2235.491051 -1.707287039 —5873764.236 —5873834.086
[S2Cls] —2173.769121 -1.664525301 —-5711601.039 —5711682.859
[SCls]~ -1776.217233 —1.347866492 —-4666997.17 —-4667074.33
[SCls]~ —2695.147504 —2.090806612 —7081599.185 —7081673.785
[SCle]* —3154.788322 —2.480188857 —8289408.476 —8289482.736

]3) Free Reaction Energy Calculation

Table S 10. AE for the reactions between sulfur and chlorine containing compounds calculated on the
B3LYP(D4)/def2-TZVPP, SCS-MP2/def2-TZVPP, Cosmo-SCS-MP2/def2-TZVPP with (& = 10) (Cosmol) and
Cosmo-SCS-MP2/def2-TZVPP with (& = 100) (Cosmo2) level of theory.

Reaction AEgs yp/ AEwp2 / AEcosmoimp2/  AEcosmoz-mp2/

kJ mol™ kJ mol~ kJ mol™ kJ mol
Y4 Sg + Cl, 2> S,Clp —57.4 -48.8 -49.4 -49.5
Y% Sg + Cl, > SCl, -29.0 0.0 -30.0 -30.1
% Sg+2Cl, > SCly -37.8 -12.7 -23.3 -25.4
S.Cl; + Cl; > 2 SCl; -0.5 -10.3 -10.6 -10.6

SCl; + Cl; > 2 SCls -8.8 16.9 6.7 4.7

Y4 Sg + [Cls]” > [S2Cls] ~49.3 —48.4 —41.9 —42.0
Y Sg + [Cla]” > [SCls]” ~17.8 —29.2 —26.9 —26.8
Y Sg + [Cls]” > [SCls] —24.2 —42.9 —45.4 —415
[S2Cls]~ + [Cls]” > 2 [SCl3]- 13.7 ~10.1 ~11.9 ~11.6
[SCls]” + Cl, = [SCl5]" —66.7 —50.3 —35.1 —26.9
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Table S 11. AG for the reactions between sulfur and chlorine containing compounds calculated on the
B3LYP(D4)/def2-TZVPP, SCS-MP2/def2-TZVPP, Cosmo-SCS-MP2/def2-TZVPP with (& = 10) (Cosmol) and
Cosmo-SCS-MP2/def2-TZVPP with (er = 100) (Cosmo2) level of theory.

Reaction AGgaLvp/ AGyp2/ AGcosmormp2!/  AGcosmoz-vp2/
kJ mol™ kJ mol™ kJ mol™ kJ mol™

Y4 Sg + Cl» &> S,Cl -55.0 -46.2 -47.0 -47.2
Y8 Sg + Cl, > SCl2 -31.2 -31.7 -32.2 -32.3
Y% Sg + 2 Cl, > SCly 7.6 34.9 23.2 20.9
S.Cl; + Cl; > 2 SCl, —7.5 -17.3 -17.5 -17.5
SCl; + Cl; > 2 SCls 38.8 66.7 55.5 53.2
Y4 Sg + [Cls]” > [S2Cla] -50.1 —48.7 —44.6 —44.7
Vs Sg + [Cls]” > [SCls] —22.4 -33.4 —325 —32.7
% Sg + [Cls]” > [SCls]” -5.1 ~19.9 ~19.7 ~16.2
[S2Cla]~+ [Cls]” > 2 [SCl3]- 5.4 ~18.0 —20.4 —20.8
[SCls]” + Cl, > [SCls] -14.0 4.1 21.0 29.7
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k) Calculated Vibrational Frequencies

Table S 12. Clz
B3LYP(D4)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/ cm™ intensity /cm™ intensity
/ /
km mol™ km mol™
1 D 537.0 0 1 D 560.6 0
SCS-MP2/def2-TZVPP-Cosmo (& = 10) SCS-MP2/def2-TZVPP-Cosmo (g = 100)
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/ cm™ intensity /cm™ intensity
/ /
km mol™ km mol™
1 D 557.0 0 1 D 556.4 0
Table S 13. [Cl3]~
B3LYP(D4)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/ cm™ intensity /cm™ intensity
/ /
km mol™ km mol™
1 I, 154.5 1 1 I, 167.9 1
2 I, 154.5 1 2 I, 167.9 1
3 T4 247.3 0 3 Iy 270.5 0
4 > 261.6 410 4 X, 295.1 569
SCS-MP2/def2-TZVPP-Cosmo (g = 10) SCS-MP2/def2-TZVPP-Cosmo (g = 100)
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/ cm™ intensity /cm™ intensity
/ /
km mol™ km mol™
1 I, 168.8 1 1 I, 168.5 1
2 I, 168.8 1 2 1, 168.5 1
3 p 202.8 1392 3 P 168.7 1657
4 D 277.8 0 4 P 278.9 0
25
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Table S 14. [CI(Cl2)2]~

B3LYP(D4)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry! | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/ cm™ intensity /cm™ intensity
/ /
km mol™ km mol™
1 A 18.8 0 1 A 17.7 0
2 A 128.3 33 2 A 92.4 743
3 A 134.9 0 3 A 140.0 17
4 A 135.9 7 4 A 143.4 0
5 A 148.8 1 5 A 152.2 192
6 A 187.8 452 6 A 160.4 1
7 A 200.5 18 7 A 203.3 45
8 A 304.3 376 8 A 326.3 270
9 A 353.0 91 9 A 374.5 125
SCS-MP2/def2-TZVPP-Cosmo (g = 10) SCS-MP2/def2-TZVPP-Cosmo (g = 100)
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/ cm™ intensity /cm™ intensity
/ /
km mol™ km mol™
1 A 17.1 2 1 A 18.2 3
2 A 58.4 223 2 A 74.1 105
3 A 104.5 99 3 A 97.4 81
4 A 118.0 0 4 A 108.7 0
5 A 124.8 35 5 A 116.5 36
6 A 133.0 4 6 A 120.4 10
7 A 135.8 57 7 A 122.5 41
8 A 419.0 232 8 A 457.9 143
9 A 440.5 162 9 A 469.9 121

1 [CI(Cl2)2]~ was optimized in C1 symmetries because conversion issues for Cosmo calculations arise at higher

symmetries
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Table S 15. Sg

B3LYP(D4)/def2-TZVPP

SCS-MP2/def2-TZVPP

386

Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR

/ cm™ intensity /cm™ intensity
/ /

km mol™ km mol™
1 E> 68.9 0 1 E> 68.0 0
2 E 68.9 0 2 E> 68.0 0
3 E> 146.0 0 3 E> 154.0 0
4 E> 146.0 0 4 E> 154.0 0
5 E: 191.2 4 5 E: 195.2 3
6 E: 191.2 4 6 E: 195.2 3
7 Ax 215.1 0 7 As 219.0 0
8 B> 243.2 3 8 Es 252.3 0
9 Es 248.4 0 9 Es 252.3 0
10 Es 248.4 0 10 B> 253.2 4
11 B: 389.8 0 11 B 452.4 0
12 Es 415.7 0 12 Es 465.6 0
13 Es 415.7 0 13 Es 465.6 0
14 E> 461.8 0 14 E: 485.8 1
15 E> 461.8 0 15 E: 485.8 1
16 E: 466.8 2 16 E> 489.7 0
17 E: 466.8 2 17 E> 489.7 0
18 Ax 475.3 0 18 Ar 490.2 0

SCS-MP2/def2-TZVPP-Cosmo (g = 10) SCS-MP2/def2-TZVPP-Cosmo (g = 100)

Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR

/ cm™ intensity /cm™ intensity
/ /

km mol™ km mol™
1 E> 65.8 0 1 E> 65.7 0
2 E2 65.8 0 2 E> 65.7 0
3 E> 153.2 0 3 E> 153.1 0
4 E> 153.2 0 4 E> 153.1 0
5 E: 193.4 7 5 E: 193.1 8
6 E: 193.4 7 6 E: 193.1 8
7 A1 217.2 0 7 A1 216.8 0
8 Es 249.9 0 8 Es 249.4 0
9 Es 249.9 0 9 Es 249.4 0
10 B. 251.2 7 10 B. 250.8 8
11 B1 453.0 0 11 B1 453.1 0
12 Es 465.2 0 12 Es 465.2 0
13 Es 465.2 0 13 Es 465.2 0
14 E: 483.8 2 14 E: 483.5 3
15 E: 483.8 2 15 E: 483.5 3
16 Ax 487.1 0 16 Ax 486.6 0
17 E> 488.2 0 17 E> 488.0 0
18 E> 488.2 0 18 E> 488.0 0
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Table S 16. SoCl2

B3LYP(D4)/def2-TZVPP

SCS-MP2/def2-TZVPP

Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/ cm™ intensity /cm™ intensity
/ /
km mol™ km mol™
1 A 93.6 0 1 A 95.5 0
2 A 205.2 1 2 A 208.7 0
3 B 236.3 7 3 B 247.5 5
4 B 424.4 129 4 B 476.3 92
5 A 438.9 38 5 A 487.1 33
6 A 545.2 7 6 A 537.9 5
SCS-MP2/def2-TZVPP-Cosmo (& = 10) SCS-MP2/def2-TZVPP-Cosmo (g = 100)
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/ cm™ intensity /cm™ intensity
/ /
km mol™ km mol™
1 A 94.6 0 1 A 94.4 0
2 A 208.0 0 2 A 207.8 0
3 B 244.3 12 3 B 243.7 14
4 B 458.1 163 4 B 454.2 182
5 A 471.4 65 5 A 467.8 73
6 A 534.5 6 6 A 534.2 6
Table S 17. SCl.
B3LYP(D4)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/ cm™ intensity /cm™ intensity
/ /
km mol™ km mol?
1 Az 199.6 0 1 As 209.9 0
2 B1 493.9 77 2 B 531.0 65
3 Ax 508.2 10 3 A1 532.8 11
SCS-MP2/def2-TZVPP-Cosmo (g = 10) SCS-MP2/def2-TZVPP-Cosmo (g = 100)
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/ cm™ intensity /cm™ intensity
/ /
km mol™ km mol™
1 Ax 208.7 1 1 As 208.6 1
2 B1 517.3 110 2 B 514.7 121
3 Ax 526.6 20 3 As 525.6 21
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Table S 18. SCls

388

B3LYP(D4)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/ cm™ intensity /cm™ intensity
/ /
km mol™ km mol™
1 As 100.4 2 1 As 114.5 3
2 B, 151.2 2 2 B> 175.0 3
3 Az 187.2 0 3 A, 208.3 0
4 B1 225.0 13 4 B 246.3 8
5 Ax 228.0 0 5 Ay 254.0 0
6 Ax 256.4 6 6 Ay 272.4 4
7 B1 370.8 521 7 B 416.5 536
8 B> 479.7 105 8 Ay 520.3 27
9 A1 484.4 31 9 B> 529.6 92
SCS-MP2/def2-TZVPP-Cosmo (g = 10) SCS-MP2/def2-TZVPP-Cosmo (g = 100)
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/ cm™ intensity /cm™ intensity
/ /
km mol™ km mol™
1 AL 115.6 5 1 A 1154 6
2 B> 171.9 7 2 B> 171.2 8
3 Az 204.8 0 3 Ao 204.1 0
4 B: 2393 85 4 B 235.7 186
5 A1 250.8 1 5 Az 250.1 1
6 A1 264.9 8 6 Az 263.6 9
7 B: 329.1 1153 7 B: 306.4 1270
8 AL 519.8 47 8 A1 519.4 52
9 B> 522.6 165 9 B> 521.0 183
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Table S 19. [S2Cl3]~

B3LYP(D4)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry! | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/ cm™ intensity /cm™ intensity
/ /
km mol™ km mol™
1 A 65.8 1 1 A 64.7 2
2 A 80.4 1 2 A 96.9 1
3 A 130.5 6 3 A 149.9 6
4 A 185.2 71 4 A 200.0 82
5 A 207.7 9 5 A 237.8 2
6 A 226.2 25 6 A 244.0 19
7 A 258.8 373 7 A 270.0 553
8 A 369.8 109 8 A 428.0 92
9 A 545.0 5 9 A 524.3 2
SCS-MP2/def2-TZVPP-Cosmo (g = 10) SCS-MP2/def2-TZVPP-Cosmo (g = 100)
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/ cm™ intensity /cm™ intensity
/ /
km mol™ km mol™
1 A 51.4 29 1 A 44.8 12
2 A 79.4 207 2 A 79.8 92
3 A 92.4 9 3 A 84.1 13
4 A 111.8 11 4 A 99.7 7
5 A 214.6 1 5 A 212.8 1
6 A 242.4 14 6 A 242.3 14
7 A 345.5 359 7 A 397.5 279
8 A 451.0 120 8 A 454.1 123
9 A 521.6 2 9 A 524.9 2

1 [S2Cls]~ was optimized in Ci symmetries because conversion issues for Cosmo calculations arise at higher

symmetries
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Table S 20. [SCl3]~

B3LYP(D4)/def2-TZVPP

SCS-MP2/def2-TZVPP

Nr. | Symmetry! | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/ cm™ intensity /cm™ intensity
/ /
km mol™ km mol™
1 A 106.5 2 1 A 129.3 2
2 A 156.9 44 2 A 175.4 61
3 A 175.0 2 3 A 186.1 2
4 A 231.0 5 4 A 256.7 3
5 A 261.3 447 5 A 278.2 604
6 A 466.3 40 6 A 501.5 33
SCS-MP2/def2-TZVPP-Cosmo (& = 10) SCS-MP2/def2-TZVPP-Cosmo (g = 100)
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/ cm™ intensity /cm™ intensity
/ /
km mol™ km mol™
1 A 92.1 1256 1 A 78.3 99
2 A 134.4 5 2 A 94.8 62
3 A 182.5 4 3 A 130.5 4
4 A 199.8 147 4 A 206.2 8
5 A 258.6 4 5 A 426.1 289
6 A 504.0 50 6 A 512.0 57

1 [SCIs]- was optimized in Ci symmetries because conversion issues for Cosmo calculations arise at higher
symmetries
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Table S 21. [SCls]~

391

B3LYP(D4)/def2-TZVPP SCS-MP2/def2-TZVPP
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/ cm™ intensity /cm™ intensity
/ /
km mol™ km mol™
1 B> 79.0 0 1 B> 94.4 0
2 E 128.3 11 2 E 137.7 6
3 E 128.3 11 3 E 137.7 6
4 B1 160.5 0 4 B 163.3 0
5 Ax 162.7 1 5 Ay 187.4 3
6 E 186.3 38 6 E 205.4 23
7 E 186.3 38 7 E 205.4 23
8 B> 214.7 0 8 B> 238.8 0
9 Aq 252.7 7 9 A1 264.9 3
10 E 348.2 442 10 E 407.2 457
11 E 348.2 442 11 E 407.2 457
12 A1 459.9 62 12 As 503.1 53
SCS-MP2/def2-TZVPP-Cosmo (g = 10) SCS-MP2/def2-TZVPP-Cosmo (g = 100)
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/ cm™ intensity /cm™ intensity
/ /
km mol™ km mol™
1 B> 97.2 0 1 B> 97.5 0
2 E 136.7 18 2 E 136.2 26
3 E 136.7 18 3 E 136.2 26
4 B: 163.0 0 4 B: 162.9 0
5 AL 189.4 9 5 A1 189.3 11
6 E 205.4 78 6 E 204.5 108
7 E 205.4 78 7 E 204.5 108
8 B> 242.6 0 8 B> 243.2 0
9 AL 266.7 5 9 Az 267.0 6
10 E 357.5 1016 10 E 343.9 1177
11 E 357.5 1016 11 E 343.9 1177
12 AL 504.5 88 12 A1 504.5 97
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Table S 22. [SClg]*

B3LYP(D4)/def2-TZVPP

SCS-MP2/def2-TZVPP

392

Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/ cm™ intensity /cm™ intensity
/ /
km mol™ km mol™
1 Toy 103.6 0 1 Tau 1125 0
2 Tay 103.6 0 2 Tau 112.5 0
3 Tau 103.6 0 3 Tau 112.5 0
4 Tw 127.9 82 4 Tog 151.2 0
5 Ta 127.9 82 5 Tog 151.2 0
6 T 127.9 82 6 Tog 151.2 0
7 Tog 145.8 0 7 T 160.2 32
8 Tag 145.8 0 8 T 160.2 32
9 Tag 145.8 0 9 Tu 160.2 32
10 Eq 196.0 0 10 Eq 223.6 0
11 Eq 196.0 0 11 Eq 223.6 0
12 A 251.6 0 12 Ag 260.7 0
13 T 333.9 372 13 T 404.3 371
14 T 333.9 372 14 T 404.3 371
15 T 333.9 372 15 T 404.3 371
SCS-MP2/def2-TZVPP-Cosmo (g = 10) SCS-MP2/def2-TZVPP-Cosmo (g = 100)
Nr. | Symmetry | Wavenumber IR Nr. | Symmetry | Wavenumber IR
/ cm™ intensity /cm™ intensity
/ /
km mol™ km mol™
1 Tou 113.8 0 1 Ty 114.9 0
2 Tou 113.8 0 2 Tay 114.9 0
3 Tay 113.8 0 3 Tau 114.9 0
4 Tog 155.6 0 4 Tog 156.4 0
5 Tag 155.6 0 5 Tag 156.4 0
6 Tag 155.6 0 6 Tag 156.4 0
7 T 167.8 62 7 T 166.4 75
8 Ta 167.8 62 8 Tu 166.4 75
9 Ta 167.8 62 9 T 166.4 75
10 Eq 243.3 0 10 Eq 246.1 0
11 Eq 243.3 0 11 Eq 246.1 0
12 Agg 280.7 0 12 Ag 283.4 0
13 T 392.0 875 13 Ta 396.5 948
14 T 392.0 875 14 Ta 396.5 948
15 T 392.0 875 15 Tay 396.5 948
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[) Coordinates of Optimized Structures

Cl2

B3LYP

Cl  0.000000 0.000000 -1.007079
Cl  0.000000 0.000000 1.007079
MP2

Cl  0.000000 0.000000 -0.998704
Cl  0.000000 0.000000 0.998704
MP2 Cosmo (& = 10)

Cl  0.000000 0.000000 -0.999952
Cl  0.000000 0.000000 0.999952
MP2 Cosmo (g = 100)

Cl  0.000000 0.000000 -1.000157
Cl  0.000000 0.000000 1.000157

[Cl3)~

B3LYP

Cl  0.000000 0.000000 0.000000

Cl  0.000000 0.000000 2.349427

Cl  0.000000 0.000000 -—2.349427
MP2

Cl  0.000000 0.000000 0.000000

Cl  0.000000 0.000000 2.309542

Cl  0.000000 0.000000 -2.309542
MP2 Cosmo (& = 10)

Cl  0.000000 0.000000 0.000000

Cl  0.000000 0.000000 2.298025

Cl  0.000000 0.000000 —2.298025
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MP2 Cosmo (&
Cl  0.000000
Cl  0.000000
Cl  0.000000
[CI(Cl2)2]~
B3LYP

Cl 0.222258
Cl  2.678007
Cl 4.790828
Cl -0.148794
Cl -0.542299
MP2

Cl  0.165632
Cl 2.635412
Cl 4.725038
Cl -0.121860
Cl —0.404222

100)

0.000000
0.000000
0.000000

0.514373
—-0.057822
-0.624876

3.008114
5.160211

0.462139
—0.027498
-0.481047

2.963389
5.083018

MP2 Cosmo (& = 10)

Cl
Cl
Cl
Cl
Cl

-0.170316
2.554754
4.613609

—0.048356
0.050309

0.150464
0.053896
-0.012314
2.875282
4.932672

MP2 Cosmo (g = 100)

Cl
Cl
Cl
Cl
Cl

—0.250981
2.557894
4.600761

—0.033255
0.125582

0.075830
0.069397
0.065456

2.876317
4.912999

0.000000
2.296380
—2.296380

—0.000000
0.000000
—0.000000
—0.000000
0.000000

0.000000
—0.000001
0.000000
0.000001
—0.000000

0.000004
—0.000022
0.000013
0.000016
—0.000010

0.000008
—0.000049
0.000029

0.000032
—0.000021
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Ss

B3LYP

< 0O o un u u nu unu u

nuw nu u u u nu nu nu

2.189522
2.189522
0.906930
0.906930
—0.906930
—0.906930
—2.189522
—2.189522

P2

2.162388
2.162388
0.895691
0.895691
—-0.895691
—0.895691
—2.162388
—2.162388

—0.906930 0.497590
0.906930 —0.497590
—2.189522 -0.497590
2.189522 0.497590
—2.189522 0.497590
2.189522 -0.497590
—0.906930 -0.497590
0.906930 0.497590

-0.895691 0.502364
0.895691 —0.502364
-2.162388 —0.502364

2.162388 0.502364

-2.162388 0.502364
2.162388 -0.502364

-0.895691 -0.502364
0.895691 0.502364

MP2 Cosmo (g = 10)

nuw u u u u nu unu nu

2.162390
2.162390
0.895691
0.895691
—-0.895691
—-0.895691
—2.162390
—2.162390

-0.895691 0.503380
0.895691 —0.503380
-2.162390 —0.503380

2.162390 0.503380

-2.162390 0.503380
2.162390 -0.503380

-0.895691 -0.503380
0.895691 0.503380
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MP2 Cosmo (&

S 2162342
S 2.162342
S 0.895671
S 0.895671
S -0.895671
S -0.895671
S -2.162342
S -2.162342
SoCl3

B3LYP

S -0.973840
S 0.973840
Cl -1.581697
Cl  1.581697
MP2

S -0.979500
S 0.979500
Cl -1.527604
Cl 1.527604

= 100)

—-0.895671
0.895671
—2.162342
2.162342
—2.162342
2.162342
—0.895671
0.895671

0.049395

—0.049395
1.439759
-1.439759

0.039295

—0.039295
1.397023
-1.397023

MP2 Cosmo (& = 10)

S
S
Cl
Cl

—-0.979202
0.979202

-1.522878

1.522878

0.035669

—0.035669
1.395018
—-1.395018

MP2 Cosmo (g = 100)

S
S
Cl
Cl

—0.979013
0.979013

-1.522057

1.522057

0.035042

—0.035042
1.394663
—1.394663

0.503551

—-0.503551

—0.503551
0.503551
0.503551
—0.503551
—-0.503551
0.503551

—0.723364
—0.723364
0.723364
0.723364

—0.723227
—0.723227
0.723227
0.723227

—0.727768
—0.727768
0.727768
0.727768

—0.728724
—0.728724
0.728724
0.728724
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SCls

B3LYP

S 0.000000
Cl  0.000000
Cl 2.269667
Cl -2.269667
Cl  0.000000
MP2

S 0.000000
Cl  0.000000
Cl 2.240474
Cl -2.240474
Cl  0.000000
MP2 Cosmo (g =
S 0.000000
Cl  0.000000
Cl  2.259939
Cl —2.259939
Cl  0.000000
MP2 Cosmo (& =
S 0.000000
Cl  0.000000
Cl 2.263459
Cl -2.263459
Cl  0.000000

0.000000
-1.600417
0.000000
0.000000
1.600417

0.000000
~1.582369
0.000000

0.000000
1.582369
10)

0.000000
~1.574174
0.000000

0.000000
1.574174
100)

0.000000
~1.572774
0.000000

0.000000

1.572774

0.426710
—-0.824394
0.611040

0.611040

—0.824394

0.453610
-0.777184
0.550379

0.550379

—0.777184

0.448367
-0.781131
0.556948

0.556948

—0.781131

0.447113
—0.781965
0.558408

0.558408

—0.781965
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[S2Cl3)~

B3LYP

S —6.555245
S -4.629036

Cl —-4.515906

Cl -3.910196

Cl -7.238507
MP2

S -6.530229
S —-4.583744

Cl -4.598919

Cl -4.003520

Cl -7.132477

MP2 Cosmo (&

S
S
Cl
Cl
Cl

—6.559995

—4.639647
—4.628442
-3.909291
—7.111517

MP2 Cosmo (&

S
S
Cl
Cl
Cl

—6.575547

—4.664618
-4.636801
—3.858907
—7.113018

-0.434200 0.687801

—0.659330 0.570898
—-2.502738 -1.012970
1.027691 2.169884
1.005480 -0.778965

—0.449748  0.700441
—0.664399  0.567514
—2.436097 —1.009244
1.033949 2.119195
0.953199 -0.741257
= 10)

—0.474354  0.686745
~0.802338  0.450173
—2.377471 —1.008932
1.196895 2.281446
0.894171 -0.772783
= 100)

~0.490345 0.671065
~0.851051  0.413509
—2.388835 -1.028633
1.278334  2.359681
0.888800 -0.778974
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[SCIs]~

B3LYP

S 0.000000 0.000000
Cl  2.369318 -0.000000
Cl -2.369318 -0.000000
Cl  0.000000 -0.000000
MP2

S -0.000000 -0.000041
Cl  2.333946 0.000019
Cl -2.333946 0.000019
Cl  0.000000 0.000003
MP2 Cosmo (g = 10)

S -0.000026 0.000011
Cl  2.330705 -0.000002
Cl -2.330675 -0.000002
Cl -0.000004 -0.000006
MP2 Cosmo (g = 100)

Cl -6.546107 -0.479562
S -4561126 -0.833001
Cl -4.692983 -2.360457
Cl -3.935656 1.221122

-0.398814
-0.637646
-0.637646

1.675760

-0.438694
-0.587457
-0.587457

1.615261

-0.448049
-0.574770
-0.574764

1.599237

0.684356
0.411389
-0.993016
2.312893
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[SCIs]~

B3LYP

S 0.000000 0.000000 -0.241552
Cl 1.647899 1.647899 -0.394026
Cl  0.000000 0.000000 1.817658
Cl 1.647899 -1.647899 -0.394026
Cl -1.647899 1.647899 -0.394026
Cl -1.647899 -1.647899 —0.394026
MP2

S 0.000000 0.000000 -—-0.273363
Cl 1.627010 1.627010 -0.371192
Cl  0.000000 0.000000 1.758131
Cl 1.627010 -1.627010 -0.371192
Cl -1.627010 1.627010 -0.371192
Cl -1.627010 -1.627010 -0.371192
MP2 Cosmo (g = 10)

S 0.000000 0.000000 -0.269513
Cl 1.626260 1.626260 -0.370587
Cl  0.000000 0.000000 1.751861
Cl 1.626260 -1.626260 -0.370587
Cl -1.626260 1.626260 -0.370587
Cl -1.626260 -1.626260 —0.370587
MP2 Cosmo (g = 100)

S 0.000000 0.000000 -0.268077
Cl 1.626210 1.626210 -0.370823
Cl  0.000000 0.000000 1.751369
Cl 1.626210 -1.626210 -0.370823
Cl -1.626210 1.626210 -0.370823
Cl -1.626210 -1.626210 -0.370823
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[SClg]?

B3LYP

S 0.000000 0.000000 0.000000
Cl  0.000000 2.381674 0.000000
Cl 0.000000 0.000000 2.381674
Cl 2.381674 0.000000 0.000000
Cl -2.381674 0.000000 0.000000
Cl  0.000000 -2.381674 0.000000
Cl  0.000000 0.000000 -2.381674
MP2

S 0.000000 0.000000 0.000000
Cl 0.000000 2.346834 0.000000
Cl  0.000000 0.000000 2.346834
Cl 2.346834 0.000000 0.000000
Cl -2.346834 0.000000 0.000000
Cl 0.000000 -2.346834 0.000000
Cl  0.000000 0.000000 -2.346834
MP2 Cosmo (& = 10)

S 0.000000 0.000000 0.000000
Cl 0.000000 2.317528 0.000000
Cl  0.000000 0.000000 2.317528
Cl 2.317528 0.000000 0.000000
Cl -2.317528 0.000000 0.000000
Cl  0.000000 -2.317528 0.000000
Cl  0.000000 0.000000 -2.317528

401



8.5 Sl of Synthesis of a Hexachloro Sulfate(IV') Dianion Enabled by Polychloride Chemistry

MP2 Cosmo (g = 100)

S
Cl
Cl
Cl
Cl
Cl
Cl

0.000000 0.000000 0.000000

0.000000 2.313361 0.000000
0.000000 0.000000 2.313361
2.313361 0.000000 0.000000
—2.313361 0.000000 0.000000
0.000000 -2.313361 0.000000
0.000000 0.000000 -2.313361
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