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Infrared Spectroscopic and Theoretical Investigations of
Group 13 Oxyfluorides OMF, and OMF (M =B, Al, Ga, In)

Mei Wen,"” Robert Medel,” Guohai Deng,” Yetsedaw A. Tsegaw,” Yan Lu,”” and

Sebastian Riedel*™

Group 13 oxyfluorides OMF, were produced by the reactions of
laser-ablated group 13 atoms M (M=B, Al, Ga and In) with OF,
and isolated in excess neon or argon matrices at 5 K. These
molecules were characterized by matrix-isolation infrared
spectroscopy and isotopic substitution experiments in conjunc-
tion with quantum-chemical calculations. The calculations
indicate that the OMF, molecules have a B, ground state with
C,, symmetry. The computed molecular orbitals and spin
densities show that the unpaired electron is mainly located at
the terminal oxygen atom. Oxo monofluorides OMF were only

Introduction

Compounds featuring oxygen radical character are of funda-
mental importance as ubiquitous intermediates and prominent
reactive oxygen species (ROSs) in, for example, chemistry,
biology, and our atmosphere™ For instance, the alkoxy
radicals (RO, as crucial intermediates in organic synthesis,"”
undergo hydrogen atom transfer (HAT), f-scission, and addi-
tions onto unsaturation reactivities. The hydroxyl radicals (HO-)
are involved in the oxidative damage and degradation of
proteins induced by R0OSs.®! The oxy radicals of sulfur such as
FSO;-, FSOs and CH;SO;- exhibit significant effects on the Earth’s
sulfur cycle of the atmosphere.*'”

In addition to the aforementioned species, the structure
and reactivity of oxygen radicals containing other main group
elements have also been extensively investigated, such as the
oxyhalide diatomic radicals XO- (X=halogen),""™ surface-
bound siloxyl radicals =Si—0)"" as well as phosphate radicals
(—05P0-)."" To date, the majority of these oxygen radicals
involve atoms of the group 14, 15, 16 and 17, while only a few
examples involving group 13 atoms are known. The -OBF,, one
of the few known group 13 molecules with terminal oxygen
radical character, was observed for the first time from the
emission spectrum produced by discharges through BF; and O,
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observed in solid argon matrices and exhibit a linear structure
in the singlet ground state. The M—O bonding in the OMF
molecules can be rationalized as highly polar multiple bonds
based on the calculated bond lengths and natural resonance
theory (NRT) analyses. In particular, the molecular orbitals of
OBF exhibit the character of a triple bond B—O resulting from
two degenerate electron-sharing  bonds and an O—B dative ¢
bond formed by the oxygen 2p lone pair which donates
electron density to the boron empty 2p orbital.

mixtures."”! Subsequently, a series of theoretical calculations as
well as laser-induced fluorescence (LIF) spectra (B*A,—X’B,
transition) have been reported about this unusual radical.'®*"
Recently, transition metal oxyfluoride species with the similar
formula OMF, (M =transition metal) have been obtained by the
reactions of transition metal atoms with OF, in cryogenic
matrices.?? Although most transition metal oxofluorides do
not possess oxygen radical character, since transition metals
readily form multiple M—O bonds involving d or f orbitals.
Nevertheless, some transition metal oxyfluorides containing
oxygen radicals have been identified using matrix-isolation IR
spectroscopy supported by electronic structure calculation,
including OMF, with C,, structure in X?B, ground states (M=Sc,
Y and La),?**" and OMF, with T-shape structure in X*A, ground
states (M=Ni, Pd and Pt).?”

Inspired by the formation of transition metal oxyfluoride
radical species, herein we report the novel group 13 oxofluoride
radicals -OMF, (M=B, Al, Ga and In) by using laser-ablated B, Al,
Ga and In atoms reacted with OF, and isolated in solid neon
and argon matrices. The spin-density and molecular orbitals
(MOs) profiles confirmed that the unpaired electron is centered
on the oxygen atom of the OMF, molecules. In addition, the
infrared experiments in argon matrices revealed the existence
of OMF molecules. The MOs and the natural resonance theory
(NRT) calculations show that OBF, OAIF and OGaF possess each
an M—O (M=B, Al and Ga) triple bond character. In contrast, the
heavier analog OInF has a highly polar double bond interaction
between the In and O atoms. We also briefly discuss the
possibility of formation of the unusual peroxo dimer F,Al(u—1*
1n>—0,)AIF, from the OAIF, radical in our experiments, based on
the reported calculations.?®
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Experimental and Computational Methods 7 vy,
The group 13 oxyfluoride products were generated by the | 60"°BF 108F, BF “OBF,
reactions of laser-ablated B, Al, Ga and In atoms and '*OF, or *BQWBFZ
'80F, in excess neon or argon onto a cryogenic Csl window (for “w-”“" T\"“"““B‘
Al, Ga and In) or onto a gold plated copper mirror (for B) and - B
cooled to 5K by using a closed-cycle helium cryostat = [5% T
(Sumitomo Heavy Industries, RDK-205D) inside a vacuum Sl
chamber. The experimental apparatus and procedure have g ﬂw\wrw%é:_ﬁq f\ﬂg:m m
been described in detail in previous studies.””*” Briefly, the & | ‘L 2 z
1064 nm fundamental of a Nd:YAG laser (Continuum, Minilite Il) = "*0"BF 180 10E 108F
with a pulse energy of 50-65 mJ per 10 ns pulse was focused : V]
on the elemental group 13 targets through a hole in the cold Wﬁ M\ mpf‘“’\ d
window. '¥'®0F, was synthesized by a known procedure using r
elemental fluorine and '®'®0H, dispersed in solid NaF.*" FTIR L N
spectra were recorded on a Bruker Vertex 80v spectrometer for ; ! o | ! 77 ! |

B and Bruker Vertex 70 spectrometer for Al, Ga and In at
0.5 cm™' resolution in the 4000-430 cm™' region using an MCT
detector. The matrix samples were irradiated by an LED light
(OSLON 80 4+ PowerStar Circular 4 LED Arrays: A=470+
20 nm, 13 W) or a mercury arc lamp (Osram HQL 250, 175 W)
with the outer globe removed.

All calculations were carried out using the Gaussian 16
program package.®*” The electronic structure and vibrational
frequencies were calculated by means of the hybrid density
functionals including dispersion corrections like B3LYP—D3.3*4
In addition, high-level quantum-chemical calculations at the
CCSD (coupled-cluster singles-doubles)® level were also per-
formed. Additional CCSD(T) (coupled-cluster singles-doubles
with perturbational triples excitations)®***” calculations were
carried out to obtain more accurate results for electronic
structure information. For all calculations, Dunning’s correlation
consistent polarized basis sets of triple-zeta quality with diffuse
augmentation functions (aug-cc-pVTZ) were used for B, O, F
and Al atoms, aug-cc-pVTZ-PP®¥% with scalar-relativistic effec-
tive core pseudopotentials (ECP) were used for Ga and In atoms.
The natural resonance theory (NRT) analyses and natural
population analysis (NPA) were carried out at the B3LYP/aug-cc-
PVTZ-PP level using the NBO 7.0 program.”" The molecular
orbitals were visualized using the program Chemcraft."?

Results and Discussion
Experimental Results
Boron Spectra

The infrared spectra from co-deposited laser-ablated '°B-
enriched boron (>95%) with 0.05% '®OF, or '®OF, in neon at
5K are presented in Figure 1. Vibrational signatures of boron
fluorides '°BF, (n=1-3) were observed after 30 min deposition,
at almost the same positions as obtained before from the
reaction of boron atoms and F,.* No obvious boron oxide
compounds were observed. The absorptions at 521.4 and
2148.6 cm ™' that appeared after co-deposition were assigned to
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Figure 1. Infrared spectra of the reaction products obtained from laser-
ablated '°B-enriched boron (> 95 %) with OF, in excess of Ne at 5 K: a '°B
+0.05% OF,/Ne co-deposition for 30 min, b after irradiation with A >220 nm
for 15 min, ¢ "B+ 0.05% '®OF,/Ne co-deposition for 30 min, and d after
irradiation with A > 220 nm for 15 min. Unassigned bands are marked by an
asterisk.

O'°BF in the previous work™ and showed no obvious growth
on full-arc mercury lamp photolysis (A > 220 nm).

In addition to these known absorptions, new absorptions at
684.6, 1466.0 and 1473.9cm™' increased in intensity concur-
rently upon irradiation with A >220 nm. This set of absorptions
shifted to 658.0, 1416.2 and 1423.9 cm™' in the natural boron
isotope abundance experiment (80.4% ''B, 19.6% '°B) (Fig-
ure S1), providing doublet distributions for each mode with 1:4
intensity ratio, which indicate that only one boron atom is
involved in these modes. These bands were observed neither
after the reaction of boron with O, nor after the interaction of
BF; with excited neon atoms,**¥ suggesting that they originate
from a ternary boron oxyfluoride. The band at 1466.0 cm™
appeared in the B—F stretching region and exhibited no Av('®
'80) isotope shift. Hence, we assign this band to the antisym-
metric F—'°B—F stretching mode. Whereas the 1473.9 cm™' band
exhibited a 12.4 cm™ oxygen isotopic shift and a 50.0 cm™'
boron isotopic shift and belongs therefore to the '"B-O
stretching mode. A small Av('*'®0) isotope shift of 2.0 cm™ was
found for the lower 684.6 cm™' absorption, indicating that it is
likely to be an out-of-plane bending mode in which oxygen is
not strongly involved. Based on these assignments, the new
compound is identified as OBF,. All these bands of OBF, and
OBF molecules were also observed in solid argon (see
Supporting Information Figures S2 and S3).

Aluminum Spectra

Figure 2 displays the infrared spectra for the products formed
upon reactions of laser-ablated aluminum atoms with 0.05%
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Figure 2. Infrared spectra of the reaction products obtained from laser-
ablated aluminum atoms with OF, in excess of neon at 5 K: a Al 4-0.05 %
OF,/Ne co-deposition for 90 min, b after irradiation with A > 220 nm for
15 min, ¢ Al+0.05% 'OF,/Ne co-deposition for 90 min, and d after
irradiation with A > 220 nm for 15 min.

'OF, or "®0F, in solid neon matrices. The identified species are
compiled in Table 1. Based on the previously published results
on the reaction of aluminum with F,*' the broad bands at
786.0, 901.1, 961.9 and 945.8 cm™' were assigned to the AIF,
AIF,, AIF; and the high electron affinity neutral molecule
(F,)AIF,, respectively. In addition, new product absorptions at
909.8 and 959.5 cm™' were observed after 90 min deposition,
with some partial overlap between the 959.5 cm™' band and
AIF; molecular absorption. These two new bands significantly
increased upon subsequent irradiation with A>220 nm and
their relative intensities remained constant. Therefore, these
two new absorptions should be different vibrational modes of
the same aluminum species. Furthermore, the overlapping
bands at 959.5 and 961.9 cm™' can be distinguished easily from
the spectrum after irradiation with A>220 nm (Figure 2, trace
b). To identify the new products, a similar experiment was
carried out using the '®OF, sample under the same conditions
(Figure 2, trace c). The behavior of the new band at 896.1 cm™
during UV irradiation was almost identical to the one observed
at 909.8 cm™' in the '°OF, experiment (Figure 2, trace d). The
corresponding larger 13.7 cm™' oxygen isotopic shift suggest it
should be the Al-O stretching mode. Since no 0 shift was
observed for the 959.5 cm™' band and the absorption appeared
in a region of aluminum fluorides absorption, it can be assigned
to the F—AI-F antisymmetric stretching mode. Hence, this
group absorptions are appropriate for the OAIF, molecule.
Apart from these assigned bands, there are absorptions of an
unknown species with an 18.3 cm™' Av("®'®0) isotope shift that
appeared in a region where aluminum fluoride stretching
vibrations absorb, denoted with asterisks in Figure 2. They
slightly increased upon A >220 nm, which might originate from
the dimer F,Al(u—n>n*—O,)AIF, based on the values previously
reported by quantum-chemical calculations.”
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The Al-O stretch and antisymmetric F—Al-F stretch of OAIF,
were also detected in the argon deposit (see Supporting
Information Figure S4 and Table 1). Additionally, the oxo
monofluoride OAIF was observed at 1147.9cm™ in an argon
matrix experiment (Figure S4), which is consistent with the
reported position (1148 cm™) by co-condensation of AIF with
oxygen atoms under cryogenic conditions in argon matrices."
The in-phase O—AI-F stretching band was not detected
experimentally, which is in line with its calculated low infrared
intensity (Table 1). No apparent growth of OAIF absorption was
observed upon further irradiation (Figure S4, trace b and d).

Gallium Spectra and Indium Spectra

Figure 3 shows the infrared spectra from co-deposited gallium
atoms (®Ga and "'Ga, 60.1 and 39.9%, respectively, in natural
abundance) with 0.05% '®OF, or '®0F, in neon. The broad bands
of GaF and GaF, were observed at 607.1 and 685.0cm ',
respectively, which are consistent with the previous
identifications.”” New absorptions were resolved at 740.5 and
746.8 cm™' and the corresponding gallium isotopic bands were
partially resolved at 737.8 and 744.0 cm™'. These new bands
tracked together as they greatly increased upon subsequent
LED irradiation (A=470 nm). The doublet gallium isotopic
splitting’s clearly show that the new species has a single gallium
atom. Furthermore, the experiment of gallium with '®OF, was
also performed to further aid our assignment. Doublet feature
peaks at 740.5 and 737.8cm™' undergo 11.5 and 11.3cm™’
oxygen shift, respectively, as illustrated in Figure 2 (trace c and
d). The band positions and the oxygen isotopic shift confirmed
the presence of a symmetric F—-Ga—F stretching mode coupled
with the Ga—O stretching mode. The 746.8/744.0 cm™' bands
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B ]
16069G3F2
) TS
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g —
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Figure 3. Infrared spectra of the reaction products obtained from laser-
ablated gallium atoms with OF, in excess of neon at 5 K: a Ga+ 0.05% OF,/
Ne co-deposition for 60 min, b after irradiation with A =470+ 20 nm for

15 min, ¢ Ga+0.05% '®OF,/Ne co-deposition for 60 min, and d after
irradiation with A =470420 nm for 15 min.
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Table 1. Selected experimental and calculated normal mode wavenumbers and their *'®0 isotope shifts Av (in cm ™) for the group 13 oxyfluorides.
Exp.(Ne matrix) Exp.(Ar matrix) Ccsp(m™
molecule v('°0) v('®0) Av v(*°0) v('®0) Av v('°0) Av stretching mode
O'°BF 5214 517.7 3.7 513.9 510.3 3.6 516.5 (73) 3.7 O—"°B—F bend
19B—0 mix™®
2148.6 21233 253 2136.1 2111.6 24.5 2164.8 (408) 25.0
O"'BF 502.7 499.0 3.7 4954 491.7 3.7 498.1 (68) 3.9 O—""B—F bend
n iy [b]
2077.5 2050.8 26.7 2064.8 2038.9 25.9 2090.3 (377) 26.1 B=0 mix
0'°BF, 684.6 682.6 2.0 675.9 673.9 2.0 690.4 (83) 2.1 out-of-plane bending
10
1473.9 1461.5 12.4 1466.2 1454.0 12.2 1497.8 (405) 12.6 B_,O 10
antisym. F—""B—F
1466.0 1466.0 0.0 1458.9 1458.9 0.0 1498.3 (276) 0.0
0''BF, 658.0 656.0 2.0 649.8 647.7 2.1 663.6 (77) 2.2 out-of-plane bending
n
1423.9 1410.7 13.2 1416.8 1403.9 129 1445.6 (374) 13.1 B.%) n
antisym. F—"'B—F
1416.2 1416.1 0.1 1409.5 1409.3 0.2 1446.5 (254) 0.0
OAIF _la _la _d _[d _la _la 7325 (21) 16.3 Al-F mix[b]
| . b]
_ _ —[‘J 1147.9 11242 237 1143.9 (104) 234 Al=0 mix
OAIF, - -4 -4 -4 - - 674.4 (0) 15.3 Al-O mix¥
ALLE miyld
909.8 896.1 13.7 8953 8826 127 905.5 (140) 125 sym. F-AL-F mix
antisym. F-AlI-F
959.5 959.5 0.0 946.4 946.4 0.0 950.1 (180) 0.4
0%GaF - - - 690.2 681.1 9.1 696.9 (37) 9.0 “Ga—F mix"®
69~ i Ib]
943.1 909.7 334 952.9 (68) 340 Ga—0 mix
0”'GaF - - - 690.2 681.1 9.1 696.1 (38) 8.9 "'Ga—F mix®
Tiea () iyl
939.4 905.9 335 949.0 (66) 343 Ga—0 mix
OEQGaFZ _la _la _d _l _la _la 664.8 (1) 20.0 696370 mix[d]
69 F myindd]
740.5 729.0 15 733.1 7192 139 745.8 (76) 129 sym. F=7Ga F mix
antisym. F—"Ga—F
746.8 746.7 0.1 736.1 736.0 0.1 750.1 (107) 0.1
07'GaF, @ [ @ @ @ @ 664.8 (1) 201 71Ga—0 mix
7 - iy ldl
737.8 726.5 13 727.8 716.6 112 743.0 (75) 12,5 sym. F—"Ga-F mix
antisym. F—"Ga—F
744.0 743.9 0.1 730.4 730.4 0.0 746.9 (106) 0.3
OInF - —d - 598.4 592.8 5.6 603.9 (46) 6.2 In—F mix®
[ @ & In—O mix®
- -~ - 782.6 750.2 324 785.3 (58) 324
OInF, - - - -4 - - 583.2 (0) 2238 In—O mix'¥
I F iy ld]
631.5 625.7 58 619.9 6134 6.5 625.9 (69) 5.1 sym. F-An—F mix
antisym. F—In—F
628.5 628.4 0.1 614.9 614.9 0.0 627.1 (95) 0.7
[a] values obtained at the CCSD(T)/aug-cc-pVTZ-PP level with B3LYP—D3 intensities (in km/mol) in parentheses using the Gaussian 16 program. [b] The M—O
stretches mix with the M—F stretches. [c] Bands not observed, or too weak. [d] The M—O stretches mix with the symmetric F-M—F stretches. More calculated
frequencies are shown in Supporting Information Table S1.

with the strong doublet feature were designated to the
asymmetric F—Ga—F stretching mode based on almost no
oxygen-18 shift and due to their absolute band positions. In
summary, we assign these new bands to O%®GaF, (740.5 and
7468 cm™") and O”'GaF, (737.8 and 744.0cm™') molecules.
Likewise, 0%GaF, and O”'GaF, molecules were also observed in
argon matrices (see Figure S5, Table 1). Furthermore, O%®GaF
(690.2 and 943.1 cm™") and O”'GaF (690.2 and 939.4 cm™') were
only observed in argon matrices, in agreement with the earlier
findings.*”

Following the boron, aluminum and gallium experiments,
the spectra obtained from the reactions of indium atoms and
OF, in solid neon matrices are shown in Figure 4. OInF,

Chem. Eur. J. 2023, 29, €202301676 (4 of 9)

absorbed at 628.5 and 631.5cm™' (Figure 4, trace a). The
628.5 cm™' band is reasonably attributed to the antisymmetric
F—In—F based on the lack of a '“'®0 isotopic shift and its
absolute position. However, the 631.5cm™' band showed a
small '¥'®0 isotopic shift of 5.8 cm™ in the 'O substitution
experiments (Figure 4, trace c), suggesting that this band
should be assigned to the F—In—F symmetric stretching vibra-
tional mode coupled with the In—O stretch. OInF, absorptions
found in solid argon matrices during the reactions of In atoms
and OF, are given in Table 1 and the spectra are shown in
Figure S6. Besides, it is evident that there is a second set of
absorptions at 598.4 and 782.6 cm ™' during sample deposition
in Figure S6. No growth was observed for this group absorp-
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Figure 4. Infrared spectra of the reaction products obtained from laser-
ablated indium with OF, in excess of neon at 5 K: a In+0.05% OF,/Ne co-
deposition for 110 min, b difference spectrum after irradiation with

A>220 nm for 15 min, c In+0.05% '°OF,/Ne co-deposition for 110 min, and
d difference spectrum after irradiation with A > 220 nm for 15 min.

tions upon subsequent UV photolysis. The experiment with an
'0OF, sample, shows a band at 598.4 cm™ with a small '*'%0
isotopic shift of 5.6 cm™', which was assigned to the In—F
stretch which is slightly coupled with the In—O stretch. The
higher band at 782.6 cm™ exhibited an quite large '*'®0
isotopic shift of 32.4 cm™, which confirmed the presence of a
terminal In—O bond similar to that in the linear OInO
structure.”® Thus, the two new bands are assigned to the OInF
molecule.

Computational Results

Quantum-chemical calculations at the B3LYP-D3, CCSD and
CCSD(T) methods using the aug-cc-pVTZ-PP basis set have been
performed to optimize the molecular structures and compute
their corresponding vibrational frequencies. The oxydifluorides
OMF, (M=B, Al, Ga and In) show G, symmetry with an ’B,
electronic ground state. The OMF molecules are all computed
to possess linear structures in the '=™ electronic ground state.
Table 2 lists the corresponding calculated structural parameters.
The CCSD and B3LYP-D3 normal mode analyses are summar-
ized in Table S1.

For O'BF,, the calculated harmonic frequencies at the DFT
level are coincidentally closer to experimental fundamental
values than the calculated results at the CCSD and CCSD(T)
levels. The DFT frequency calculations predict the strong
F-'°B—F antisymmetric stretching mode at 14559 cm™', the
YB_O stretching mode at 1467.9cm™' and the out-of-plane
bending mode at 679.6 cm™', which exhibit only 0.7%, 0.4%
and 0.7 % differences, respectively, compared to the observed
results in neon matrices. The corresponding CCSD and CCSD(T)
values are higher by about 44 and 24 cm™, respectively, for the
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Table 2. Optimized Structures of OMF and OMF,.

CCSD(T)/aug-cc-pVTZ-PP

M-0 M-F /FMO
molecule A A (deg)
OBF (C..,, '=%) 1.217 1.289 180.0
OAIF (C,.,, '=%) 1.616 1.646 180.0
0GaF (C,,,, '=7) 1.648 1.708 180.0
OInF (C,, '=) 1.850 1.918 180.0
OBF, (G,y, ?B,) 1.370 1318 119.3
OAIF, (G, *B,) 1.741 1.644 119.1
0GaF, (G, °B,) 1.786 1.723 120.6
OInF, (C,, °B,) 1.999 1.935 121.7

B0 stretching band if compared with the experiment. As
compiled in Table 1, the corresponding calculated Av('®'®0)
shift for '’B—O stretching of 12.6 cm™' at the CCSD(T) level is
close to the experimentally observed value of 12.4cm™". As
seen in Table S1, the calculated Av("*'®0) shifts for the '°B—O
stretching at the CCSD and DFT levels are also in good
agreement with experiment. Furthermore, the calculated har-
monic wavenumbers at the CCSD(T) level for the boron
isotopolog O''BF, are 663.6, 1455.6 and 1446.5 cm™', showing
26.8, 52.2 and 51.8 cm™' boron isotopic shift, respectively, are in
good agreement with the experimentally observed boron shifts
of 26.6, 49.8 and 50.0 cm™'. Besides, the calculated '°B—O and
O—""B—F stretching wavenumbers for oxo monofluoride O'°BF
at the CCSD(T) level of theory are 2164.8 and 516.5cm™,
respectively, which are in reasonable accordance with the
experimental values in neon matrix (2148.6 and 521.4 cm™').

For the OAIF, product, the calculated Al-O stretching and
antisymmetric v, (F-Al-F) stretching vibrational wavenumbers
at the CCSD(T) level are 905.5 and 950.1 cm™', respectively,
which are more in accordance with the absorptions observed at
909.8 and 959.5 cm™' in neon matrix than the B3LYP-D3 and
CCSD results. The calculated Al-O stretching at the CCSD(T)
level shows a 12.5 cm™' oxygen isotopic shift, in line with the
experimentally observed shift of 13.7cm™". The calculated
frequencies and Av('*'®0) shifts of the OAIF, molecule at the
B3LYP—D3 and CCSD levels are in qualitative agreement with
experiment. At the CCSD(T) level, another product OAIF is
predicted at 1143.9 (Al-O stretching) and 732.5 cm™ (O-AI-F
stretching) with '¥'%0 isotopic shift of 23.4 and 16.3cm™’,
respectively. The former is consistent with the experimental
observed Al-O stretching oxygen isotopic shift of 23.7 cm™.
Notably, the experimental values of asterisk-marked absorptions
at 931.9cm™' in Figure 2 are inconsistent with the calculated
wavenumbers of F,Al(u—1*n*~0,)AIF, dimer (see Supporting
Information Table S2).

DFT calculations of the gallium oxydifluoride OGaF, show
frequencies which are too low for the Ga—F stretches. The
CCSD(T) calculated symmetric and antisymmetric Ga—F stretch-
ing frequencies of 0%GaF, are 745.8 and 750.1 cm™', respec-
tively, which is in good agreement with the observed bands at
7405 and 746.8cm™' in neon matrix. In accordance with
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gallium isotopic splitting’s, the 737.8 and 744.0 cm™' bands are
due to O’'GaF,. The Ga—O stretching mode of the OGaF
molecule is too weak to be observed in our experiments. For
0%GaF,, the predicted oxygen isotope shifts for symmetric and
antisymmetric F—Ga—F stretching at the CCSD(T) level are
12.9 cm™" and 0.1 cm™, respectively, which are in good agree-
ment with corresponding experimental results of 11.5 and
0.1cm™ using 'O enriched OF, in neon. The calculated
wavenumber values of 0-*Ga—F (696.9cm™") and *Ga-O
(952.9 cm™) vibration modes in the 0®GaF molecule at the
CCSD(T) level are close to the observed positions at 690.2 and
943.1 cm™' in argon, respectively.

For OInF,, the calculated CCSD(T) antisymmetric F—In—F
stretch at 627.1cm™ and the symmetric F—In—F stretch at
6259 cm™' (In—F stretching mode coupled with the In-O
stretch) match with the experimental observed absorptions at
628.5 and 631.5 cm™" in neon matrices, respectively. In addition,
the observed isotopic oxygen shift of 5.8 cm™' for absorption at
631.5cm™" in neon is in accordance with the theoretically
predicted isotopic oxygen shift of 5.1 cm™" for the band at
625.9 cm™'. The calculated '¥'®0 isotopic shifts for the symmet-
ric F—In—F stretch at the B3LYP—D3 and CCSD levels are also in
agreement with the experiment. CCSD(T) calculations of the
oxo monofluoride OInF, show an In—F stretching slightly
coupled with the In—O stretching mode (O—In—F) which is
~5cm™" higher than the experimental value, and the In—F
stretch is predicted to be ~3 cm™! higher than the experimental
value. Furthermore, our calculations show In—F and In—O
stretching modes which are 6.2 and 32.4 cm™ red shifted upon
80 substitution, which is consistent with the corresponding
observed shifts of 5.6 and 32.4 cm™". The CCSD and DFT values
are in agreement with experiment for the O—In—F (within
20 cm™') and In—0O stretches (within 10 cm™).

Bonding Situations

The bond lengths and angles for the global minimum structure
of OMF, and OMF (M=B, Al, Ga and In) molecules are given in
Table 2. The calculated M—O bond lengths at the CCSD(T) level
are in good agreement (within 0.1 A) with those at the CCSD
and B3LYP-D3 levels (see Table S3). The molecular orbitals
(MOs) visualization below can be used to further illustrate the
nature of M—O bonds in OMF, and OMF (M=B, Al, Ga and In)
molecules.

In this work, OMF, molecules are the main observed
products, the data in Table 2 suggests that the M—O bond
lengths in OMF, are considerably longer than in OMF. The
calculated B—O bond length at the CCSD(T) level in OBF, is
1.370 A, which is close to the B—O single-bond length of
1.352 A in, for example, H,BOH.*" The Al-O distance of 1.741 A
in the OAIF, is the typical Al-O single-bond distance observed
in 4-coordinate aryloxide compounds.*” The Ga—O (1.786 A)
and In—0 (1.999 A) bond lengths in OGaF, and OInF, molecules
are significantly longer than the reported Ga=0 (1.70 A) and
In=0 (1.82 A) double bond lengths.”® To investigate the
detailed bonding situation, we have analyzed the electronic
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configuration of OMF,. Herein, taking OInF, as an example. The
electronic configuration of OInF, with C,, symmetry in the ’B,
ground state has the following HOMOs with increasing energy:
11a, o bond orbital, 4b, oxygen ‘out-of-plane lone pair’
nonbonding orbital, and 7b, oxygen ‘in-plane open shell p’
nonbonding orbital [the single occupied orbital (SOMO)] which
involves the In 5p and O 2p orbitals (Figure 5). The plots of the
molecular orbitals reveal the single radical characteristics of the
terminal oxygen atom of the OInF, molecule, which can be
further identified by the computed spin density (Figure S9)
located at the oxygen atom (1.037 e). The analogous MOs and
computed spin density of OBF,, OAIF, and OGaF, molecules are
displayed in Figure S7 and Figure S9.

Although OBF, OAIF and OGaF have been generated
previously using different reactions, the bond properties of
these species were not described in detail. Compared with
OMF,, OMF has a significantly shorter M—O bond length and a
higher M—O stretching frequency, indicating a stronger M—O
bond.

For the OBF molecule, the calculated B—O bond length
(1.217 A) at the CCSD(T) level is close to the sum of the reported
boron oxygen triple bond radii (1.21 A) in the single crystal
structure of oxoboryl complex trans-[(Cy;P),BrPt(B=0)] (Cy
being cyclohexyl).®" The iso(valence) electronic molecules of
O=BF, acetonitrile compound analog H;CBO, also shows a B=O
triple bond character.®” Complex trans-[(Cy;P),BrPt('’B=0)] and
H;C'°B=0 show IR absorption bands at 1853 and 1907.5 cm™,
respectively, yet O='"B—F has a significantly higher wavenumber
(2148.6 cm™" in neon), which is indicative for a stronger B=0O
triple bond character in OBF. Figure 6 presents the OBF
resonance structures®™ and the MOs of OBF are shown in
Figure 7.

The natural resonance theory (NRT) calculations show that
the O=B—F form has an 89% weight. Furthermore, the NRT
bond index of 2.91 further suggests a triple bond character
between boron and oxygen. Therefore, the OBF compound
involves a triple bond derived from two degenerate electron-
sharing m bonds and an O—B dative ¢ bond formed by the
oxygen 2p lone pair electrons donating to the boron 2p empty
orbital.

o, 82 B«

11a, sigma bond 4b, out of plane lone pair 7b, in-plane open shell orbital

Figure 5. Molecular orbitals (MOs) for OInF, computed at the B3LYP—D3/
aug-cc-pVTZ-PP level of theory.

& o _ © @
I0O=EB-FI «— :O=B=F,
89% 10%

Figure 6. Major Lewis resonance structures of OBF as predicted by natural
resonance theory (NRT).
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-9 @ -0 L
4c 5¢ 6o 1w
1 7o 2n 2n
Figure 7. Molecular orbitals (MOs) of OBF computed at the B3LYP—D3/aug-
cc-pVTZ level of theory. The atoms from left to right are O, B and F.

For aluminum, the CCSD(T) calculated Al-O bond length of
1.616 A in the OAIF compound is significantly shorter than both
the predicted sum of the molecular covalent double bond radii
(1.70 A) and the Lewis acid stabilized “Al=0" bond (1.659 A)
experimentally determined in the [AI-(NONAr)(O)]~ anion.””
NRT analyses of the electronic structure of OAIF molecule
revealed a highly polar Al-O triple bond character with a 79%
ionic contribution to the NRT Al-O bond order of 2.97. The high
polarity of the AI-O bond is also reflected in the high opposite
natural population analysis (NPA) charges (O, —1.34; Al, +2.09)
compiled in Table 3.

The Ga—O bond length (1.648 A) in OGaF with 2.91 NRT
bond index is significantly shorter than the one in linear 0GaO
molecule (1.70 A) with 1.6 bond order.”® Thus, the Ga—O bond
in OGaF appears to be best described as a triple bond. In
contrast, for the indium oxo monofluorides OInF, the calculated
In—O bond length (1.850 A) with the CCSD(T) method is close to
the In—O bond length of the reported linear OInO molecule
(1.82 A) in the *I1, ground state.*” The In—O bond order in the
linear OInO molecule was estimated as 1.6 according to the

formula introduced by Siebert,” which is similar to our
calculated In—O double NRT bond index of 1.94 with 31%
covalent contribution and 69% ionic contribution for OInF.
Therefore, the In—O bond in the OInF can be described as a
highly polar double bond.

The MOs for Al, Ga and In analogs are provided in Figure S8
in the Supporting Information. The M—O bonding orbitals are
localized more on oxygen than on group 13 elements, which
also reflects the polarity of this interaction. The two degenerate
7 bonding interactions with the np (n=3, 4, 5) orbitals of Al, Ga
and In are weaker than with the 2p orbitals of B, explaining
their weaker covalent bonding character.

Reaction Energies

The reaction energies computed at the CCSD(T) level are listed
in Table 4. The reaction pathway for the formation of OMF,
(M=B, Al, Ga and In) molecules are shown in reaction (1). The
formation processes are for all compounds (B, Al, Ga, In)
computed to be highly exothermic by 327.9, 276.1, 210.5 and
169.1 kcal/mol, respectively (Table 4). Thus, boron, aluminum,
gallium, and indium atoms are likely to react directly with OF,.

M + OF, — OMF, (1)

There are two reasonable reaction routes for the formation
of triatomic OMF molecules [reaction (2) and reaction (3)].
Reaction (2) describes the formation of OMF upon the reactions
of group 13 atoms and OF radicals. The single-point energy
calculations at the CCSD(T) level reveal that the reaction (2) is
highly exothermic by —293.6, —201.5, —162.1 and —129.3 kcal/
mol for B, Al, Ga and In, respectively. OF radicals might be

Table 3. Selected B3LYP-calculated results of NRT analyses and NPA charges.

NRT analysis NPA Charges

Bond order Covalent lonic o M F

bo_m Bond order® Bond order®
OBF 291 1.14 (39%) 1.77 (61 %) —0.83 +1.27 —-0.43
OAIF 297 0.63 (21 %) 2.35(79%) —-1.34 +2.09 —0.74
OGaF 291 0.74 (25 %) 2.18 (75 %) —-1.14 +1.81 —0.68
OInF 1.94 0.61 (31%) 1.34 (69 %) —-1.14 +1.85 —0.71

[a] The percentages within the parentheses show the contributions towards the total bond. Basis sets: aug-cc-pVTZ for B, O, F, Al; aug-cc-pVTZ-PP for Ga, In.

Table 4. Computed thermochemical reaction energies of group 13 oxyfluorides (298.15 K) in kcal/mol.

B Al Ga In
Reactions AE? 4+ AZPE® AH AE? 4 AZPE®! AH AE? 4 AZPE®! AH AE 4+ AZPE® AH
M+ OF ,—OMF, ~327.9 ~326.0 ~276.1 ~275.9 ~2105 ~2106 ~169.1 ~169.4
M+ OF —OMF ~2936 ~2917 ~2015 ~2013 ~162.1 ~162.0 ~1293 ~1294
OMF,—OMF +F 720 721 112.0 1123 85.8 863 773 77.6

[a] Energy changes (kcal/mol) for the reactions computed at the CCSD(T)/aug-cc-pVTZ-PP level. [b] Using zero-point energy corrections for the electronic
energies at the CCSD(T) level.
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produced by photo- or metal-induced fluorine atom abstraction
from OF,, the latter being indicated by observation of MF,
species. Furthermore, OMF molecules can also be obtained
through a dissociation channel in which OMF, molecules
release a fluorine atom [reaction (3)]. The calculated dissociation
energies for the B—F, AI-F, Ga—F and In—F bonds in the OMF,
molecules are 72.0, 112.0, 85.8 and 77.3 kcal/mol, respectively.

M + OF — OMF 2)

OMF, — OMF +F (3)

One of the important reactions of highly reactive radical
species is usually the dimerization [reaction (4)].

-OMF, + -OMF, — F,M(u—1* : 0’ —0,)MF, (4)

From the reported detailed theoretical studies,” it can be
concluded that all these dimers have C,, geometry and show an
'A, ground state stabilized by radical-radical interactions and
their dimerization processes must be exothermic. Furthermore,
aluminum compound F,Al(u—n%n’—0,)AIF, exhibits exception-
ally high stability due to its dimerization reaction releasing
more energy. Nevertheless, the formation of dimers within the
matrix is usually prohibited and is not observed in our experi-
ments.

Conclusions

In summary, we have synthesized and characterized the OMF,
radicals for the first time by the reactions of laser-ablated group
13 atoms M (M=B, Al, Ga and In) with OF, in solid neon or argon
matrices at 5K. The assignments were supported by '*'80
isotope substitution experiments as well as quantum-chemical
calculations up to state-of-the-art coupled cluster level. The
calculations predict the vibrational frequencies of the whole
series of OMF, (M=B, Al, Ga, In) molecules showing planar G,
structures with a ?B, ground state. These theoretical frequencies
and oxygen isotopic shifts support our assignments for these
molecules. The computed molecular orbitals (MOs) and spin
densities of group 13 oxydifluorides OMF, show that the radical
character is almost exclusively centered at the oxygen atoms.
Moreover, the linear structures of the OMF molecules with C,,
symmetry in its ground states were observed in argon during
sample deposition. For the OBF molecule, two degenerate &
bonds and one O—B dative o bond constitute the triple bond
character between B and O, which could be further identified
by the calculated short B-O bond length and detailed NRT
analysis. For the OAIF, OGaF and OInF oxo monofluorides, it is
more reasonable to characterize their AI-O and Ga—O bonds as
highly polar triple bonds while the In—O bond is best described
by a highly polar double bond based on NRT analysis. Addition-
ally, the reactions of the group 13 atoms with OF, have been
computed to be highly exothermic, providing the energy for
the formation of OMF molecules.
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