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Introduction

While halogenated sulfenylcarbonyl compounds XC(O)SY
(X, Y=halogen) have been extensively studied,[1] the analo-
gous selenocarbonyl compounds XC(O)SeY are still un-
known. Matrix-isolation photochemistry is a very useful
strategy for the isolation of novel species, either because
they are unstable under normal conditions or because no
chemical synthetic route has been found. In this context, the

“phosgene family” was recently completed with the isolation
of the last two unknown members O=CICl and O=CIBr by
photochemical matrix reaction of CO with ICl or IBr.[2]

New members of the XC(O)SY compounds such as
BrC(O)SBr,[3] IC(O)SBr[1] and BrC(O)SCl[1] were also iso-
lated from the reaction of OCS with the corresponding halo-
gen or interhalogen compound. BrC(O)SCl was also ob-
tained by photochemical rearrangement of matrix-isolated
ClC(O)SBr.[4] Recently, several compounds of the type
XC(S)SY (X, Y=halogen) have been isolated by photo-
chemical reaction between CS2 and XY.[5]

Here we present the isolation of the hitherto-unknown
molecule FC(O)SeF by matrix photochemical reaction of
OCSe and F2, evidenced by FTIR spectroscopy. As far as
we know, this is the first example of a member of the
XC(O)SeY family of compounds, with X, Y=halogen.
Moreover, studies on the �C(O)Se� group, restricted to
some selenocarboxylic acids, are very scarce.[6,7]

Both the syn and anti conformations of fluorocarbonylse-
lenyl fluoride were observed in matrix. According to quan-
tum chemical calculations (see below) the syn form is ther-
modynamically more stable than the anti form. Photochemi-
cally produced FC(O)SeF has an early barrier of formation
leading to the anti form at the beginning of irradiation. This
is explained in terms of the intermediacy in the photochemi-
cal reaction of the van der Waals complex O=C=Se···F�F,
which favors formation of the less stable anti conformer.
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The presence of the molecular complex and its role in the
reaction mechanisms were monitored by IR spectroscopy.
Not only absorptions associated with the OCSe moiety were
observed, but also activation of the F�F vibrational mode
was detected. An F�F stretching frequency of 899 cm�1 in
the IR for liquid fluorine was reported by Jacob.[8] Pro-
longed irradiation of the matrix gives rise to a randomiza-
tion process, in which the proportion of each conformer is
approximately 50%. The novel species syn-FC(O)SeF, anti-
FC(O)SeF and the O=C=Se···F�F complex were character-
ized by their IR spectra and by comparison with the results
of quantum chemical calculations.

Results and Discussion

Experimental findings : Gaseous mixtures of OCSe and F2 in
Ar were co-deposited on the matrix support at 15 K. The
strongest feature of the IR spectrum measured immediately
after deposition was observed at 2009.0 cm�1, corresponding
to the n(CO) mode of the OCSe molecule isolated in solid
Ar.[9] In addition to the features corresponding to the funda-
mentals, overtones and combination bands of free OCSe,
new absorptions appear in the spectra. The bands at 1940.5,
1912.5, 1237.8 and 964.8 cm�1 were assigned to the n1, 2n2, n4

and n2 modes of OCF2,
[10] chemically formed during deposi-

tion (see Supporting Information). The presence of an ab-
sorption centred at 851.7 cm�1 (Figure 1) in the spectra of
the mixtures evidenced formation of the hitherto-unknown
molecular complex between OCSe and F2. In addition to
this absorption, attributed to activation of the F�F stretch-
ing vibration in the complex, a feature at 2011.4 cm�1, also
shown in Figure 1, was assigned to the carbonyl stretching
mode of OCSe in the van der Waals complex, in spite of the
behavior observed with irradiation time, and also by com-
parison with the predictions of theoretical calculations (see
below). Bands at 2138.5 and 2142.1 cm�1 are also observable
as extremely weak features in the spectrum; the former is
assigned to free CO (reported at 2138.2 cm�1 when isolated
in an Ar matrix)[11] and the latter to a perturbed CO mole-
cule (see Figure 2).

Subsequent irradiation of the matrix with broadband UV/
Vis light leads to drastic changes in the IR spectra. While
the absorptions corresponding to OCSe decrease to about
15% of their original values after 45 min of photolysis, that
assigned to the OCSe···F2 molecular complex completely
disappeared after the matrix was irradiated for 3 min (see
Supporting Information).

Several new absorptions develop on photolysis. To help in
identifying the photoproducts, the intensities of the bands
were plotted against irradiation time, and then grouped by
similar behavior. In the spectral region characteristic of
stretching of the CO molecule, a group of absorptions
appear and grow with increasing irradiation time (Figure 2).
A feature at 2140.1 cm�1, which coincides with that observed
on photolysis of OCSe isolated in an Ar matrix,[9] is assigned
to a CO molecule perturbed by the presence of a Se atom in

Figure 1. FTIR spectra of an Ar matrix containing OCSe, F2 and Ar in
the proportions 1:2:200 in the a) 2025 to 1990 cm�1 region and b) 900 to
800 cm�1 region immediately after deposition (top) and after 1 (middle)
and 3 min (bottom) of photolysis.

Figure 2. FTIR spectra of an Ar matrix containing OCSe, F2 and Ar in
the proportions 1:2:200 in the 2175 to 2120 cm�1 region immediately after
deposition (bottom) and after 1, 3, 8, 15, and 45 min of photolysis.
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the same matrix cage. Absorp-
tions at 2160.5/2157.9/2150.3 ex-
hibit different behavior with ir-
radiation time, and are most
plausibly assigned to a CO mol-
ecule interacting with another
photoproduct.

The absorptions originally as-
signed to OCF2 in the IR spec-
tra taken immediately after
deposition slightly grow on
photolysis. The bands at 742.3/
740.7, 724.6/722.9 and 599.2/
597.2 cm�1 (see Supporting In-
formation) are readily attribut-
ed to the SeF4 molecule on the
basis of comparison with the re-
ported values for this species
isolated in an argon matrix.[12]

The features appearing at
687.7/685.8 and 658.7/
657.0 cm�1 are tentatively as-
signed to SeF2. The reported
absorptions, slightly higher in
energy, correspond to the com-
pound obtained by reaction of
fluorine with a heated 1:1 mix-
ture of highly enriched 76Se and
80Se in an argon matrix.[13,14]

The IR features at 1869.5,
1098.0 and 674.0 cm�1 were at-
tributed to the formation of
trans-(FCO)2, while the absorption at 1079.5 cm�1 was as-
signed to cis-(FCO)2, accordingly to the reported vales for
this species isolated in solid Ar.[15–17]

Signals at 566.3 and 402.3 cm�1 in the IR spectra of the ir-
radiated matrices were tentatively assigned to Se=SeF2, by
comparison with the values reported previously for an iso-
topic mixture of the same compound highly enriched in 76Se
and 80Se.[13,14]

Table 1 compiles the wavenumbers of all the absorptions
that develop on photolysis, together with tentative assign-
ments and values reported in the literature. Besides the fea-
tures corresponding to the identified photoproducts, absorp-
tions at 1845.7, 1808.0, 1117.5, 1089.0, 678.9 and 667.9 cm�1

appear and grow on photolysis (see Figures 3 and 4). Any
attempt to assign these new bands to reported species failed.
To help in the identification of the products, the intensities
of the absorptions were plotted as a function of irradiation
time and the bands were grouped into two sets, according to
their kinetic behavior, as shown in Figure 5.

Our previous experimental results for the matrix reactions
of halogens with OCS[1,3] or CS2

[5] allow us to suggest the
formation of the hitherto unknown molecule FC(O)SeF, in
the syn and anti forms. Several ab initio and DFT calcula-
tions were performed in order to compare the theoretical

IR spectrum of each conformer with the experimental find-
ings.

Theoretical study on FC(O)SeF : Two planar forms are ex-
pected for FC(O)SeF, as depicted in Figure 6: the syn con-

Table 1. Wavenumbers and assignments of the IR absorptions appearing after broadband UV/Vis photolysis
of an Ar matrix containing a mixture of OCSe and F2.

Ar matrix Assignment Wavenumbers
ñ [cm�1] Molecule Vibrational mode reported previously

2160.5/2157.9/2150.3 OC···SeF2 n(CO) –
2140.1 OC···Se n(CO) this work
1940.5/1936.1/1932.6 O=CF2 n(CO) (n1) 1941.4[a]

1912.5/1907/11904.5/1901.1/1898.0 O=CF2 2n2 1913.5[a]

1890.2/1882.2 1885.1 O=CF2···F2? –
1869.5 trans-(FCO)2 nas(CO) (n9) 1860.2[b]

1855.6 FCO· n(CO) 1855.0[c]

1845.7 syn-FC(O)SeF n(CO) this work
1808.0 anti-FC(O)SeF n(CO) this work
1267.0 O=CF2···F2? –
1237.8 O=CF2 nas ACHTUNGTRENNUNG(CF2) (n4) 1237.8[a]

1232.0/1229.4 O=CF2···F2? –
1117.5 syn-FC(O)SeF n(CF) this work
1098.0 trans-(FCO)2 nas(CF) (n10) 1101.3[b]

1089.0 anti-FC(O)SeF n(CF) this work
1079.5 cis-(FCO)2 nas(CF) (n10) 1080.3[b]

975.0 O=CF2···F2? –
964.8 O=CF2 ns ACHTUNGTRENNUNG(CF2) (n2) 965.5[a]

961.0 O=CF2···F2? –
774.7/769.3/767.1 O=CF2 g(CO) (n6) 768.9
742.3/740.7 SeF4 ns ACHTUNGTRENNUNG(SeF2 eq.) (n1) 742.5–738.2[d]

724.6/722.9 SeF4 nas ACHTUNGTRENNUNG(SeF2 eq.) (n8) 721.8–727.8[d]

687.7/685.8 SeF2 ns ACHTUNGTRENNUNG(SeF2) (n1) 700–694[d]

678.9 syn-FC(O)SeF n ACHTUNGTRENNUNG(CSe) this work
674.0 trans-(FCO)2 das ACHTUNGTRENNUNG(OCF) (n11) 673.5[b]

667.9 anti-FC(O)SeF n ACHTUNGTRENNUNG(CSe) this work
658.7/657.0 SeF2 nas ACHTUNGTRENNUNG(SeF2) (n3) 672–666[d]

599.2/597.2 SeF4 ns ACHTUNGTRENNUNG(SeF2 ax.) (n2) 598.5–591.5[d]

566.3 Se=SeF2 (n3) 572.7–568.4[d]

402.3 Se=SeF2 (n1) 411.0–397.0[d]

[a] Reference [10]. [b] Reference [15]. [c] Reference [18]. [d] References [13] and [14].

Figure 3. FTIR spectra of an Ar matrix containing OCSe, F2 and Ar in
the proportions 1:2:200 in the 1860 to 1780 cm�1 region immediately after
deposition (bottom) and after 1, 3, 8, 15, and 45 min of photolysis.
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former, with the C=O double bond syn to the Se�F single
bond, and the anti form with the C=O double bond anti to
the Se�F single bond. The two structures were calculated
with different theoretical models. In all cases they corre-
spond to minima over the potential-energy surface for

which no imaginary frequencies
occur. All the calculations pre-
dict the syn form to be more
stable than the anti form. The
calculated dimensions for syn-
and anti-FC(O)SeF and the the-
oretical energy differences of
the two conformers are present-
ed as Supporting Information.

To compare the theoretical
predictions with the experimen-
tal findings, the IR spectra of
both forms were calculated
with different approximations.
The theoretical anharmonic fre-
quencies and IR intensities of
syn- and anti-FC(O)SeF are
presented in Table 2, together
with the absorptions that
appear in the IR spectra of the
irradiated Ar matrix containing
OCSe and F2 that were tenta-
tively assigned to these two spe-
cies.

Theoretical study of molecular
complexes between OCSe and F2 : The potential-energy sur-
faces for planar molecular complexes between OCSe and F2

were investigated by means of the B3LYP/6-31+G* approx-
imation. Two different interaction sites were assumed in the
OCSe moiety: the oxygen and the selenium atom. For the
interaction through the oxygen atom the potential-energy
curve was calculated as the C=O···F intermolecular angle
varied from 60 to 1808 in steps of 108. Two minima were
found in this potential-energy curve, at 90 and 1808. When
the same scan was performed for the O=C=Se···F�F com-
plexes, only one minimum at 908 was found over the poten-
tial-energy curve. These three structures were then fully op-
timized and characterized as true energy minima for which
no imaginary frequencies occur. The molecular models and
calculated dimensions for these complexes are presented as
Supporting Information.

The molecular complex binding through the Se atom is by
far the more stable, with a predicted corrected binding
energy of �8.16 kcalmol�1. When binding through the O
atom the stabilization of the complex with respect to the
free monomers is slightly negative for the linear complex
(�0.11 kcalmol�1), while is predicted to be almost zero for
the angular complex (see Supporting Information). The
bonding properties of each of the complexes were interpret-
ed by natural bond orbital (NBO) analysis in terms of
“donor–acceptor” interactions.[19] Such an analysis predicts a
charge transfer q from OCSe to the fluorine subunit of
about 0.306e for the O=C=Se···F�F molecular complex. The
amount of charge transferred (q) is forecast to be much
smaller for the Se=C=O···F�F molecular complexes: 0.002
and 0.001e for the linear and angular structures, respective-

Figure 4. FTIR spectra of an Ar matrix containing OCSe, F2 and Ar in
the proportions 1:2:200 in the 1150 to 1050 cm�1 region immediately after
deposition (bottom) and after 1 and 15 min of photolysis.

Figure 5. Plots as a function of irradiation time of the intensities of the
bands assigned to a) syn-FC(O)SeF and b) anti-FC(O)SeF in the IR spec-
trum of an Ar matrix initially containing OCSe, F2 and Ar in the propor-
tions 1:2:200.

Figure 6. Molecular models
(B3LYP/6-311+G*) of the syn
and anti forms of FC(O)SeF.
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ly. The largest contribution to the stabilization energy of the
O=C=Se···F�F complex arises from the interaction of the
lone pair of the Se atom with the unfilled s antibonding or-
bital of the fluorine molecule, as depicted in Figure 7. The

calculated energy decrease due to this interaction reaches a
value of 57.04 kcalmol�1.

The simulated IR spectrum of the most stable molecular
complex between OCSe and F2, calculated with the MP2/6-
311+G* approximation, agrees reasonable well with the ex-
perimental findings (see Supporting Information). A small
blue shift of the carbonyl stretching mode is predicted, to-
gether with a red shift of the n ACHTUNGTRENNUNG(F�F) vibrational mode, acti-

vated in the IR as a consequence of the loss of symmetry of
this fragment. The n ACHTUNGTRENNUNG(C=Se) mode is red-shifted with respect
to free O=C=Se, and the bending mode splits into two dis-
tinct in-plane and out-of-plane vibrations due to the lower-
ing of symmetry of the OCSe moiety in the complex (from
D1h to Cs). These three absorptions were not observed in
the IR spectra, possibly because of their low intensities. The
four remaining vibrations, which involve motions of the
whole molecular complex, are characterized by wavenum-
bers well below the low-energy threshold (400 cm�1) of the
present IR study.

Reaction mechanisms of OCSe with F2 isolated in solid Ar :
Analysis of the different IR absorptions with increasing irra-
diation time gives us some clues for interpretation of the
photochemical mechanisms in the matrix. The IR bands as-
signed to the O=C=Se···F2 complex decrease abruptly with
increasing photolysis time, and disappear completely after
3 min of broad-band irradiation. Simultaneously, the absorp-
tions corresponding to the syn and anti forms of FC(O)SeF
first grow and then decrease on photolysis, but with differ-
ent kinetics (Figure 5). Although anti-FC(O)SeF is predicted
to be thermodynamically unfavorable relative to syn-
FC(O)SeF, the photochemical reaction of OCSe with F2 in
an argon matrix initially leads to formation of the anti form,
which evolves with increasing irradiation time into a 1:1
mixture of the two conformers. This behavior could be inter-
preted by the reaction mechanism presented in Scheme 1, in

Table 2. Comparison between the experimental and calculated wavenumbers for the syn and anti forms of FC(O)SeF (intensities are given in parenthe-
ses).

syn-FC(O)SeF anti-FC(O)SeF
Ar matrix B3LYP/6-311+G* MP2/6-311+G* Ar matrix B3LYP/6-311+G* MP2/6-311+G* Assignment

1845.7 (100) 1858.8 (94) 1856.8 (69) 1808.0 (100) 1825.1 (100) 1820.9 (90) n ACHTUNGTRENNUNG(C=O) (n1)
1117.5 (35) 963.0 (100) 991.4 (100) 1089.0 (42) 1055.0 (98) 1087.3 (100) n ACHTUNGTRENNUNG(C�F) (n2)

– 699.9 (6) 687.1 (7) – 715.2 (8) 722.1 (10) n ACHTUNGTRENNUNG(Se�F) (n3)
678.9 (8) 626.4 (12) 612.6 (8) 667.9 (18) 617.9 (14) 606.4 (11) n ACHTUNGTRENNUNG(C�Se) (n4)

– 574.3 (1) 578.2 (2) – 583.8 (2) 590.7 (2) g (n8)
– 379.8 (<1) 386.8(<1) – 345.8 (1) 355.8 (2) d ACHTUNGTRENNUNG(FCO) (n5)
– 299.2 (<1) 312.4 (<1) - 325.5 (<1) 340.2 (<1) d ACHTUNGTRENNUNG(FCSe) (n6)
– 150.0 (<1) 167.8 (1) - 151.3 (<1) 172.2 (2) d ACHTUNGTRENNUNG(CSeF) (n7)
– 113.8 (<1) 104.0 (<1) – 105.6 (<1) 89.9 (1) t (n9)

Figure 7. Schematic representation of the interaction between the lone
pair of the Se atom of OCSe with the unfilled s antibonding orbital of
the F2 molecule in the O=C=Se···F�F molecular complex.

Scheme 1. Outline of the photochemical reactions of OCSe and F2 isolated together in a solid Ar matrix.
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which the formation of fluorocarbonylselenyl fluoride is pro-
posed to arise from photochemical evolution of the molecu-
lar complex O=C=Se···F�F. The geometry of the complex
would favor the formation of the anti form over the syn
form. By means of the randomization process reported pre-
viously for several members of the carbonyl sulfenyl family
of compounds (e.g., refs. [4] and [20]), anti-FC(O)SeF is
then transformed into syn-FC(O)SeF, and at longer irradia-
tion times an approximately equimolar mixture of the two
forms is obtained.

Another proposed photochemical reaction channel is for-
mation of the CO and SeF2 molecules. A similar evolution
with irradiation time of a group of bands in the nCO spectral
region at 2160.5/2157.9/2150.3 cm�1, perturbed from the cor-
responding bands of free CO, and absorptions assigned to
the SeF2 molecule are observed. Although the reported IR
modes for the SeF2 molecule isolated in solid Ar correspond
to an 1:1 isotopic mixture of 76Se and 80Se,[13,14] the features
obtained here seemed to be shifted to lower energies. These
findings suggest that the CO and SeF2 molecules are pro-
duced in the same matrix cage, and, as they can not escape
from it, a loose complex between them is likely formed. The
other photoproducts identified during photolysis are formed
by more complex mechanisms, which necessarily involved
more than two molecules.

Conclusion

Fluorocarbonylselenyl fluoride FC(O)SeF was isolated for
the first time by photochemical reaction of OCSe and F2 in
an argon matrix at about 15 K. The intermediacy of the van
der Waals complex O=C=Se···F�F seems to play an impor-
tant role in the formation of the photoproducts. Initially,
anti-FC(O)SeF is formed, and it is then transformed,
through a randomization process, into syn-FC(O)SeF. Both
conformers were characterized, at least partially, by their IR
spectra, aided by the comparison with the results of quan-
tum chemical calculations.

Experimental Section

A sample of F2 (Solvay, Germany) was transferred to a 1 L stainless steel
container of the vacuum line and diluted 2:100 with Ar. A separate
sample of OCSe (prepared according to ref. [21]) was mixed with argon
in a 0.5 L glass container in a ratio of 1:100. Both containers were con-
nected via needle valves and stainless steel capillaries to the spray-on
nozzle of the matrix support. About 0.5–1 mmol of the gas mixtures were
co-deposited over 10–20 min on the mirror plane of a rhodium-plated
copper block held at 15 K. For the photolysis experiments radiation from
a 150 W high-pressure mercury lamp (TQ150, Haereus, Hanau, Germa-
ny) was used over a period of 15 s to 45 min. The photolysis process was
observed by IR spectroscopy. Details of the matrix apparatus are given
elsewhere.[22] Matrix IR spectra were recorded on a IFS 66v/S spectrome-
ter with a resolution of 1 cm�1, in absorption/reflection mode as de-
scribed in ref. [22]. The IR intensities were determined by integrating the
areas of the absorptions with the OMNIC program.

Quantum-chemical calculations were performed with the Gaussian98
program system[23] under the Linda parallel execution environment by
using two coupled PCs. HF, MP2 and DFT (B3LYP) methods were used,
in combination with different basis sets. Optimized geometries were
sought by standard gradient techniques with simultaneous relaxation of
all geometrical parameters. The calculated vibrational properties corre-
spond in all cases to potential-energy minima for which no imaginary vi-
brational frequency was found. Anharmonic frequencies were calculated
by using the Gaussian 03 program system.[24]

The binding energies of the molecular complexes were calculated by
using the correction proposed by Nagy et al.[25] Basis-set superposition
errors were calculated by applying the counterpoise procedure developed
by Boys and Bernardi.[26]
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