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Abstract

The Raman (2500 to 10cm™") and infrared (2500 to 30cm™") spectra of trifluoroacetyl isocyanate, CF;C(O)NCO,
have been recorded for the gas and solid. Additionally, the Raman spectrum of the liquid has been recorded and
qualitative depolarization values obtained. The observed bands are assigned on the basis of a more stable cis conformer
(isocyanate group cis to the carbonyl bond) and the less stable trans conformer in the fluid phases and only the cis
rotamer is present in the solid. From the variable-temperature studies of the infrared spectrum of the sample dissolved in
liquified krypton, the conformer pair at 1796 and 1781 cm ™' has been used to determine the AH value of 163 + 12cm™
(466 + 34 calmol™') which should represent closely the value of AH for the gas. The potential function governing
conformational interchange has been determined from the asymmetric torsional frequencies and AH value. The values
of the potential constants are: ¥, =356+ 14, ¥, = 1865+ 60, and V3 = —203 £ 6¢cm™'. Additionally, variable-
temperature studies of the Raman spectrum of the liquid give a AH of 236 + 30cm™" (675 % 86 calmol™!). A complete
vibrational assignment is proposed for the cis conformer based on infrared band contours, Raman depolarization data,
group frequencies, relative intensities, and normal coordinate calculations. Also, several of the fundamentals of the trans
conformer have been assigned. The experimental conformational stability, barriers to internal rotation, structural
parameters, and fundamental vibrational frequencies are compared with those obtained from ab initio gradient
calculations employing the RHF/3-21G, RHF/6-31G* and/or MP2/6-31G* basis sets and to the corresponding
quantities obtained for some similar molecules.

1. Introduction

Recently, we reported [1] the vibrational spec-
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diffraction [3] data where the investigators of both
studies concluded that the cis conformer is the more
stable form at ambient temperature in the gaseous
state. However, it was determined from our vibra-
tional study [1] that the conformational stability of
acetyl isocyanate changes from the gas phase, where
the cis conformer is more stable, to the liquid phase,
where the trans conformer is more stable, by
370 + 60 cm ™! (1.06 £ 0.17 kcal mol™!). In the crys-
talline solid only the trans conformer remains.

For chlorocarbonyl isocyanate, CIC(O)NCO,
most ab initio calculations [4-8] predict the cis
conformer to be more stable than the trans form.
However, from the vibrational study [4] of
CIC(O)NCO it was determined that the trans
conformer was more stable by 254 +48cm™!
(726 £ 137 calmol ") in the vapor state. Similarly,
the trans rotamer is the stable form in the liquid
and is the only conformer present in the annealed
solid. The vibrational results are consistent with the
electron diffraction results [S5] where it was also
concluded that the trans conformer is the more
stable form. However, with a large basis set with
electron correlation, MP2/6-311+G**, the trans
conformer is predicted [6] to be more stable than
the cis conformer by 871cm™ (2.49 kcalmol™}),
but the energy difference is now in error by about
the same amount in the other direction.

We have also recently completed the vibrational
study of fluocrocarbonyl isocyanate [9], where the
cis conformer has been determined to be more
stable than the trans conformer in the fluid states.
Similarly, ab initio calculations also predicted the cis
conformer to be more stable than the trans form.
From the temperature study of the infrared spec-
trum of the sample dissolved in liquified krypton, it
has been determined that the cis conformer is more
stable than the trans conformer by 150 + 29cm™!
(429 + 80 calmol™!). The results from the vibra-
tional study are in agreement with those from the
electron diffraction [10] investigation where the cis
conformer was found to be more stable than the
trans form. However, it should be noted that the
trans conformer is the stable form in the solid.

Thus, since the conformer stability may change
from one physical state to another for these
molecules, which have more than one conformer
present at ambient temperature, it is difficult to

predict which conformer may be the more stable
form. Therefore, as a continuation of our con-
formational stability studies of organoisocyanates
[11-19], the infrared and Raman spectra of
CF;C(O)NCO have been investigated. Addition-
ally, ab initio calculations have been carried out
for comparison with the results obtained from the
spectroscopic investigation.

2. Experimental

Trifluoroacetyl isocyanate was prepared by
reaction of trifluoroacetyl chloride with silver
cyanate. Purification was carried out using a low-
temperature, low-pressure fractionation column.
The pure sample was then stored at about —5°C
under vacuum in a sample tube with a greaseless
stopcock. All sample transfers were carried out
under vacuum.

The Raman spectra were recorded on a Cary
model 82 spectrophotometer equipped with a
Spectra-Physics model 171 argon ion laser operat-
ing on the 5145 A line. The spectrum of the gas was
recorded using a standard Cary multipass acces-
sory. The spectrum of the liquid was recorded
from the sample contained in a Pyrex capillary.
The variable-temperature study of the liquid was
conducted by cooling the capillary with chilled
nitrogen gas passed through a Miller—Harney cell
[20]. The spectrum of the annealed solid was
recorded by depositing the sample on a blackened
brass block which was maintained in a cell fitted
with quartz windows and cooled by boiling liquid
nitrogen. Typical spectra are shown in Fig. 1, and
the reported wavenumbers should be accurate to
+2cm™! for sharp bands.

The mid-infrared spectra of the gas and annealed
solid (Fig. 2) were obtained using a Digilab FTS-
14C Fourier transform interferometer equipped
with a Ge/KBr beamsplitter and a TGS detector.
A 10cm cell equipped with CsI windows was used
to obtain the spectrum of the gas, and a KBr plate
cooled with liquid nitrogen was used as the sample
substrate for the spectrum of the solid. The spec-
trum of the annealed solid at a resolution of 1 cm™
was obtained after several cycles of warming and
cooling of the sample.
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Fig. 1. Raman spectra of trifluoroacetyl isocyanate: (A) gas; (B)
liquid; (C) annealed solid.

The FT-Raman spectrum of CF;C(O)NCO was
recorded on a Bruker model IFS 66 interferometer
equipped with a model FRA 106 FT-Raman
attachment. The spectrum was obtained utilizing
a Nd: YAG laser operating on the 1.064 um line
and a liquid nitrogen-cooled Ge detector. The spec-
trum of the liquid was recorded from the sample
contained in a Pyrex capillary. The sample was
placed directly into the sample holder of the
Raman attachment and the data were recorded
by co-addition of 500 scans at 4.0cm™! resolution.

The mid-infrared spectra of the sample dissolved
in liquified krypton as a function of temperature
were recorded on a Bruker model IFS 66 Fourier
transform interferometer equipped with a Globar
source, Ge/KBr beamsplitter, and a TGS detector.
In all cases, 200 interferograms were collected at
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Fig. 2. Mid-infrared spectra of trifluoroacetyl isocyanate: (A)
gas; (B) annealed solid.

0.5cm™!' resolution, averaged and transformed
with a boxcar truncation function.

For the studies in the liquified noble gas, a spe-
cially designed cryostat cell was used which consists
of a copper cell with a pathlength of 4cm with
wedged silicon windows sealed to the cell with
indium gaskets. It is cooled by boiling liquid nitro-
gen, and the temperature is monitored with two Pt
thermoresistors. The complete cell is connected to a
pressure manifold to allow for the filling and
evacuation of the cell. After the cell is cooled to
the desired temperature, a small amount of the
compound is condensed into the cell. Next, the
pressure manifold and the cell are pressurized
with the noble gas, which immediately starts
condensing in the cell, allowing the compound to
dissolve.
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Fig. 3. Far-infrared spectrum of trifluoroacetyl isocyanate, with the top spectrum that of water.
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Fig. 4. Far-infrared spectrum of gaseous trifluoroacetyl isocya-
nate in the region of the asymmetric torsion, with the top spectrum
that of water.

The far-infrared spectrum from which the tor-
sional transitions were measured (Figs. 3 and 4)
was recorded on a Bomem model DA3.002 Four-
ier transform interferometer equipped with a
vacuum bench, a Globar source, and a liquid
helium-cooled silicon bolometer with a wedged
sapphire filter and polyethylene windows. The
gaseous sample was contained in a 1m cell
equipped with polyethylene windows and
recorded at a spectral resolution of 0.1 cm™' with
6.25 and 25 ym Mylar beamsplitters. Typically, 256
scans were needed to give a satisfactory signal-to-
noise ratio. All of the observed infrared and
Raman bands.are listed in Table 1.

3. Conformational analysis

The Raman spectra of the gas and liquid clearly
show the presence of both the cis and trans con-
formers, whereas only one conformer exists in the
solid. A number of bands disappear with crystal-
lization. These bands occur at 380, 626, 776, and
1443cm™" and one of the carbonyl stretches at
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either 1796 or 1781 cm™". These data clearly show
the presence of two conformers in the fluid states
with only one form remaining in the solid. How-
ever, there appears to be some conflicting data,
making it difficult to determine the conforma-
tional stability and to determine which conformer
remains in the solid.

Since the assignment of the fundamental vibra-
tions is not straightforward and it is not clear which
conformer remains in the solid, ab initio calculated
frequencies were obtained with both the MP2/
6-31G* and RHF/6-31G™ basis sets. The predicted
frequencies of both conformers were then com-
pared with the experimental frequencies in an
attempt to determine which conformer disappears
with crystallization. The band which is observed at
808cm™! in the Raman spectrum of the gas and
remains in the Raman spectrum of the solid is
assigned to the C—N stretch. This frequency corre-
sponds better to the unscaled frequency of
821 cm™! obtained with the MP2/6-31G* basis set
for the cis conformer than the frequency of
779cm™" obtained with the same basis set for the
C-N stretch of the trans conformer. This predicted
frequency of 779cm™! for the C~N stretch of the
trans conformer corresponds well with the observed
band at 776cm ™! in the Raman spectrum of the gas
which disappears from the spectrum of the solid.
Additionally, the observed band at 737cm™ in the
Raman spectrum of the gas which also remains in the
spectrum of the solid agrees well with the unscaled
frequency of 729 cm ™! for the CF; symmetric defor-
mation (MP2/6-31G* basis set) predicted for the cis
conformer. Similarly, the observed band at 601 cm™!
in the Raman spectrum of the gas which remains in
the spectrum of the solid agrees better with the fre-
quency of 597cm™! predicted for the cis conformer
than with the calculated frequency of 619cm™" for
the trans rotamer. The band at 354cm™! in the
Raman spectrum of the solid also corresponds
better with the frequency of 351 cm™, which is the
frequency predicted for the cis conformer compared
to 380cm ™! predicted for the trans form. Therefore,
from considering the low-frequency bands from 900
to 200cm ™! which remain in the spectra of the solid,
it appears that the cis conformer is the rotamer
present in this physical state.

Variable-temperature studies of the Raman

spectra of the gas and liquid were conducted to
determine the more stable conformer in the fluid
phases. The conformer pair at 808 and 776cm™!
which is assigned to the C-N stretch of the cis
and trans conformers, respectively, were used to
determine the more stable conformer in the fluid
states. The band at 776 cm™ increases in intensity
as the temperature is increased (Table 2) for both
the gas and liquid. Thus, the trans rotamer is less
stable than the cis conformer in the fluid states.

There are two bands at 1796 and 1781cm™! in
the Raman spectrum of the gas that appear in the
carbonyl stretching region. With the MP2/6-31G*
basis set, the frequency predicted for the CO stretch
for the cis conformer is slightly lower than that for
the trans conformer. However, since a shift in
frequency from the gas to solid is characteristic of
the carbonyl stretch, it is difficult to predict which
band disappears with crystallization. Therefore,
variable-temperature studies of the sample dis-
solved in liquified krypton (Fig. 5) were carried
out and the band at 1781 cm™!, which is assigned
to the cis conformer, is indeed found to be the CO
stretch of the more stable conformer.

A problem arises with the assignment of the two
bands in the NCO symmetric stretching region.
There are two bands at 1463 and 1443cm™! in
the Raman spectrum of the gas, with the latter
band disappearing with crystallization. In the
infrared spectrum of the gas there is a strong
band at 1442cm™" with a shoulder at 1462cm™,
and in the infrared spectrum of the solid, a sharp
band at 1459 cm™". Using RHF/6-31G* scaled fre-
quencies, the NCO symmetric stretch of the cis
conformer is predicted to be about 50cm™' lower
in frequency than that predicted for the trans con-
former. However, with the MP2/6-31G* basis set,
the NCO symmetric stretch of the cis conformer is
predicted at approximately the same frequency for
the corresponding mode of the trans conformer, i.e.
1502 and 1498cm™’, respectively. Thus, it is diffi-
cult to make a reliable assignment for the NCO
symmetric stretch for the two rotamers based on
the calculated frequencies. Variable-temperature
studies of the infrared spectrum of the sample
dissolved in liquified krypton and of the Raman
spectrum of the gas were conducted. The results
from the latter study were inconclusive. From the
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Table 1
Observed® infrared and Raman frequencies (cm™") for trifluoroacetyl isocyanate
Infrared Raman Assignment
Gas Rel. Solid Rel. Gas Rel Liquid Rel. int. Solid Rel. v Approximate description
int. int. int. and depol. int.
2291 sh
2275 max  vs 2281 s 22771 w 2273 5.2 280 wvw Vs + v
2235max s 2232 vs 2235 w 2235 w 2232w v;  NCO antisymmetric stretch
2173 w 2193 m
1795 max sh 1796 m v CO stretch
1779 m
1785 max s 1760 s 1781 s 1768 100.0,p 1771 s v,  CO stretch
1777 max  sh
1543 w 1545 w v+
1500 w
1462 sh 1460 m 1463 m 1466 35.0,p 1463 m v NCO symmetric stretch
1442 max s 1443 m 1447  29.5p ¥4 NCO symmetric stretch
1402 sh 1403 w v+
1336 wvw 1330 sh 1324  wvw Vs + V4
1303max m 1301 S 1309 m 1304 31.3,p 1304 m vy CC stretch
1243 1222 sh
1235 max s 1211 s 1240 w,bd 1234 w 1237 w vs  CF; antisymmetric stretch
1195 R 1176 sh
1192 @ s 1167 s 1195 w 1180 w, 1180 w vys  CF; antisymmetric stretch
1164 s
1120 w 11383 w
1027 R 1027  sh 1035 w
1025ctr,B s 1018 s 1025 m 1020 11.6,p 1019 m v¢  CF; symmetric stretch
1023 P 1014 s
1019 sh
928 w
830 vw 834 w 837 AA g+ 4
807 max w 806 s 808 m 808 51.0,p 809 s v;  CNstretch
776 m 776  41.9,p V4 CN stretch
752 max W 750 s 755 wvwbd 760 vw 752w 1 CC(O)N bend
738 R
734 0,A m 727 sh 737 m 735 15.1,p 734 w vy CF; symmetric deformation
730 P 720 s
663 687 w,bd
659
654
626 m 629 27.7,p w vy CF; symmetric deformation
618 0
611 611
604 QO 597 s v;7 NCO bend
613
601 w 600 10.9,p 598 w vg  NCO bend

570 max w 572w 5711 m 569 21.3,p 565 w vig CF; antisymmetric deformation
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Table 1 (continued)
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Infrared Raman Assignment
Gas Rel. Solid Rel. Gas Rel Liquid Rel. int. Solid  Rel. u{’ Approximate description
int. int. int. and depol. int.
517max w 519 w 525 vw,dp 5200 w vy CF; antisymmetric deformation
444 max w
428 sh
418 max w 420 w 421 14.3,p 425 w v;; CC(O)N bend
380 w 382 14.2,p vyy  CC(O)N bend
355 m 356 25.9,p 354 m vy CFjrock
261w
254 sh,bd 251 w,bd,dp 250 m vy CF;rock
232 m 236 19.3,p 240 m vz CCN deformation
140 w 137 2u3
115
93 vw vhe  NCO torsion (1 «— 0)
90 vw 90 wvw 92 vy CNC bend
75 vw 79 1y NCO torsion (1 « 0)
57
39

 Abbreviations used; s, strong; m, medium; v,very; w, weak; sh, shoulder; p, polarized; dp, depolarized; bd, broad; min, minimum; ctr,
center; P, 0, and R refer to vibrational-rotational infrared band contours.

b1’ denotes fundamental arising from the trans conformer.

infrared study, it appears that the band at
1442 cm™! is a fundamental vibration of the more
stable conformer. However, there is an interfering
band at 1436 cm™', making it difficult to obtain a

Table 2
Temperature and intensity ratios for the conformational study
of gaseous and liquid trifluoroacetyl isocyanate

T 1031 K=1]I, -Ink
0 K™
Krypton —-106 5.99 0.421 0.866
—-114 6.29 0.373 0.985
-122 6.62 0.339 1.082
—-130 6.99 0.324 1.126
—138 7.41 0.295 1.221
—146 7.87 0.263 1.366
Liquid 22 3.39 0.829 0.188
9 3.54 0.754 0.282
—8 3.77 0.692 0.368
=21 397 0.639 0.449
-39 427 0.575 0.553
—54 4.56 0.548 0.602
—69 4.90 0.484 0.725

reliable result. Therefore, since all other data sug-
gest that the cis conformer is more stable than the
trans form in the fluid states, and this conformer is
the only form remaining in the solid, the NCO
symmetric stretch of the cis conformer is assigned
to the band at 1463 cm™' in the Raman and infra-
red spectra of the gas.

To obtain the experimental AH of CF;C(O)NCO,
variable-temperature studies of the infrared spectrum
of the sample dissolved in liquified krypton were
conducted. An important advantage of this type
of temperature study is that conformer peaks are
better resolved and the areas under them more
easily measured than bands observed in the infra-
red spectrum of the gas. For example, two well-
resolved bands are observed in the CO stretching
region in the infrared spectrum of the liquified
noble gas solution (Fig. 5) compared with only
one band being observed in this spectral region in
the infrared spectrum of the gas (Fig. 2). The con-
former pair at 1796/1781cm™' were used experi-
mentally to determine the AH value. The mid-
infrared spectra of the liquified noble gas solution
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Fig. 5. Temperature dependence (in °C) of the mid-infrared spec-
trum of trifluoroacetyl isocyanate dissolved in liquified krypton
for the conformer pair at 1796 (trans) and 1781 (cis) em™L.

were recorded at six different temperatures ranging
from 127 to 167K (Table 2). By using the van’t
Hoff isochore, —InK = (AH/RT) — AS/R, the
enthalpy difference between the cis and trans
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Fig. 6. Plot of — In(Jy796/11751) versus 1000/T. The slope of the
best-fit line is 235.
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Fig. 7. Temperature dependence (in °C) of the Raman spectra

of the liquid phase from 900 to 300 em™.

conformers can be calculated. A plot of —InkK
versus 1/7, where K is the ratio of the intensity
of a band resulting from the trans conformer to
one resulting from the cis conformer, has a slope
which is proportional to the enthalpy difference.
The results are given in Table 2 and graphically
displayed in Fig. 6 yield a value of AH of
163 + 12cm™! (466 & 34 calmol ™). It is clear that
the 1781 cm™! band assigned to the CO stretch of
the cis conformer increases in intensity as the tem-
perature is decreased and thus is the stable confor-
mer in the gas.

To obtain more information on the confor-
mational stability of trifluoroacetyl isocyanate, a
variable-temperature study of the Raman spec-
trum of the liquid was conducted. Measurements
were made at seven different temperatures ranging
from —69 to 22°C for the region from 900 to
300cm™! (Fig. 7). Based on the slope of the best-fit
line, the bands at 776/808 cm ™! were used to deter-
mine a value of 236 + 30cm™" (675 + 86 calmol ™).
From the spectral data, the decrease in the intensity
of the Raman lines assigned to the trans conformer
as the temperature decreases indicates that the trans
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conformer is less stable than the cis conformer in the
liquid.

Additionally, the gas-phase enthalpy difference
was calculated using the relative intensities and
the calculated Raman activities of the following
conformer pairs: 1796/1781, 1443/1463, 776/808,
and 629/737cm ™. This procedure gave a AH value
of 164 + 52cm™" (469 + 149 calmol '), which is in
excellent agreement with the experimental value of
163 & 12cm™! obtained from the variable tempera-
ture studies of the liquified krypton solution.

4. Vibrational assignment

The cis and trans conformers of trifluoroacetyl
isocyanate have C, symmetry and should exhibit 21
fundamental vibrations spanning the irreducible
representations 14 A’ and 7A”. The A’ vibrations
are expected to give rise to 4, B and A4/B hybrid
infrared gas-phase band contours and polarized

63

Raman lines. The A” vibrations are expected to
exhibit C-type infrared band contours and depolar-
ized Raman lines. Assignments are based on infra-
red band contours, relative intensities, Raman
depolarization ratios, and group frequencies,
along with support from the normal coordinate
calculations.

The strong band at 2235cm™ in the infrared
spectrum of the gas is characteristic of the NCO
antisymmetric stretch and thus is assigned to this
fundamental of the cis conformer. There are two
bands in the CO stretching region in the Raman
spectrum of the gas and the ab initio calculations
predict the CO stretch of the cis conformer to have
a lower frequency than that for the trans rotamer.
Thus, the lower frequency band at 1781 cm™ in the
Raman spectrum of the gas is assigned to the CO
stretch of the cis rotamer, whereas the band at
1796 cm™! is assigned to this mode for the trans
conformer. There are two bands (1463 and
1443cm™!) in the Raman spectrum of the gas

Table 3
Structural parameters®, rotational constants, and dipole moments for trifluoroacetyl isocyanate
Parameter Cis Trans®

RHF/3-21G RHF/6-31G* MP2/6-31G* RHF/6-31G* MP2/6-31G*
r(C,-N) 1.365 1.385 1.399 1.382 1.395
r(N=Cs) 1.189 1.215 1.235 1.204 1.232
r(C3=0,) 1.156 1.134 1.174 1.139 1.176
r(C,=05) 1.196 1.179 1.213 1.173 1.209
r(Cy—Cq) 1.511 1.531 1.531 1.535 1.537
r(C-Fy) 1.336 1.306 1.334 1.301 1.329
r(C-Fyy) 1.344 1.316 1.345 1.321 1.350
¥C-N=C 147.4 126.5 127.8 136.2 131.9
¥N-C;=0 126.2 126.4 126.9 123.8 1240
XC-C-N 110.3 1114 110.2 114.7 113.8
¥F;-C-C 110.5 110.6 110.7 111.5 1114
¥ F;-C¢—Hg 109.0 108.9 109.0 109.2 109.3
X Fg-Cs—Hy 107.9 108.5 108.4 107.7 107.6
¥N=C=0 175.2 174.4 172.7 174.1 172.1
A 3345 3680 3495 2758 2644
B 1013 1002 980 1376 1385
C 902 911 887 1089 1085
4] 0.874 0.862 0.762 0.710 0.762
s 0.312 0.923 0.905 1.034 1.021
|zl 0.0 0.0 0.0 0.0 0.0
| e 0.928 1.263 1.183 1.254 1.274
—(E+612) 0.703046 4.105718 5.525306 4.101509 5.523717

2 Bond lengths in Angstroms, bond angles in degrees, rotational constants in MHz, dipole moments in Debyes, and energies in Hartree.

® For the 3-21G basis set there is no stable trans conformer.



64 J.R. Durig et al.[Journal of Molecular Structure 328 (1994) 55-75

that are in the NCO symmetric stretch region and,
as indicated earlier, the higher frequency band is
assigned to the cis conformer.

The three CF}; stretches have strong characteris-
tic bands in the infrared spectrum and the one at
1235cm™! is assigned to the A’ CF; antisymmetric
stretch. The A” CF; antisymmetric stretch is
assigned to the band at 1192cm™! and the strong
B-type band at 1025cm™! is assigned to the CF;
symmetric stretch. This assignment is consistent
with the frequency order obtained from the ab
initio calculations. The assignments for the C-N
stretch and CF; symmetric deformation for both
conformers have been described earlier. The A’ CF;
antisymmetric deformation is assigned to the band at
571cm™' and the weak band at 517cm™! to the
corresponding A” mode for the cis conformer.

The A” CC(O)N bend is assigned to the band at
752cm™! in the infrared spectrum of the gas. The
band at 420 cm™! in the Raman spectrum of the gas
which has a corresponding band at 425cm™! in the

Table 4
Symmetry coordinates for trifluoroacetyl isocyanate

Raman spectrum of the solid is assigned to the A’
CC(O)N bend of the cis conformer. Thus, the band
at 380cm™! in the Raman spectrum of the gas
which does not have a counterpart in the solid is
assigned to the A’ CC(O)N bend of the trans con-
former. The A” NCO bend is assigned to the band
at 611cm™! in the infrared spectrum of the gas,
whereas the A’ mode is assigned to the polarized
band at 600cm™' in the Raman spectrum of the
liquid.

The A’ CF; rock is assigned to the 355cm™!
band and the corresponding A” mode is assigned
to the band at 254cm~!, whereas the band at
232cm™! is assigned to the CCN deformation.
The CNC bend is assigned to the weak band at
90cm™! and the NCO torsion of the cis conformer
is assigned to the band at 75 cm™". The correspond-
ing fundamental of the trans conformer is assigned
to the band at 93cm™'. These assignments are
summarized in Table 1 and are supported by the
normal coordinate calculations.

Species Description Symmetry coordinate®
A NCO antisymmetric stretch S =P-T

CO stretch S, =

NCO symmetric stretch S; =P+T

CC stretch S =D

CF; antisymmetric stretch Ss =2rr—rp—n

CF; symmetric stretch S¢ =r+rn+n

CN stretch S; =0

CF; symmetric deformation Ss =oqtatay3—0-56-5

NCO bend Sy =p

CF; antisymmetric deformation Sio = 20y —ay — a3

CC(O)N bend Sll =77—¢€

CF; rock S =261 -6— 03

CCN deformation Sy =20—e—~

CNC bend S14 =0

Redundancy SiR=7+e+é

Redundancy Sr=0tomt+at+tbh+5h+05
A’ CF; antisymmetric stretch Sis=r—n

CC(O)N bend Sig = w

NCO bend Sp=m

CF; antisymmetric deformation Sig = —a3

CF; rock Sis =050

NCO torsion S =m7

CF; torsion Sy =7

# Not normalized.
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Fig. 8. Molecular diagram showing internal coordinates for the
cis conformer of trifluoroacetyl isocyanate.

5. Ab initio calculations

The LCAO-MO-SCF restricted Hartree—Fock
calculations were performed with the GAUSSIAN-90
program [21] with Gaussian-type basis functions.
The energy minima with respect to the nuclear
coordinates were obtained by the simultaneous
relaxation of all the geometric parameters using
the gradient method of Pulay [22]. Calculated
structural parameters determined with the RHF/
3-21G, RHF/6-31G* and MP2/6-31G* basis sets
are given in Table 3 for the cis and trans con-
formations. The energy differences that resulted
from the RHF/6-31G* and MP2/6-31G* basis
sets are 924cm™' (2.6kcalmol™!) and 349cm™!
(998 calmol™!), respectively, with the cis form
lower in energy than the trans conformer.

For the normal coordinate analysis, the force
field in Cartesian coordinates was calculated by
the Gaussian9o program [21] with the MP2/6-
31G* basis set. Internal coordinates were defined
as shown in Fig. 8, and were used to form the
symmetry coordinates listed in Table 4. The
Cartesian coordinates obtained for the optimized
geometry were used to calculate the B-matrix
elements with the G-matrix program of
Schachtschneider [23]. These B-matrix elements
were used to convert the ab initio force field in
Cartesian coordinates to a force field in desired
internal coordinates. The resulting force fields for
the cis and trans conformers are given in Tables 5
and 6, respectively. These force fields were used in a
mass-weighted Cartesian coordinate calculation to
reproduce the ab initio vibrational frequencies and
to determine the potential energy distribution

(P.E.D.) which is given in Table 7 for the two con-
formers. The normal coordinate analysis was
repeated with the RHF/6-31G* basis set and the
results are given in Table 8 for the two confor-
mers. The diagonal elements of the force field in
internal coordinates were then assigned scaling fac-
tors of 0.9 for stretching, 0.8 for bending and 1.0
for torsional coordinates and the calculation
repeated to obtain the fixed scaled force field and
scaled vibrational frequencies. The scaled frequen-
cies are in better agreement with the experimentally
observed frequencies than the unscaled with 5 or
6% average disagreement rather than 15% or more
disagreement displayed by the unmodified ab initio
results. Nevertheless, these data are not as good as
the calculated wavenumbers obtained with the
MP2/6-31G* basis set, but for many molecules
they are sufficient to support the vibrational assign-
ments and conformer identifications.

Raman and infrared spectra were calculated
(Figs. 9 and 10) using frequencies and infrared
intensities determined from the MP2/6-31G*
basis set and Raman scattering activities deter-
mined from the RHF/6-31G* basis set. The
Raman scattering cross-sections, do;/02, which
are proportional to Raman intensities, can be
calculated from the scattering activities and the
predicted frequencies for each normal mode using
the relationship [24]:

% _ 2471'4 (Vo - Vj)4 h S
00\ 45 J1 | _ o [-heu] | \8ney; )7
Pl

where v, is the exciting frequency, v; is the vibra-
tional frequency of the jth normal mode, and S; is
the corresponding Raman scattering activity. To
obtain the polarized Raman scattering cross-sec-
tions, the polarizabilities are incorporated into S;
by S;[(1 — p;)/(1 + p;)] where p; is the depolariza-
tion ratio of the jth normal mode. The Raman
scattering cross-sections and calculated frequen-
cies were used together with a Lorentzian function
to obtain the calculated spectrum. Since the cal-
culated frequencies are approximately 10% higher
than those observed, the frequency axis of the
theoretical spectrum was shifted by a factor of
0.9. The predicted Raman spectra of the cis and
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Ab initio harmonic force constants (mdyn A_l) for the cis conformer of trifluoroacetyl isocyanate
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(4] 5.929 0258  —0.451 1.240 0242 0.105 0.129 0.129  -0.365 0.008 0.371 0.263
P 13.519 0.717 -0.250 -0.0i7 0.0i3 -0.0i8 -0.0i8 0.065 0.359 0.800 0.205
T 16.375 0.193 0000 0.044 0.025 0025 -0.042 0047 0235 -0.024
R 13.279 0446  0.033 0.070 0.070 0.158 0.042 0.092  -0.357
D 4580 0222 0.267 0.267 0.054 0.001 0.007 0.171
r 6.996 0.752 0.752  -0.123  -0.003 0.018 0.154
r 6.646 0.755 0.098 0.007 0.003  —-0.038
ry 6.646 0.098 0.007 0.003  —-0.038
~ 0.661 —-0.012 -0.030 -0.283
i 0.695 0034 0006
o 0.377 0.021
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Table 6
Ab initio harmonic force constants (mdyn A'l) for the trans conformer of trifluoroacetyl isocyanate

Q P T R D r ry r3 Y M g &
o 6.057 0.216  —-0.382 1.264 0272 0.062 0.164 0.164 —-0407 -0.015 0.446 0.221
P 13.754 0709 -0.037 -0.071 -0.065 —0.050 -0.050 —0.024 0.371 0.838 -0.153
T 16.243 0.085 -0.003 0.039 0.080 0080 -0.036 0.054 -0.1%6 0.004
R 13.557 0.500  0.041 0.071 0.071 0.164 0.035 0.023  -0.357
D 4371 0.203 0.277 0.277 0.045 0.004 0.077 0.207
r 7.142 0.736 0736 -0.119 -0.003 -0.009 0.133
r 6.469 0.750 0.081 0.013 0.043 -0.013
r 6.469 0.081 0.013 0.043 -0.013
~ 0.685 0.003 —0.100 -0.336
@ 0.716  —0.029 0.011
c 0.485 0.143
) 0.772
€
B
B
Bs
oy
(4%
[2%]
w
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€ B B Bs o a o3 w s ) T
0.102 0.158 —0.004 —0.004 —0.089 —-0.034 —-0.034 0.000 0.000 0.000 0.000
—-0.270 0.053 —-0.052 —~0.052 —0.007 0.029 0.029 0.000 0.000 0.000 0.000
0.065 0.007 0.032 0.032 -0.012 —0.030 —0.030 0.000 0.000 0.000 0.000
0.199 —0.120 0.069 0.069 0.029 —-0.023 —-0.023 0.000 0.000 0.000 0.000
—-0.225 0.234 0.087 0.087 —0.112 —-0.153 —-0.153 0.000 0.000 0.000 0.000
—-0.031 0.274 —0.298 —0.298 —0.283 0.301 0.301 0.000 0.000 0.000 0.000
—0.059 —0.304 0.322 —0.284 0.280 0.296 —-0.298 -0.065 —0.001 0.004 —-0.001
—0.059 —-0.304 —-0.284 0.322 0.280 —0.298 0.296 0.065 0.001 —0.004 0.001
—-0.378 —-0.028 0.041 0.041 —-0.015 -0.020 —0.020 0.000 0.000 0.000 0.000
0.017 0.002 -0.001 ~0.001 —0.003 0.001 0.001 0.000 0.000 0.000 0.000
0.009 0.017 —0.005 —0.005 —0.005 —-0.001 —-0.001 0.000 0.000 0.000 0.000
—0.415 0.074 —-0.015 -0.015 -0.016 —-0.015 —-0.015 0.000 0.000 0.000 0.000
0.793 —0.046 —-0.026 —-0.026 0.031 0.035 0.035 0.000 0.000 0.000 0.000
1.087 —-0.118 -0.118 —0.421 —-0.231 —-0.231 0.000 0.000 0.000 0.000
0.922 0.010 -0.211 —0.239 —-0.379 -0.097 —0.001 ~-0.015 —-0.004
0.922 -0.211 -0.379 —-0.239 0.097 0.001 0.015 0.004
1.284 -0.202 ~-0.202 0.000 0.000 0.000 0.000
1.275 ~0.211 —0.018 0.000 0.000 —-0.002
1.275 0.018 0.000 0.000 0.002
0.431 0.003 —-0.010 0.010
0.018 0.000 0.003
0.006 —-0.001
0.014

€ B Ba By o o a w ™ n n
0.186 0.147 0.004 0.004 —-0.110 —-0.028 —-0.028 0.000 0.000 0.000 0.000
0.176 —-0.032 —0.045 —0.045 0.042 0.041 0.041 0.000 0.000 0.000 0.000
0.032 0.070 0.012 0.012 —0.063 —-0.018 —-0.018 0.000 0.000 0.000 0.000
0.193 —0.125 0.075 0.075 0.034 —0.027 -0.027 0.000 0.000 0.000 0.000
—-0.252 0.207 0.118 0.118 -0.112 -0.172 -0.172 0.000 0.000 0.000 0.000
-0.014 0.247 —0.294 —0.294 -0.276 0.301 0.301 0.000 0.000 0.000 0.000
-0.068 =~ —0.328 0.354 —0.283 0.318 0.255 -0.294 —-0.086 —0.001 —-0.021 -0.016
—-0.068 -0.328 —-0.283 0.354 0.318 —-0.294 0.255 0.086 0.001 0.021 0.016
—-0.349 -0.025 0.025 0.025 -0.010 ~0.008 —0.008 0.000 0.000 0.000 0.000
—-0.015 0.005 0.001 0.001 —-0.011 0.002 0.002 0.000 0.000 0.000 0.000
—0.043 0.016 0.013 0.013 —-0.022 —-0.010 —0.010 0.000 0.000 0.000 0.000
—0.436 0.064 0.011 0.011 —0.028 —-0.030 —-0.030 0.000 0.000 0.000 0.000
0.785 -0.039 —0.036 —0.036 0.038 0.038 0.038 0.000 0.000 0.000 0.000
1.049 -0.129 -0.129 —0.409 -0.217 ~0.217 0.000 0.000 0.000 0.000
0.962 0.011 -~0.215 —-0.253 —0.384 —0.089 0.001 —-0.017 0.006
0.962 —-0.215 -0.384 —-0.253 0.089 —0.001 0.017 —0.006
1.306 —-0.203 -0.203 0.000 0.000 0.000 0.000
1.270 —0.208 -0.013 0.000 0.005 0.004
1.270 0.013 0.000 ~0.005 —-0.004
0.411 —0.006 —0.011 ~0.022
0.024 0.000 0.002
0.007 —0.001

0.008




J.R. Durig et al.|Journal of Molecular Structure 328 (1994) 55-75

68

"sef oy} Jo ex0ads UewrEy JO PASELjUL AU} WO} UdYE} ale sopusnbard
" Tow Uy ul 198 siseq 4D€-9/TdN Y WM PIARNIED) ,

o 12909 0 9T 916 90 14 wois10}) €4y 1
o1e‘%eco €6 80 $6 %go8  SL €0 9L uorsio} OON =~ %
KR FAr v's 0sZ g1 6ls69  ¥sT L€ 1T o1ty 6
8igeg ¥6 805 8lggg LIS 8 €1s  uoneunojep ouwpwwAspue £y  fla
tgee 96l ¥3¢ eze 119 9'sT L09 pUsq ODN ‘M
6196791509 06 SL SIopz%l9€9  TSL  6TI 9. puaq N(0)OD Ol

SISy 89ST 8T $Ig01 ‘'sp8 G611 L'T9T %A yojons oipowAsnue £y Sla v
YA RS SO0 86 fg91 YigTL 06 80 001 PUQDOND 'l
Ugp1 ‘Olgep ‘€1g0z 6'S T viger ‘Ulgeetlgoe  zeT 90 0€T uonjeulIofop N3O e
Yiget ‘Elepg ‘Tises €8 967 LN B YT AN 7 AL A S S | 65¢ o1ty Ua
8gcTPs9e‘TisIE 08¢ TO €8¢ 8S01°YSTI s Vscc g oty 91 oy puaq N(O)DD '
L1 6881 ‘Olgse 06 L9S ool ‘Loe1 ‘6ss€ ‘01997 1LS 0 $9¢  uoneuuojep ouRWWAsHUE £ Ol
S19 vi 969  SS01°USTI ‘Pl ‘OlgTz 98T 109 #TI 865 PU ODN %
g1 ¥lsIT3s0T 979 91T $29 6Sp1 ‘IS8T 9SYT®SEE  LEL 916 6TL UONBWIOJOP JUPUWILAS €1 8
80617591 OSLy 801 9LL TSI 6LL SCITPSTI9SSTSIT 808  1'LT 178 YPRNSND
€991 ‘1lg€T ‘LSST 98€T LYC 6501 VIGCT‘SS1T L8997 9SST  STOT  t'OvE 1501 yolons ouowwAs £
YSILSSYS 1921 $6T1 SSL9 Il $0IT 9621 Yojons SOWPWASHUR £y S
8STI“ESET O L1 *SLTPS61 00ST  9SET  SSEI‘8SP1‘9S81'ESTT'PSET  60ET  9°6S1 09¢1 ypnsyy
tgecters  cpbt 00l 86bl YSTI'STESSEY  €9¥1  6°SET T0s T yolens ompwwis QDN '
16  96L1 168 LTSI 16 I8L1 981 1181 yopnsgy  w

1566 7686  €LET 1$66  S€TT  1'TOOL  19¢T yoloms opowwdsyue OON - M A4

Sl onmt LI onut

‘agd %0 i qv ‘add  ¢s40 b1 av on

suel], 1 o) [eiuswepung ‘qipA  sowedg

JO SISULIOJUOD SURBI) PUE SID 2Y) 10 138

ajeue£d0s! [K)30e0I0N[JLI
siseq ,O1€-9/7dIN 241 Yaa parenores (- d'd) uonnquisip A§1ous [enusjod pue (;~um) sapusnbal] pAjeInNd[eEd pue PoAIdsqQO

L 3IqeL



69

J.R. Durig et al.|Journal of Molecular Structure 328 (1994) 55-75

"se8 oy Jo umyoads ueurzy 10/puUE PaIeljul SY) WOJJ USYE) I8 sorousnbal |,

"j-MWe v Ul SINIANOR UBEY PAYEIIED ,

" |- [OW UIY U1 SonIsus Ul pareljul paJena[e) |

195 siseq ,O1¢-9/JH 9y Suisn UOISI0] 10] ('] PUR ‘SPUIQ I0J §°() PUB SIYDIAIIS 10J ') JO SI0108] Y)IM SUOBMO[ED ONIUI Q. Pa[eds ,

%gig 1s8s 60 TO Iz Iz %g11 ‘%588 90 80 wo W uomsio} £y Va
gpe ‘g1 €6 400 60 €6 €6 ®gsL SL 61 90 6L 0% wolsIo QDN %
%150z ‘S'sEL o1 T8 9T bLT Ig91'6!s69 vsT 10 bS T 6LT o1&y Sl
81598 01 Oovl  TOS  6SS Bigog LIS L0 96 L0S  ¥9s uonewuiojop omdMmAshue £y Sla
‘gse vo 08 LI9 L8 Hs16 119 €0 LIS L9 LOL PUq OON
55791519 90 T'lz  ¥SL  6£8 flgez'dls99 TL 10 9EE 89L  ¥58 PUq N(0)OD  %a

s's88 91 £goe 08Tl I9€l 588 S6ll 8T  THOE  OET SBEl yojens dmpunmksnue &4y fla Wz
Ryd BTN £ ' €0 8 ¥6 flggr YigEL 06 0T 60 96 (01 PERAOND P
vigz1 ‘UsTs ‘eIs6T [ 31! (3 (AN V54 viger ‘Uigpe ‘Yigge  TET 80 90 W 8e uonewofep NOO  fla
gt ‘€591 ‘Olgzy Cispl 90 68 viv  09F ''s01'0'S01 %591 *SITCISLT  SSE gl 0T IS¢ 98¢ o1ty Ua
£1g01 ‘856 'S 1E 1SST 08¢ €T v0 08¢ 9y Z'SOL‘BS11*SEl‘Ysec tISve oL Lo TT Siy 09 Puq N(O)DO 2
L IR SRR S 14 €T L0l 89S €29 M'SO1°L901°SS11°¢891 ‘%'s0p  1LS €1 L0 99¢ 79 uoneuojep SmewwAsnue £y  Ola
SSsL $0 TLT 199  SEL oot SSTT FISPI S Iy 109 Lo 19 L6S €99 PUq OON b1
Nep1 ‘tigTz e 979 I't TSt 619 89 SgL1VS81 9STT %ove  LEL ST §T01 6L I8 uoNBULOJp SpwwAs €10 8
YSLL'SOT ISP ISTT 9LL €9  €LT S6L 0S8 YSE1 ‘Bl ISz iS61 808 L9 T99 6v8 816 gons NO ta
Syl 1S1z 88T OSLT 0T  L8¥E  S901  bhIT NSZI'eS8I'Le1E9S8T sTOI LT I'IOb SLOT 8pIT Yojams JLauruAs €47 Ed
9STL**S91 *SLY TT  L691  Legl STl S§99 I 01 969 W€l LTpI yolens supwmAsnue £y S
9891 'S5'8¢ ‘'S8I '€ LLbl 9681 T6bI  BSTLCS81°°S61 9961 PSET 60E1  9€  L'SOT LSE1  08¥I gs1ems DD ta
LSIE5S19 €l 'St 0€81  08ST 8991 tSTe'tssy €9¥l 06 TOEE €ES1 $T9I1 YojaNs SLRWWAS OJN fn
976 96L1  S6E L'STL 6961 6LOT W$T6 I8L1 6Ll STEE  Sh6l ¥SOT prnsgy

Isi6 't 9SILI  SLET H0ST '$86 S€CC €% VLLST  ¥SET ISKT yo1a:s SmPWWASHUE QDN ln v

S10' Ul pafeds  onrur JVe Jm po[eos onyu

‘add psa0 uewey I P Qv ‘add p,sq0 uewey q P Qv ou

suely e} [Pluswepun,y "qiA  saedg

9)eURAD0SI [K)20B0IONYLI)
JO SISUWLIOJUOD SUBI) PUEB SID 3Y] 10J 138 SIseq ,O1£-9/4HY 241 Suisn payemofes (‘@ 'd'd) uonnquisip £31oua [enusjod pue frEov saouanbaiy parenofes pue paAIsqQ
89IqeL



70 J.R. Durig et al.[Journal of Molecular Structure 328 (1994) 55-75

bl oy by v byy v

2000 1500 1000 500
WAVENUMBER (cm-1)

Fig. 9. Raman spectra of trifluoroacetyl isocyanate: (A) experi-
mental Raman spectrum of the liquid; (B) calculated spectrum
of the mixture of both conformers; (C) calculated spectrum
of the trans conformer; (D) calculated spectrum of the cis
conformer.

trans pure conformers are shown in Figs. 9(D) and
9(C), respectively. In Fig. 9(B), the mixture of the
two conformers with an assumed AH of 163 cm™!
is shown. This spectrum should be compared to the
experimental Raman spectrum of the liquid (Fig.
9(A)). In comparison, the calculated spectrum is
remarkably similar to the experimental spectrum
and provides support for the assignment of the
observed bands.

Infrared intensities were also calculated based on
the dipole moment derivatives with respect to the
Cartesian coordinates. The derivatives were taken
from the ab initio calculations transformed to
normal coordinates by

(o6) =3-(5)

where the Q; is the ith normal coordinate, X; is the
Jjth Cartesian displacement coordinate, and Lj is
the transformation matrix between the Cartesian
displacement coordinates and normal coordi-
nates. The infrared intensities were then calculated
by

LAV CASNC A
=3z [(éa) +(36) * (56 ]

The predicted infrared spectra of the pure cis and
trans conformers are shown in Figs. 10(D) and
10(C), respectively, with the mixture of the two
conformers shown in Fig. 10(B). The calculated
spectrum is in reasonably good agreement with
the experimental spectrum of the gas (Fig. 10(A))
and demonstrates the utility of the calculated infra-
red intensities for analytical purposes.

6. Asymmetric potential function

The torsional dihedral angular dependence of
the internal rotation constant F(¢) can be repre-
sented as a Fourier series:

6
F(¢)=Fy+ ZFi cos i¢

i=1
The relaxation of the structural parameters B(¢)
during the internal rotation can be incorporated
into the above equation by assuming them to be
small periodic functions of the torsional angle of
the general type:

B(¢y=a+b cos ¢+ c sin ¢

The structural parameters obtained from the opti-
mized geometries for both the cis and trans con-
formers utilizing the MP2/6-31G* basis set were
used to determine B(¢).

The torsional potential is also represented as a
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Fig. 10. Infrared spectrum of trifluoroacetyl isocyanate: (A)
experimental infrared spectrum of the gas; (B) calculated
spectrum of the mixture of both conformers; (C) calculated
spectrum of the trans conformer; (D) calculated spectrum of
the cis conformer.

Fourier cosine series in the internal dihedral
torsional angle (¢):
6
V(g) =Y _(Vi/2)(1 - cos i¢)
i=1
The computer program which was employed was
developed in our laboratory [25].

Previous calculations on the potential functions
for many molecules with a cis—trans equilibrium
indicate that only the Vi, V,, and V3 coefficients
are likely to be significant. Thus, these potential
coeflicients were used to fit the experimental data.
The fundamental torsional transition for the cis

conformer, the observed fundamental torsional
transition for the trans conformer and the experi-
mental enthalpy difference (163 + 12cm™") from
the temperature study of the infrared spectrum of
the sample dissolved in liquified krypton were used
to calculate initial values of 356, 1865, and
~203cm™! for the potential constants, ¥V, V,,
and V;, respectively. Since there was only one
observable torsional transition for each of the
conformers, the enthalpy difference was varied by
+12cm™" and the calculation was repeated. There-
fore, the final values for the potential coefficients
with the uncertainties are V;, =356+ 14, V, =

1865+ 60 and V3= —203+6cm™ with cis to

trans and trans to cis barriers of 1971cm™!

(5.6kcalmol™') and 1811cm™ (5.2kcalmol™),
respectively. The resulting values for the potential
constants are listed in Table 9 and the potential
function is shown in Fig. 11.

7. Discussion

It has been determined that the cis conformer is
the more stable rotamer in the fluid phases and the
only conformer present in the solid. The cis
conformer is predominant in the gas, but there is
evidence that a second conformer is present. It is
clear from the temperature study of the sample

Table 9
Potential function coefficients (cm™") for the asymmetric torsion

of trifluoroacetyl isocyanate and barriers to interconversion
-1
(em™)

Coefficient Value? Ab initio
MP2/6-31G*
17 356 +.14 222
v, 1865 + 60 1009
V; -203 +6 126
AH (em™) 160 + 16 349
Torsional frequency (cis) 74.0 79
Torsional frequency (trans) 93.0 93
Cis to trans barrier 1971 1185
Trans to cis barrier 1811 836

? Calculated using F, = 0.86979, F; = —0.03234, F, = 0.09152,
F; = —0.00172, F; =0.00507, F5 = —0.00007, Fs = 0.00028
(cm™') and the assignments of the torsional transitions listed
in Table 1.
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Fig. 11. Potential function for the interconversion of the conformers of trifluoroacetyl isocyanate.

dissolved in liquified krypton (Table 2) that the
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stretch of the cis conformer, increases in intensity
as the temperature is decreased and thus is the
stable rotamer in the gas phase. Similarly, from
the temperature study of the Raman spectrum of
the liquid, the bands at 776, 626, and 380cm™',
which are assigned to fundamentals of the trans

COIIIOI'IIICI', increase in 1menbuy as the temperdlure

is increased, showing that the trans conformer is also
less stable than the cis rotamer in the hmnd nhnee

It is interesting to compare the conformatlonal
stability of CF;C(O)NCO with CH;C(O)NCO [1}
and FC(O)NCO [9]. In all three molecules, the
cis conformer was determined to be the more
stable form in the vapor site. However, for
CH;C(O)NCO and FC(O)NCO, it was experi-
mentally determined that the trans conformer is
the stable conformer that remains in the solid
phase, which is in contrast to what was found for
CF;C(O)NCO, where it has been determined that
the cis conformer is the stable rotamer in the solid
state. However, for CH;C(O)NCO [1], the trans
conformer was the more stable rotamer in the
xiquiu state, whereas for the CF 3C(O)L\VTCO mol-
ecule, the cis conformer was the more stable form

in the liquid. For CIC(O)NCO it was determined

avmarimaantallyy TA1 thaot +ha teama anafaeaan 3

UAPClllllﬁlllally l"?] liiac l.llc aild LUILIIVLILIICL lb lhc
stable form in the gas, liquid, and solid phases.
Therefore, the molecule with the chlorine atom is
the exception for conformational stability in the
gas phase for this series of molecules.

There is extensive mixing among the normal
modes especially for the v, and vg through v
fundamentais of the cis conformer as determined
from the ab initio calculations with the MP2/6-
31G* basis set. The band observed at 808 cm_l,
which is assigned to the C—N stretch, has 21%
contribution from the C-N stretch and 25%
from the CF; symmetric stretch. There is extensive
mixing between the A’ NCO bend and A’ CF; anti-
symmetric deformation. The band at 601cm
which is assigned to the NCO bend has 28 and

Mo/ nitrihntian fra tha NN band and OF
Z&/p COMUIOUUON Ir0m W€ NULU oG ana i3

antisymmetric deformation, respectively. Similarly,
the band at 571cm~! assigned to the CF; anti-
symmetric deformation has 26% contribution
from the CF; antisymmetric deformation and
35% contribution from the NCO bend. The
observed band at 420cm™! which has been
CC(O)N bend actually has

agoigmad tn  than
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more contribution from the CF; antisymmetric
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deformation. There is also extensive mixing among
the fundamentals of the trans conformer, especially
for the C-N stretch and CF; symmetric deforma-
tion. The observed band at 776cm™" assigned to
the CN stretch has more contribution from the
CF; symmetric stretch, whereas the band at
626cm™" assigned to the CF; symmetric deforma-
tion has an equal contribution from the CCN
deformation. Therefore, the simple descriptions
given to each of the bands listed in Tables 7 and 8
are more for “bookkeeping” purposes than actual
descriptions of the molecular motions.

The force constants from the ab initio calcula-
tions for the two rotamers of CF;C(O)NCO are
fairly similar with a few notable exceptions. The
CNC bend, NCO out-of-plane bend, and CF,
torsion have values of 0.377, 0.018, and
0.014mdynA™", respectively, for the cis con-
former which are significantly different from the
values of 0.485, 0.024, and 0.008 mdynA
the corresponding force constants for the trans
form. The force constants for CF;C(O)NCO are
comparable to those obtained for the portion of
the molecule which is identical with the acetyl
isocyanate molecule. Significant exceptions are
the NCO in-plane and out-of-plane bends and
the CC(O)N bend of the cis conformer where the
values are 0.896, 0.014, and 0.568mdynA’,
respectively, for CH;C(O)NCO [1] which should
be contrasted to the values of 0.695, 0.018, and
0.431 mdynA for the corresponding force
constants, respectively, for CF;C(O)NCO. The
notable exceptions of the trans conformer are
the CNC bend, CC(O)N bend, NCO out-of-plane
bend, and the NCO torsion which have values
of 0.279, 0.564, 0.015, and 0.004mdynA~" for
CH;C(O)NCO compared with those of 0.485,
0411, 0024, and 0.008mdynA~  for
CF3C(O)NCO.

The calculated infrared spectrum of the mixture
of the two conformers (Fig. 10(B)) is comparable to
the experimental spectrum of the gas. However, the
region from 2500 to 1600cm™" in the calculated
spectrum differs from the experimental spectrum.
There are two bands in the NCO antisymmetric
stretching region in the experimental spectrum as
opposed to only one band in the calculated spec-
trum. There are two bands in the CO stretching

region in the calculated spectrum whereas only
one band appears in this region in the experi-
mental infrared spectrum of the gas. When com-
paring the relative intensities of the bands in the
region from 1400 to 400cm™’, the experimental
and calculated spectra are remarkably similar.

The calculated Raman spectrum of the mixture
of the two conformers (Fig. 9(B)) is also com-
parable to the experimental spectrum of the
liquid. As in the experimental infrared spectrum of
the gas, there are two bands present in the experi-
mental Raman spectrum of the liquid in the NCO
antisymmetric stretching region, where one band is
due to two fundamentals. The NCO antisymmetric
stretch is predicted about 100cm™ higher while the
CO and NCO symmetric stretches are predicted only
about 30 to 40cm™ higher in the calculated spec-
trum. The region from 1000 to 200cm™" is similar
between the calculated and experimental data except
for the relative intensity of the CF; symmetric defor-
mation which is less than the relative intensity for this
fundamental in the experimental spectrum. The low-
frequency fundamentals (CNC bend and NCO and
CF, torsions) were omitted from the calculated
spectra because of their large intensities which, if
included, would render all other bands unobservable
with the relative scale which was used.

The potential function for the NCO asymmetric
torsion of CF;C(O)NCO has been estimated from
the observed torsional transitions and a AH value
of 163+ 12cm™!. Only one torsional transition
was observed for each conformer, where the tran-
sition at 75cm™! has been assigned to the asym-
metric torsion of the cis conformer, and the
transition for this mode of the trans conformer
has been assigned to the band at 93cm™". It should
be noted that the CNC bend is predicted in this
region at about 100cm™'. The NCO torsion of
the cis and trans conformers of CF;C(O)NCO
were observed in the same region of the infrared
spectrum of the gas as those observed for some
similar molecules. For acetyl isocyanate [1], the
torsional mode of the cis conformer was observed
at 79cm™! in the infrared spectrum of the gas with
two excited states falling to lower frequency. How-
ever, the asymmetric torsion of the less stable trans
conformer was not observed. The NCO torsion of
the cis conformer of fluorocarbonyl isocyanate [9]
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was observed at 82cm™' with six excited states

falling to lower frequencies, whereas this mode of
the less stable trans conformer was tentatively
assigned to the weaker band at 88cm!. Simi-
larly, this mode of the more stable trans conformer
of CIC(O)NCO [4] was observed at 83cm™! in
the infrared spectrum of the gas with two excited
states falling to lower frequencies, while the asym-
metric torsion of the cis conformer was not
observed.

Because there was only one observable torsional
transition for the NCO torsion of each conformer,
the uncertainties of the potential coefficients were
estimated by varying the experimental AH value of
163cm™ by +12cm™!. The resulting potential
coefficients and their uncertainties are listed in
Table 9. The potential function obtained from ab
initio calculations with the MP2/6-31G* basis set is
considerably different to that determined from the
experimental data. The AH value obtained with
the MP2/6-31G* basis set is twice as large as the
experimental AH. There have been several barriers
reported for the NCO asymmetric torsion. The cis
to trans and trans to cis barriers for CF;CONCO
are larger than those reported for acetyl isocyanate
[1] and chlorocarbonyl isocyanate [4], as well as
those for fluorocarbonyl isocyanate [9], which
were the largest of those previously reported with
cis to trans and trans to cis barriers of 1116 and
991 cm™!, respectively. The significant increases in
the barriers for the trifluoroacetyl isocyanate mol-
ecule is probably due to the increase in steric
hindrance caused by the perfluoromethyl group.

There are only very small differences (0.005 A) in
the bond distances between the two rotamers, but
some of the angles are significantly different. For
example, the J C;—N=C increases by 4.1° and the
4 C-C-N opens by 3.6° on going from the cis to
the trans conformation, which again indicates
strong steric interaction of the perfluoromethyl
group with the isocyanate group. The other angles
differ by less than 1° between the two conformers.
There are significant differences in the bond dis-
tances calculated with the RHF/6-31G* basis set
and those with electron correlation, MP2/6-31G*.
For the carbonyl bonds, the predicted distances
with the MP2/6-31G* basis set will be too long
by nearly the amount that the RHF/6-31G* basis

set predicts them to be too short [26]. In fact, the
RHF/3-21G* predicts these bond distances better.

It is interesting to compare the predicted struc-
tural parameters for trifluoroacetyl isocyanate
utilizing the MP2/6-31G* basis set with those pre-
dicted [2] for acetyl isocyanate utilizing the same
basis set. The predicted differences are relatively
small, with the r(C;=0,4) and r(C;=0s) calcu-
lated to be shorter by 0.005 and 0.004 A, respec-
tively, for the perfluoro compound, whereas the
r(N=C;) distance is predicted to be longer by
0.003 A. Therefore, one should be able to take
these parameters for the acetyl isocyanate mole-
cule, which were determined by a joint analysis of
the electron diffraction and microwave data, and
make these adjustments to give realistic distances
for these three parameters. The r(C,-N) distance is
predicted to be 0.025 A shorter for the trifluoroa-
cetyl isocyanate molecules, whereas the r(C,-Cq)
distance is predicted to be 0.028 A longer than the
corresponding distances for acetyl isocyanate. The
only other parameter with a significant differ-
ence between these two molecules is the
N-C,;=0 angle which is predicted to be 2.4° larger
for the perfluoro molecule. These differences reflect
the effect of the fluorine atoms on these latter three
parameters. Thus, one should be able to take the
parameters obtained from the ab initio calculations
with the MP2/6-31G* basis set and utilize the
indicated adjustments and predict structural para-
meters which should be accurate to about 0.010 A
for distances and about 1.0° for angles for
trifluoroacetyl isocyanate.
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