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Abstract 

The Raman (2500 to lOcm-‘) and infrared (2500 to 3Ocm-‘) spectra of trifluoroacetyl isocyanate, CF&(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 178 1 cm-’ has been used to determine the AH value of 163 f 12 cm-’ 
(466 f 34calmol-‘) 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: V, = 356 f 14, V, = 1865 f 60, and V3 = -203 f 6cm-‘. Additionally, variable- 
temperature studies of the Raman spectrum of the liquid give a AH of 236 * 30 cm-’ (675 ZIZ 86 cal mol-‘). 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 [l] the vibrational spec- 
* Corresponding author. trum of acetyl isocyanate, CH$(O)NCO, and 
’ Permanent address: Analytical R/D Department, Organic Pro- 
ducts Division, Miles, Inc., Bushy Park Plant, Charleston SC 

experimentally determined that the cis conformer 

29411, USA. 
(isocyanate group cis to the carbonyl bond) is more 

’ Taken in part from the thesis of K.A. Krutules which will be 
stable than the trans conformer by 449 f 108 cm-’ 

submitted to the Department of Chemistry and Biochemistry in (1.28 f 0.3 1 kcal mol-‘) for the vapor. This result is 
partial fulfillment of the Ph.D. degree. consistent with both the microwave [2] and electron 
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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 [l] 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 tram conformer is more stable, by 
370 f 60 cm-’ (1.06 f 0.17 kcalmol-I). In the crys- 
talline solid only the trans conformer remains. 

For chlorocarbonyl isocyanate, ClC(O)NCO, 
most ab initio calculations [4-81 predict the cis 
conformer to be more stable than the trans form. 
However, from the vibrational study [4] of 
ClC(O)NCO it was determined that the trans 
conformer was more stable by 254 Z!Z 48cm-’ 
(726 f 137 cal mol-‘) 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 [5] where it was also 
concluded that the trans conformer is the more 
stable form. However, with a large basis set with 
electron correlation, MP2/6-3 11 +G**, the trans 
conformer is predicted [6] to be more stable than 
the cis conformer by 871 cm-’ (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 fluorocarbonyl 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 dete~ined that the cis ~onfo~er is more 
stable than the trans conformer by 150 f 29 cm-’ 
(429 f 80 calmol-‘). The results from the vibra- 
tional study are in agreement with those from the 
electron diffraction [lo] 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 
[ll-191, the infrared and Raman spectra of 
CF$(O)NCO have been investigated. Addition- 
ally, ab initio calculations have been carried out 
for ~ompa~son with the results obtained from the 
spectroscopic investigation. 

2. Experimental 

Trifluoroacetyl isocyanate was prepared by 
reaction of t~fluoroacetyl 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 sp~trophotometer equipped with a 
Spectra-Physics model 171 argon ion laser operat- 
ing on the 5 145 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-Haley cell 
[ZO]. 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 
rt2cm-’ 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 10 cm cell equipped with CsI windows was used 
to obtain the spectrum of the gas, and a ISBr 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$(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 pm 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 4.0 cm-i 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. 

0.5 cm-i 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. 

I I I I I 
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Fig. 4. Far-infrared spectrum of gaseous trifluoroacetyl isccya- 
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 1 m cell 
equipped with polyethylene windows and 
recorded at a spectral resolution of 0.1 cm-’ with 
6.25 and 25 pm 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 f~damental 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/ 
6-3 1 G* and RHF/6-3 lG* 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 
779cnY’ obtained with the same basis set for the 
C-N stretch of the trans conformer. This predicted 
frequency of 779 cm-’ 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 CF3 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 619 cm-’ for 
the tram rotamer. The band at 354cm-’ in the 
Raman spectrum of the solid also corresponds 
better with the frequency of 35 1 cm-‘, which is the 
frequency predicted for the cis conformer compared 
to 380 cm-’ predicted for the trans form. Therefore, 
from considering the low-frequency bands from 900 
to 200 cm-’ 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 776crK’ 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 1781 cm-’ 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 178 1 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 NC0 sy~etric stretc~ng 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-1 with a shoulder at 1462cm-‘, 
and in the infrared spectrum of the solid, a sharp 
band at 1459 cm-‘. Using RHF/6-3 1 G* scaled fre- 
quencies, the NC0 symmetric stretch of the cis 
conformer is predicted to be about 5Ocm-’ lower 
in frequency than that predicted for the trans con- 
former. However, with the MP2/6-31G* basis set, 
the NC0 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 1498 cm-‘, respectively. Thus, it is difti- 
cult to make a reliable assignment for the NC0 
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 



60 J.R. Durig et aLlJournal of Molecular Structure 328 (1994) 55-75 

Table 1 
Observeda infrared and Raman frequencies (cm-‘) for trifluoroacetyl isocyanate 

Infrared 

Gas 

Raman Assignment 

Rel. Solid Rel. Gas Rel. Liquid Rel. int. Solid Rel. vib Approximate description 
int. int. int. and depol. int. 

2275 max vs 

2235 max s 

2173 w 

1795 max sh 

1785max s 
1777 max sh 

1462 sh 

1442max s 

1402 sh 

1303 max m 

1243 

1235 max s 

1195 R 

1192Q s 

1120 W 

1027 R 
1025 ctr,B s 
1023 P 

1019 sh 

928 W 

830 VW 

807 max w 

752 max w 

738 R 
734Q,A m 
730 P 

618 Q 
611 
604 Q 

570 max w 

2281 s 

2232 vs 

2193 m 

1779 m 

1760 s 

1500 w 

1460 m 

1403 w 

1301 s 

1222 sh 

1211 s 

1176 sh 

1167 s 

1164 s 

1138 w 

1027 sh 
1018 s 
1014 s 

806 s 

750 s 

727 sh 
720 s 

663 
659 
654 

611 
597 s 

572 w 

2277 w 2273 

2235 w 2235 

1796 m 

1781 s 1768 

1543 w 1545 

1463 m 1466 

1443 m 1447 

1336 vw 1330 

1309 m 1304 

1240 w,bd 1234 

1195 w 1180 

5.2 

W 

lOO.O,p 

W 

35.0,p 

29.5,~ 

sh 

31.3,p 

W 

W, 

1025 m 1020 11.6,~ 

834 w 837 

808 m 808 

776 m 776 

755 vw,bd 760 

737 m 735 

687 w,bd 

626 m 629 

VW 

51.0,p 

41.9,p 

vw 

15.1,p 

27.7,~ 

601 w 600 

571 m 569 

10.9,p 

21.3,~ 

2291 sh 
280 vw 

2232 w 

1771 s 

1463 m 

1324 vw 

1304 m 

1237 w 

1180 w 

1035 w 
1019 m 

809 s 

752 w 

734 w 

W 

613 
598 w 

565 w 

Y 

vs 

US + v6 

NC0 antisymmetric stretch 

CO stretch 

CO stretch 

Y + U8 

NC0 symmetric stretch 

NC0 symmetric stretch 

Y + u9 

us + u14 

CC stretch 

CF3 antisymrnetric stretch 

CF3 antisymmetric stretch 

CF, symmetric stretch 

V8 + VI4 

u7 CN stretch 

v; CN stretch 

vt6 CC(O)N bend 

u8 CFs symmetric deformation 

CF3 symmetric deformation 

ut7 NC0 bend 

us NC0 bend 

u,,, CFJ antisymmetric deformation 
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Infrared Raman Assignment 

Gas Rel. Solid Rel. Gas Rel. Liquid Rel. int. Solid Rel. VP Approximate description 
int. int. int. and depot. int. 

517max w 519 w 525 vw,dp 520 w its CFs antisymmetric deformation 

444max w 

428 sh 
418max w 420 w 421 14.3,p 425 w VII CC(O)N bend 

380 w 382 14.2,~ vii CC(O)N bend 

355 m 356 25.9,~ 354 m v12 CFs rock 

261 w 
254 sh,bd 251 w,bd,dn 250 m vtg CFs rock 

232 m 236 19.3,p 240 m vt3 CCN deformation 

140 w 137 2% 
115 

93 vw z& NC0 torsion (1 + 0) 

90 vw 90vw 92 pi4 CNC bend 

15 vw 19 vzo NC0 torsion (1 +- 0) 
51 
39 

a Abbreviations used; s, strong; m, medium; v,very; w, weak; sh, shoulder; p, polarized; dp, depolarized; bd, broad; min, minimum; ctr, 
center; P, Q, and R refer to vibrational-rotational infrared band contours. 
b V’ denotes fundamental arising from the trans conformer. 

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

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

&) 

id/T K = 1,/I, -1nK 

(K-l) 

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 1.87 0.263 1.366 

Liquid 22 3.39 0.829 0.188 
9 3.54 0.154 0.282 

-8 3.77 0.692 0.368 
-21 3.97 0.639 0.449 
-39 4.21 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 NC0 
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&(O)NCO, 
va~able-tem~rat~e studies of the infrared spectrum 
of the sample dissolved in hquified 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 1796/178 1 cm-’ were used experi- 
mentally to determine the AH value. The mid- 
infrared spectra of the liquified noble gas solution 
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18bo 
WAVENUMBER (cm-‘) 

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) cm-‘. 

were recorded at six different temperatures ranging 
from 127 to 167 K (Table 2). By using the van’t 
Hoff isochore, - In K = (AH/RT) - AS/R, the 
enthalpy difference between the cis and trans 

Y 

c 
T 

1.3- 

1.2 - 

1.1 - 

1.0 - 

5 6 7 6 
1000rr 

Fig. 6. Plot of - 1n(11796/Z37s,) versus 1000/T. The slope of the 
best-fit line is 235. 

,bo 
WAVENUMBER (cm-t) 

Fig. 7. Temperature dependence (in “C) of the Raman spectra 
of the liquid phase from 900 to 300 cm-‘. 

conformers can be calculated. A plot of -In K 
versus l/T, 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 f 12 cm-’ (466 f 34 cal mol-‘). 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 f 30 cm-’ (675 f 86 cal mol-‘). 
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 629/737 cm-‘. This procedure gave a AH value 
of 164 f 52crr-’ (469 f 149calmol-‘), which is in 
excellent agreement with the experimental value of 
163 f 12 cm’ 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 7 A”. The A’ vibrations 
are expected to give rise to A, B and A/B hybrid 
infrared gas-phase band contours and polarized 

The strong band at 2235cm-’ in the infrared 
spectrum of the gas is characteristic of the NC0 
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-r 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 parametersa, rotational constants, and dipole moments for trifluoroacetyl isocyanate 

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. 

Parameter Cis 

RHF/3-21G RHF/6-31G* MP2/6-31G* 

Transb 

RHF/6-3 lG* MP2/6-31G* 

rW-N) 1.365 1.385 1.399 1.382 1.395 

r(N=C3) 1.189 1.215 1.235 1.204 1.232 

r(C3=04) 1.156 1.134 1.174 1.139 1.176 

‘(Cl =05) 1.196 1.179 1.213 1.173 1.209 
r(cI-c6) 1.511 1.531 1.531 1.535 1.537 

r(C-F7) 1.336 1.306 1.334 1.301 1.329 

dC-%9) 1.344 1.316 1.345 1.321 1.350 

+C-N=C 147.4 126.5 127.8 136.2 131.9 
*N-Cl=0 126.2 126.4 126.9 123.8 124.0 

*C-C-N 110.3 111.4 110.2 114.7 113.8 
+F7-C-C 110.5 110.6 110.7 111.5 111.4 

+F7-C6-Hs 109.0 108.9 109.0 109.2 109.3 

%Fs-C6-H9 107.9 108.5 108.4 107.7 107.6 

+N=C=O 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 

I:! 

&+612) 1;:; 

0.874 0.312 0.862 0.923 0.905 0.762 0.710 1.034 0.762 1.021 
0.0 0.0 0.0 0.0 0.0 
0.928 0.703046 4.105718 1.263 5.525306 1.183 4.101509 1.254 5.523717 1.274 

’ Bond lengths in Angst&m, bond angles in degrees, rotational constants in MHz, dipole moments in Debyes, and energies in Hartree. 
b For the 3-21G basis set there is no stable trans conformer. 
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that are in the NC0 symmetric stretch region and, 
as indicated earlier, the higher frequency band is 
assigned to the cis conformer. 

The three CFs stretches have strong characteris- 
tic bands in the infrared spectrum and the one at 
1235 cm-’ is assigned to the A’ CFs antisymmetric 
stretch. The A” CFs antisymmetric stretch is 
assigned to the band at 1192 cm-’ and the strong 
B-type band at 1025cm-’ is assigned to the CFs 
symmetric stretch. This assignment is consistent 
with the frequency order obtained from the ab 
initio calculations. The assignments for the C-N 
stretch and CFs symmetric deformation for both 
conformers have been described earlier. The A’ CFs 
antisymmetric deformation is assigned to the band at 
571~x11~’ 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 425 cm-’ 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” NC0 bend is assigned to the band 
at 611cm-t 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’ CFs rock is assigned to the 355cm-’ 
band and the corresponding A” mode is assigned 
to the band at 254 cm-‘, whereas the band at 
232cm-’ is assigned to the CCN deformation. 
The CNC bend is assigned to the weak band at 
90 cm-’ and the NC0 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 93 cm-‘. These assignments are 
summarized in Table 1 and are supported by the 
normal coordinate calculations. 

Species Description Symmetry coordinatea 

A’ NC0 antisymmetric stretch 
CO stretch 
NC0 symmetric stretch 
CC stretch 
CF3 antisymmetric stretch 
CF3 symmetric stretch 
CN stretch 
CF, symmetric deformation 
NC0 bend 
CF3 antisymmetric deformation 
CC(O)N bend 
CF3 rock 
CCN deformation 
CNC bend 
Redundancy 
Redundancy 

A” CF3 antisymmetric stretch 
CC(O)N bend 
NC0 bend 
CF, antisymmetric deformation 
CF3 rock 
NC0 torsion 
CF, torsion 

S, =P-T 
S, =R 
S, =P+T 
S, =D 
S, = 2r, - r2 - r3 
S, = fj + r2 + r3 

S, =Q 
s, = CYI + a2 + 03 - PI - P2 - P3 

s9 =cL 

s*#) = 2q - ffp - a3 

s,, = y-c 

Sl2 = WI - P2 - & 

$3 = 26 - E - y 
S]4 = (T 
&a= y+e+6 
.!$a = (YI + ff2 + ff3 + PI + P2 + P3 

S15 = r2 - r3 
S,6 = w 
s,, = x 
s,* = Q12 - a3 

$9 = P2 - P3 

s20 = r2 

s21 = 71 

’ 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-’ (2.6 kcal mol-‘) and 349 cm-’ 
(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 GAUSSIAN-90 program [2l] 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 MP2/6-3 lG* 
basis set and Raman scattering activities deter- 
mined from the RHF/6-31G* basis set. The 
Raman scattering cross-sections, doj/dQ 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]: 

where v. is the exciting frequency, Uj is the vibra- 
tional frequency of the jth normal mode, and 5” is 
the corresponding Raman scattering activity. To 
obtain the polarized Raman scattering cross-sec- 
tions, the polarizabilities are incorporated into Sj 
by S’[( 1 - pj)/( 1 + pj)] where pj 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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Table 5 
Ab initio harmonic force constants (mdyn A-‘) for the cis conformer of trifluoroacetyl isocyanate 

Q P T R D rl f-2 r3 7 P 0 6 

Q 5.929 
P 
T 
R 
D 

rl 
r2 

r3 

7 

P 

i 

;* 

P2 

P3 

&I 

a2 

ff3 

W 

R 

71 

r2 

0.258 -0.451 1.240 0.242 0.105 0.129 0.129 
13.519 0.717 -0.250 -0.017 0.013 -0.018 -0.018 

16.375 0.193 0.000 0.044 0.025 0.025 
13.279 0.446 0.033 0.070 0.070 

4.580 0.222 0.267 0.267 
6.996 0.752 0.752 

6.646 0.755 
6.646 

-0.365 
0.065 

-0.042 
0.158 
0.054 

-0.123 
0.098 
0.098 
0.661 

0.008 
0.359 
0.047 
0.042 
0.001 

-0.003 
0.007 
0.007 

-0.012 
0.695 

0.371 
0.800 

-0.235 
0.092 
0.007 
0.018 
0.003 
0.003 

-0.030 
0.034 
0.377 

0.263 
0.205 

-0.024 
-0.357 

0.171 
0.154 

-0.038 
-0.038 
-0.283 
-0.006 

0.021 
0.698 

Table 6 
Ab initio harmonic force constants (mdyn A-‘) for the trans conformer of trifluoroacetyl isocyanate 

Q P T R D rl r2 r3 7 P u 6 

Q 6.057 
P 
T 
R 
D 

rl 
r2 

r3 

7 

P 

i 

Fi 

& 

i33 

ffl 

a2 

a3 

W 

7T 

71 

72 

0.216 -0.382 1.264 0.272 0.062 0.164 0.164 
13.754 0.709 -0.037 -0.071 -0.065 -0.050 -0.050 

16.243 0.085 -0.003 0.039 0.080 0.080 
13.557 0.500 0.041 0.071 0.071 

4.371 0.203 0.277 0.277 
7.142 0.736 0.736 

6.469 0.750 
6.469 

-0.407 
-0.024 
-0.036 

0.164 
0.045 

-0.119 
0.081 
0.081 
0.685 

-0.015 
0.371 
0.054 
0.035 
0.004 

-0.003 
0.013 
0.013 
0.003 
0.716 

0.446 
0.838 

-0.196 
0.023 
0.077 

-0.009 
0.043 
0.043 

-0.100 
-0.029 

0.485 

0.221 
-0.153 

0.004 
-0.357 

0.207 
0.133 

-0.013 
-0.013 
-0.336 

0.011 
0.143 
0.772 
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PI P2 a w 7r 71 

0.102 
-0.270 

0.065 
0.199 

-0.225 
-0.03 1 
-0.059 
-0.059 
-0.378 

0.017 
0.009 

-0.415 
0.793 

0.158 
0.053 
0.007 

-0.120 
0.234 
0.274 

-0.304 
-0.304 
-0.028 

0.002 
0.017 
0.074 

-0.046 
1.087 

-0.004 

-0.052 
0.032 
0.069 
0.087 

-0.298 
0.322 

-0.284 
0.041 

-0.001 
-0.005 
-0.015 
-0.026 
-0.118 

0.922 

-0.004 

-0.052 
0.032 
0.069 
0.087 

-0.298 
-0.284 

0.322 
0.041 

-0.001 
-0.005 
-0.015 
-0.026 
-0.118 

0.010 
0.922 

-0.089 
-0.007 
-0.012 

0.029 
-0.112 
-0.283 

0.280 
0.280 

-0.015 
-0.003 
-0.005 
-0.016 

0.031 
-0.421 
-0.211 
-0.211 

1.284 

-0.034 
0.029 

-0.030 
-0.023 
-0.153 

0.301 
0.296 

-0.298 
-0.020 

0.001 
-0.001 
-0.015 

0.035 
-0.231 
-0.239 
-0.379 
-0.202 

1.275 

-0.034 
0.029 

-0.030 
-0.023 
-0.153 

0.301 
-0.298 

0.296 
-0.020 

0.001 
-0.001 
-0.015 

0.035 
-0.23 1 
-0.379 
-0.239 
-0.202 
-0.211 

1.275 

0.000 
0.000 
0.000 
0.000 

0.000 

0.000 

-0.065 
0.065 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

-0.097 
0.097 
0.000 

-0.018 
0.018 
0.431 

0.000 

0.000 
0.000 
0.000 
0.000 
0.000 

-0.001 
0.001 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

-0.001 
0.001 
0.000 
0.000 
0.000 
0.003 
0.018 

0.000 
0.000 
0.000 
0.000 
0.000 

0.000 
0.004 

-0.004 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

-0.015 
0.015 
0.000 
0.000 
0.000 

-0.010 
0.000 
0.006 

7-2 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

-0.001 
0.001 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

-0.004 
0.004 
0.000 

-0.002 
0.002 
0.010 
0.003 

-0.001 
0.014 

0.186 0.147 
0.176 -0.032 
0.032 0.070 
0.193 -0.125 

-0.252 0.207 
-0.014 0.247 
-0.068 -0.328 
-0.068 -0.328 
-0.349 -0.025 
-0.015 0.005 
-0.043 0.016 
-0.436 0.064 

0.785 -0.039 
1.049 

0.004 

-0.045 
0.012 
0.075 
0.118 

-0.294 
0.354 

-0.283 
0.025 
0.001 
0.013 
0.011 

-0.036 
-0.129 

0.962 

0.004 
-0.045 

0.012 
0.075 
0.118 

-0.294 
-0.283 

0.354 
0.025 
0.001 
0.013 
0.011 

-0.036 
-0.129 

0.011 
0.962 

-0.110 
0.042 

-0.063 
0.034 

-0.112 
-0.276 

0.318 
0.318 

-0.010 
-0.011 
-0.022 
-0.028 

0.038 
-0.409 
-0.215 
-0.215 

1.306 

-0.028 
0.041 

-0.018 
-0.027 
-0.172 

0.301 
0.255 

-0.294 
-0.008 

0.002 
-0.010 
-0.030 

0.038 
-0.217 
-0.253 
-0.384 
-0.203 

1.270 

-0.028 
0.041 

-0.018 
-0.027 
-0.172 

0.301 
-0.294 

0.255 
-0.008 

0.002 
-0.010 
-0.030 

0.038 
-0.217 
-0.384 
-0.253 
-0.203 
-0.208 

1.270 

0.000 
0.000 
0.000 

0.000 
0.000 
0.000 

-0.086 
0.086 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

-0.089 
0.089 
0.000 

-0.013 
0.013 
0.411 

0.000 

0.000 

0.000 

0.000 
0.000 

0.000 
-0.001 

0.001 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.001 

-0.001 
0.000 
0.000 
0.000 

-0.006 
0.024 

0.000 

0.000 

0.000 
0.000 

0.000 

0.000 
-0.021 

0.021 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

-0.017 
0.017 
0.000 
0.005 

-0.005 
-0.011 

0.000 
0.007 

0.000 

0.000 
0.000 

0.000 

0.000 

0.000 

-0.016 
0.016 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.006 

-0.006 
0.000 
0.004 

-0.004 
-0.022 

0.002 
-0.001 

0.008 
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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. 

tram 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-i 
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 

where the Qi is the ith normal coordinate, Xj is the 
jth Cartesian displacement coordinate, and Lji is 
the transformation matrix between the Cartesian 
displacement coordinates and normal coordi- 
nates. The infrared intensities were then calculated 

by 

Ii=% [ &)2+&)2+(,‘] 
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(4) can be repre- 
sented as a Fourier series: 

The relaxation of the structural parameters B(4) 
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(4) = a + b cos 4 + c sin 4 

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(4). 

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 (4): 

V(4) = &Vii/2)(1 - COS i$) 
i=l 

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 Vt, V2, and Vs coefficients 
are likely to be significant. Thus, these potential 
coefficients 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 f 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 
-203 cm- ’ for the potential constants, Vt, V,, 
and I’,, respectively. Since there was only one 
observable torsional transition for each of the 
conformers, the enthalpy difference was varied by 
f 12 cm-’ and the calculation was repeated. There- 
fore, the final values for the potential coefficients 
with the uncertainties are Vt = 356 f 14, I’, = 
1865 f 60 and V, = -203 f 6cm-’ with cis to 
trans and trans to cis barriers of 1971 cm-’ 
(5.6 kcalmol-‘) and 1811 cm-’ (5.2 kcalmol-‘), 
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 

(cm’) 

Coefficient Valuea Ab initio 

MP2/6-31G* 

b 

v2 

v3 

AH (cm-‘) 
Torsional frequency (cis) 
Torsional frequency (trans) 
Cis to trans barrier 
Trans to cis barrier 

356 f.14 222 
1865 f 60 1009 

-203 f 6 126 
160 f 16 349 
74.0 79 
93.0 93 

1971 1185 
1811 836 

a Calculated using F0 = 0.86979, Fr = -0.03234, F2 = 0.09152, 
4 = -0.00172, F4 = 0.00507, Fs = -0.00007, F6 = 0.00028 
(cm-‘) and the assignments of the torsional transitions listed 
in Table 1. 
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Fig. Il. Potential function for the interconversion of the conformers of trifluoroacetyl isocyanate. 

dissolved in liquified krypton (Table 2) that the 
band at 1785 cm-‘, which is assigned to the CO 
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 
conformer, increase in intensity as the temperature 
is increased, showing that the trans conformer is also 
less stable than the cis rotamer in the liquid phase. 

It is interesting to compare the conformational 
stability of CFsC(O)NCO with CHsC(O)NCO [l] 
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 
CHsC(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 
CFsC(O)NCO, where it has been determined that 
the cis conformer is the stable rotamer in the solid 
state. However, for CHsC(O)NCO [l], the trans 
conformer was the more stable rotamer in the 
liquid state, whereas for the CFsC(O)NCO mol- 
ecule, the cis conformer was the more stable form 

in the liquid. For ClC(O)NCO it was determined 
experimentally [4] that the trans conformer is the 
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 v4 and & through v13 
fundamentals of the cis conformer as determined 
from the ab initio calculations with the MP2/6- 
31G* basis set. The band observed at 808cm-‘, 
which is assigned to the C-N stretch, has 21% 
contribution from the C-N stretch and 25% 
from the CFs symmetric stretch. There is extensive 
mixing between the A’ NC0 bend and A’ CF3 anti- 
symmetric deformation. The band at 601 cm’, 
which is assigned to the NC0 bend has 28 and 
22% contribution from the NC0 bend and CF3 
antisymmetric deformation, respectively. Similarly, 
the band at 571 cm-’ assigned to the CF3 anti- 
symmetric deformation has 26% contribution 
from the CF3 antisymmetric deformation and 
35% contribution from the NC0 bend. The 
observed band at 42Ocni’ which has been 
assigned to the CC(O)N bend actually has 
more contribution from the CF3 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 CFs symmetric deforma- 
tion. The observed band at 776cm-’ assigned to 
the CN stretch has more contribution from the 
CFs symmetric stretch, whereas the band at 
626cm-’ assigned to the CFs 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, NC0 out-of-plane bend, and CF3 
torsion have values of 0.377, 0.018, and 
O.O14mdynA-‘, respectively, for the cis con- 
former which are significantly different from the 
values of 0.485, 0.024, and 0.008 mdyn A-i for 
the corresponding force constants for the trans 
form. The force constants for CFsC(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 NC0 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 0568mdynA-‘, 
respectively, for CH,C(O)NCO [I] which should 
be contrasted to the values of 0.695, 0.018, and 
0.43 1 mdyn A-’ for the corresponding force 
constants, respectively, for CFsC(O)NCO. The 
notable exceptions of the trans conformer are 
the CNC bend, CC(O)N bend, NC0 out-of-plane 
bend, and the NC0 torsion which have values 
of 0.279, 0.564, 0.015, and O.O04mdynA-’ for 
CH&(O)NCO compared with those of 0.485, 
0.411, 0.024, and 0.008 mdyn A-’ for 
CF,C(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 16OOcm-’ in the calculated 
spectrum differs from the experimental spectrum. 
There are two bands in the NC0 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-i, 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 NC0 
antisymmetric stretching region, where one band is 
due to two fundamentals. The NC0 antisymmetric 
stretch is predicted about lOOcm-’ higher while the 
CO and NC0 symmetric stretches are predicted only 
about 30 to 4Ocm-’ 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 CFs symmetric defor- 
mation which is less than the relative intensity for this 
fundamental in the experimental spectrum. The low- 
frequency fundamentals (CNC bend and NC0 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 NC0 asymmetric 
torsion of CFsC(O)NCO has been estimated from 
the observed torsional transitions and a AN value 
of 163 f 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 93 cm-‘. It should 
be noted that the CNC bend is predicted in this 
region at about lOOcn-‘. The NC0 torsion of 
the cis and trans conformers of CF$(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 [l], the 
torsional mode of the cis conformer was observed 
at 79 cm-’ 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 NC0 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 88 cm-‘. Simi- 
larly, this mode of the more stable trans conformer 
of ClC(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 NC0 torsion of each conformer, 
the uncertainties of the potential coefficients were 
estimated by varying the experimental AH value of 
163cm-’ by f12cm-‘. The resulting potential 
coefficients and their uncertainties are listed in 
Table 9. The potential function obtained from ab 
initio calculations with the MP2/6-3 lG* 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 NC0 asymmetric torsion. The cis 
to trans and trans to cis barriers for CF$ONCO 
are larger than those reported for acetyl isocyanate 
[l] 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 0: Ci-N=C increases by 4.1” and the 
0 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(C3=04) and r(Cr=Os) calcu- 
lated to be shorter by 0.005 and 0.004& respec- 
tively, for the perfluoro compound, whereas the 
r(N=Cs) distance is predicted to be longer by 
0.0031$. 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(Ci-N) distance is 
predicted to be 0.025A shorter for the trifluoroa- 
cetyl isocyanate molecules, whereas the r(C1-C6) 
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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