
Abstract The structures of 3,3,3-trifluoromethyl ketene
and 3,3-difluoromethyl ketene were studied by utilizing
ab initio calculations with the 6-311++G** basis set at
the (B3LYP) Density Functional level. Full optimization
was performed for both molecules in their ground and
transition states. Energy optimization of the systems un-
der investigation shows that trifluoromethyl ketene ex-
ists only in the cis conformation (fluorine atom eclipses
the ketene group). Difluoromethyl ketene was predicted
to have two stable conformations: the cis (hydrogen at-
om eclipses the ketene group) and the gauche (fluorine
atom eclipses the ketene group) form. The conformatio-
nal stability of the molecules was found to be governed
mainly by electrostatic and molecular orbital interac-
tions. The vibrational frequencies were computed and
complete assignments were provided on the basis of nor-
mal coordinate calculations and comparison with similar
molecules. The potential energy distributions (PED)
among symmetry coordinates were derived for the stable
conformations of the two molecules.
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Introduction

The interesting electronic structure and chemical reactiv-
ity of ketenes have been demonstrated in the literature.
[1, 2, 3, 4, 5, 6, 7, 8, 9] Many simple substituted ketenic
molecules have been isolated experimentally, character-
ized, and used to produce other ketenic and organic sys-
tems. [10, 11, 12, 13, 14, 15, 16, 17, 18, 19] The impor-
tance of ketenes as well as aldehydes [20, 21, 22, 23, 24,
25, 26, 27, 28, 29, 30, 31, 32, 33, 34] and isocyanates

[35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49,
50, 51] in synthetic chemistry has attracted attention in
order to study their properties and structural stabilities
for many years.

When conjugation is the predominant force, as in
acrolein, [20, 23] formyl ketene [9] and formyl isocya-
nate, [51] the molecules are found to exist as a mixture
of the planar cis and trans conformations. In these com-
pounds, it is clear that the π–π interaction between the
C=O bond and vinyl –C=C–, the ketene –C=C=O or the
isocyanate –N=C=O groups greatly stabilizes the planar
forms with a relatively high rotational barrier. In com-
parison, the C–N barrier in the isocyanates is much low-
er than the C–C barrier in the vinyl derivatives and ket-
enes. This significant difference between the two rota-
tional barriers is due to the difference in the strength of
the partial π character of the C–N bond as compared to
that of the C–C bond. This difference is the result of the
electronegativity change on going from the C–C to the
C–N bond.

In the case of halomethyl isocyanates, the molecules
were found to exist in only one conformation with mini-
mum interaction between the halogen atom and the lone
pair. [49, 50] For example, for chloromethyl isocyanate
the trans conformation (chlorine atom eclipses the nitro-
gen lone pair) was found to be the stable conformation.
[49] Difluoromethyl isocyanate was also predicted to ex-
ist in the trans conformation in which the hydrogen atom
eclipses the lone pair. [50] In haloacetaldehyde systems,
[24, 25] it was found that the planar s-trans conforma-
tion (the halogen atom eclipses the aldehydic hydrogen)
is the form with the lowest energy. The steric effect (the
repulsive force between the halogen atom and the car-
bonyl group) would destabilize the cis form of the mole-
cule.

3,3,3-Trifluoromethyl ketene has been reported to be
an important intermediate. [52, 53] The rate of hydration
of the molecule was observed experimentally using UV
spectroscopy. [53] Moreover, the reactivity of trifluoro-
methyl ketene was studied using molecular orbital meth-
ods, and the substituent effect of the CF3 group in the
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system was compared to a series of other substituents
theoretically. [3] As a continuation of these studies, we
investigated the structure of 3,3,3-trifluoromethyl ketene
and 3,3-difluoromethyl ketene to understand the nature
of the forces that control the conformational behavior of
such important molecular systems. We carried out nor-
mal coordinate calculations by utilizing ab initio density
functional calculations and derived the potential energy
distributions among symmetry coordinates. The vibratio-
nal assignments of the normal modes were made for both
molecules. The results of the work are presented herein.

Ab initio calculations

The GAUSSIAN 98 program [54] running on an IBM
RS/6000 43P model 260 workstation, was used to carry
out the LCAO-MO-SCF DFT-B3LYP calculations. The
extended 6-311++G** basis set was employed to opti-
mize the structures and predict the energies and dipole
moments of trifluoromethyl ketene and difluoromethyl
ketene in their stable conformations. The calculations
were extended to the Density Functional B3LYP level.
From full energy optimization the cis conformation of
trifluoromethyl ketene was found to be the energy mini-
mum for the system, whereas both the cis and the gauche
conformations were the stable conformers in difluoro-
methyl ketene (Fig. 1). The calculated structural parame-
ters in the molecules are shown in Tables 1 and 2. More-
over, the optimized geometrical parameters of trifluoro-
methyl ketene were compared to the corresponding val-
ues obtained from experimental data for trifluoroacetal-
dehyde [55] as in Table 1. The optimized structural pa-
rameters were used to compute vibrational frequencies at
the DFT-B3LYP/6-311++G** level. Normal coordinate
calculations were then carried out to derive the potential
energy distributions for the molecules in their stable con-
formations. 

Asymmetric torsional potential function

The potential scan for the internal rotation about the C–C
single bond was obtained by allowing the OCCC di-
hedral angle (φ) to vary from 0° (cis position) to 180°
(trans position). Full geometry optimizations at each of
the fixed dihedral angles (φ) of 15°, 30°, 45°, 60°, 75°,
90°, 105°, 120°, 135°, 150°, and 165° were carried out at
DFT-B3LYP/6-311++G** level in both systems. The
barrier to interconversion and the relative energies in di-
fluoromethyl ketene were calculated and are shown in
Table 3. The torsional potential was represented as a
Fourier cosine series in the dihedral angle (φ):
V(φ)=V0+Σ(Vn/2)[1–cos(nφ)], where V0 is the relative en-
ergy at the cis conformation, and the potential coeffi-
cients from V1 to V6 are considered adequate to describe
the potential function. The results of the energy optimi-
zations were used to calculate the six coefficients by
least-squares fitting for the systems (Table 4). The poten-
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Fig. 1 Atom numbering for trifluoromethyl ketene (upper) and di-
fluoromethyl ketene (lower) in the cis (right) and the gauche (left)
conformations

Table 1 Calculated structural parameters, total dipole moment,
and rotational constants for the cis conformation of trifluorometh-
yl ketene

Parametera B3LYP/6-311++G** Electron diffractionb

Cis Cis

Bond length (Å)
r(C1–C2) 1.484 1.540±0.020
r(C2–C3) 1.317
r(C3–O4) 1.154
r(C2–H5) 1.081 1.09 (assumed to 

be constant)
r(C1–F6) 1.353 1.332±0.007
r(C1–F7) 1.354 1.332±0.007
r(C1–F8) 1.354 1.332±0.007

Bond angle (deg)
(C1C2C3) 121.656
(C2C3O4) 181.103
(C1C2H5) 119.160
(C3C2H5) 119.184 120.0 (assumed to 

be constant)
(C2C1F6) 111.681
(C2C1F7) 112.104
(C2C1F8) 112.104
(F6C1F7) 107.342 108.7±1
(F6C1F8) 107.342 108.7±1
(F7C1F8) 105.922 108.7±1
(C3C2C1F6) 0.0 0.0
(C3C2C1F7) 120.510
(C3C2C1F8) –120.510

Dipole moment (Debye)
µt 2.1

Rotational constants (MHz)
A 5428
B 1681
C 1657

a Calculated total energy, zero-point correction, and the sum of to-
tal and zero point energies (in Hartrees) of the cis conformer of
trifluoromethyl ketene at DFT-B3LYP/6-311++G** level are
–489.79721, 0.03794, and –489.75927, respectively
b Data was obtained for trifluoromethylacetaldehyde (fluoral), see
ref [55]



tial functions of trifluoromethyl ketene and difluoro-
methyl ketene are shown in Fig. 2. 

Vibrational frequencies and normal coordinate analyses

Both trifluoromethyl ketene and difluoromethyl ketene
in their cis conformations have Cs symmetry. The 18 vib-
rational modes span the irreducible representations: 12
A’ and 6 A”. The A’ modes should be polarized while the
A” modes are depolarized in the Raman spectra of the
liquid. However, the gauche conformation in difluoro-
methyl ketene has C1 symmetry. All the eighteen vibra-
tional modes in difluoromethyl ketene belong to the A

representation and are polarized in the Raman spectrum
of the liquid.

Normal coordinate analyses were carried out for the
stable conformers of the molecules in order to provide a
complete assignment of the fundamental vibrational fre-
quencies. A computer program was written for this pur-
pose by following Wilson’s method. [56] The cartesian
coordinates for the stable conformers together with the
normal modes (in cartesian coordinates) and the frequen-
cies from the GAUSSIAN 98 output were used as an in-
put in the program. A complete set of internal coordi-
nates (Tables 5 and 6) was used to form symmetry coor-
dinates (Tables 7 and 8) in our molecular systems. 

The normal modes were next transformed to mass-
weighted cartesian coordinates, which were then used to
calculate the force constant matrix. This was diagonali-
zed and its eigenvectors and eigenvalues were used in
the further calculations. Following this step the force
constant matrix was transformed to internal coordinates.
To ensure correctness, this transformation was checked
numerically in both directions. At this point the force
constant matrix in internal coordinates could be scaled if
desired, back-transformed to mass weighted cartesians
and diagonalized again to get scaled frequencies and nor-
mal modes. The matrix was finally transformed to sym-
metry coordinates where again all possible numerical
checks were performed.

In the next step the normal modes were also trans-
formed to symmetry coordinates. Finally, the potential
energy distribution (PED) for each normal mode among
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Table 2 Calculated structural parameters, total dipole moment,
and rotational constants for the cis and trans conformations of di-
fluoromethyl ketene

Parameter B3LYP/6-311++G**

Cis Gauche

Bond length (Å)
r(C1–C2) 1.484 1.489
r(C2–C3) 1.314 1.316
r(C3–O4) 1.157 1.156
r(C2–H5) 1.083 1.082
r(C1–H6) 1.091 1.092
r(C1–F7) 1.377 1.380
r(C1–F8) 1.377 1.372

Bond angle (deg)
(C1C2C3) 121.859 122.084
(C2C3O4) 179.996 180.802
(C1C2H5) 119.425 119.629
(C2C1H6) 114.020 113.460
(C2C1F7) 110.651 111.223
(C2C1F8) 110.651 110.579
(C3C2C1H6) 0.0 131.508
(C3C2C1F7) 121.707 119.954
(C3C2C1F8) –121.717 –121.680

Dipole moment (Debye)
µt 1.4 2.8

Rotational constants (MHz)
A 8815 7928
B 1906 2259
C 1690 1962

Table 3 Computed total, zero-
point corrections (Hartrees),
relative energies, and rotational
barriers (kcal mol–1) in diflu-
oromethyl ketene

B3LYP/6-311++G**

Cis Gauchea TSb

Total energy –390.51751 –390.51622 –390.51402
Relative energy 0.80949
cis–gauche barrier 2.19001
gauche–cis barrier 1.38052
Zero-point correction 0.04634 0.04629 0.04599
Sum of total and zero-point energies –390.47118 –390.46993 –390.46803
Corrected relative energy 0.78439
Corrected cis–gauche barrier 1.97666
Corrected gauche–cis barrier 1.19227

a The CCCO dihedral angle of
the gauche conformer was cal-
culated to be 131.51°
b The CCCO dihedral angle of
the transition state was calcu-
lated to be 67.57°

Table 4 Calculated potential constants (kcal mol–1) for the asym-
metric torsion in trifluoromethyl ketene and difluoromethyl ketene

Potential constants B3LYP/6-311++G**

Trifluoromethyl Difluoromethyl 
ketenea ketene

V1 0.115
V2 1.077
V3 1.315 1.289
V4 0.012
V5 –0.021
V6 –0.022

a Because all potential constants, except V3, related to the trifluoro-
derivative are of a very low value, they were omitted



the symmetry coordinates was calculated and is given in
Tables 9, 10 and 11. A complete vibrational assignment
of the fundamentals was proposed. The assignments
were made based on calculated PED, infrared band in-
tensities, Raman line activities and depolarization ratios.
The data of the vibrational assignments are also given in
Tables 9, 10 and 11. 

Calculation of vibrational spectra

To calculate the Raman spectra we used the frequencies
νj, the scattering activities Sj and the depolarization ra-
tios ρj as calculated on DFT-B3LYP level (6-311++G**
basis set for all). Then, the Raman cross-sections

(∂σj/∂Ω), which are proportional to the intensities, [57,
58] are given as:

∂σj/∂Ω=(24π4/45)(νo-νj)4(h/8π2cνj)Sj[(1-ρj)/
·(1+ρj)]/[1-exp(-hcνj/kBT)]

Since we use only relative intensities, we calculated
them as:

Ij=(∂σj/∂Ω)/(∂σjm/∂Ω)

where jm denotes the normal mode having the largest
Raman cross-section. As laser wavelength we took
λo=514.5 nm (νo=1/λo), which corresponds to an argon
ion laser. We assumed the temperature to be T=300 K in
the case of 3,3-difluoromethyl ketene.
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Fig. 2 Potential curve for the
internal rotation in trifluoro-
methyl ketene (solid line; note,
that the “gauche” minimum at
120° is identical to the cis
form) and difluoromethyl 
ketene (dashed line) as deter-
mined by ab initio calculations
at B3LYP/6-311++G** level

Table 5 Internal coordinate definitions (see Fig. 1 for atom deno-
tation) for trifluoromethyl ketene

No. Coordinate Definition

1 C1–C2 stretch R
2 C2–C3 stretch P
3 C3–O4 stretch T
4 C2–H5 stretch D
5 C1–F6 stretch Q1
6 C1–F7 stretch Q2
7 C1–F8 stretch Q3
8 C1C2C3 bend γ
9 C2C3O4 bend σ

10 C1C2H5 bend ρ
11 C3C2H5 bend δ
12 C2C1F6 bend α1
13 C2C1F7 bend α2
14 C2C1F8 bend α3
15 F6C1F7 bend β1
16 F6C1F8 bend β2
17 F7C1F8 bend β3
18 C2=C3=O4 wag χ
19 H5C1C2C3 wag π
20 F6C1C2C3 (CF3) torsion τ

F7C1C2C3
F8C1C2C3

Table 6 Internal coordinate definitions (see Fig. 1 for atom deno-
tation) for difluoromethyl ketene

No. Coordinate Definition

1 C1–C2 stretch R
2 C2–C3 stretch P
3 C3–O4 stretch T
4 C2–H5 stretch D
5 C1–H6 stretch Q1
6 C1–F7 stretch Q2
7 C1–F8 stretch Q3
8 C1C2C3 bend γ
9 C2C3O4 bend σ

10 C1C2H5 bend ρ
11 C3C2H5 bend δ
12 C2C1H6 bend α1
13 C2C1F7 bend α2
14 C2C1F8 bend α3
15 H6C1F7 bend β1
16 H6C1F8 bend β2
17 F7C1F8 bend β3
18 C2=C3=O4 wag χ
19 H5C1C2C3 wag π
20 H6C1C2C3 (CHF2) torsion τ

F7C1C2C3
F8C1C2C3



The line shapes were then calculated as Lorentzians
(L) with a width of ∆ν=12 cm–1. Thus, the final spectrum
is calculated as:

where j runs over all normal modes. For the plots we used a
grid step size of 10 cm–1, but not when a spectral line ap-
peared between two consecutive grid points. In this case we
inserted 12 points with step size 0.5 cm–1 into this interval
which include the exact location of the center of the line.
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Table 7 Symmetry coordinates for trifluoromethyl ketene

Spe- Description Symmetry coordinatea

cies

A’ C–H stretch S1=D
C–C stretch S2=R
C=C=O symmetric stretch S3=P+T
C=C=O antisymmetric stretch S4=P–T
CF3 symmetric stretch S5=Q1+Q2+Q3
CF3 antisymmetric stretch S6=2Q1–Q2–Q3
C=C–H in-plane bend S7=ρ–δ
C=C–C in-plane bend S8=2γ–ρ–δ
C=C=O in-plane bend S9=σ
CF3 symmetric deformation S10=α1+α2+α3–β1–β2–β3
CF3 antisymmetric deformation S11=β1+β2–2β3
CF3 rock S12=2α1–α2–α3

A” C=C–H out-of-plane bend (wag) S13=π
C=C=O out-of-plane bend (wag) S14=χ
CF3 antisymmetric stretch S15=Q2–Q3
CF3 antisymmetric deformation S16=β1–β2
CF3 rock S17=α2–α3
CF3 torsion S18=τ

a Not normalized

Table 8 Symmetry coordinates
for difluoromethyl ketene Species Description Symmetry coordinatea

A’ C–H5 stretch S1=D
C–C stretch S2=R
C=C=O symmetric stretch S3=P+T
C=C=O antisymmetric stretch S4=P–T
CF2 symmetric stretch S5=Q2+Q3
C–H6 stretch S6=Q1
C=C–H in-plane bend S7=ρ–δ
C=C–C in-plane bend S8=2γ–ρ–δ
C=C=O in-plane bend S9=σ
CH6 in-plane bend S10=[(6)1/2–2]β3–[(6)1/2+2]α1+α2+α3+β1+β2
CF2 deformation S11=[(6)1/2+2]β3–[(6)1/2–2]α1–α2–α3–β1–β2
CF2 rock S12=α2+α3–β1–β2

A” C=C–H out-of-plane bend (wag) S13=π
C=C=O out-of-plane bend (wag) S14=χ
CF2 antisymmetric stretch S15=Q2–Q3
C–H6 out-of-plane bend S16=α2–α3+β1–β2
CF2 twist S17=α2–α3–β1+β2
CHF2 torsion S18=τ

a Not normalized

Fig. 3 Calculated vibrational IR spectrum of trifluoromethyl ke-
tene at the DFT-B3LYP/6-311++G** level

For the infrared spectrum we used the intensities as
given by the DFT-B3LYP/6-311++G** calculations and
converted them to relative transmittance. The Boltzmann
distribution was then used to superimpose the spectra of
the cis and the gauche conformers of difluoromethyl ke-
tene. Accordingly, the total line intensity was calculated
as a function of frequency. For N+1 different energy
minima we have:

where Il(v) are the line intensities for the respective min-
ima, ∆El=El–E0, and gl is a degeneracy factor. The gl val-
ue for the trifluoro- and difluoromethyl ketene in the cis
conformation is unity, whereas it is 2 for the nonplanar
gauche conformer. Additionally, El represents the total
energy of conformer l corrected with the corresponding
zero-point energy. The label l=0 is given to the lowest
energy conformer. For the temperature, T=300 K was
used. The calculated vibrational Raman and infrared



spectra of the cis-trifluoromethyl ketene are shown in
Figs. 3 and 4, while the spectra of the difluoromethyl ke-
tene mixture (65% cis and 35% gauche) at 300 K are
shown in Figs. 5 and 6. 

Discussion

The interesting properties of organoisocyanate mole-
cules [33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45,
46, 47, 48, 49, 50, 51] recently prompted us to investi-
gate the conformational and structural stabilities of
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Table 9 Calculated vibrational frequencies (cm–1) at B3LYP/6-311++G** level for the cis conformer of trifluoromethyl ketene

Symm. No. Fre- IR Raman Depol. Ob- PEDc

quency intensitya activity ratio servedb

A’ ν1 3215 26.4 77.6 0.2 3160 100% C–H str. (S1)
ν2 2252 714.5 12.6 0.7 97% C=C=O antisymm. str. (S4)
ν3 1442 154.3 8.4 0.1 43% C=C=O symm. str. (S3), 25% C=C–H in-plane bend (S7), 

24% C–C str. (S2)
ν4 1235 256.3 0.4 0.7 1298 17% CF3 symm. str. (S5), 22% C–C str. (S2), 17% CF3 symm. def. (S10), 

17% C=C–H in-plane bend (S7), 14% CF3 antisymm. str. (S6)
ν5 1136 265.2 6.5 0.3 1197 22% CF3 antisymm. str. (S6), 36% C=C=O symm. str. (S3), 

17% C=C–H in-plane bend (S7), 11% CF3 symm. str. (S5)
ν6 1100 155.2 11.5 0.3 35% C=C–H in-plane bend (S7), 34% CF3 antisymm. str. (S6)
ν7 856 12.1 6.5 0.1 841 45% CF3 symm. str. (S5), 21% C–C str. (S2), 

10% CF3 antisymm. str. (S6), 10% C=C=O in-plane bend (S9)
ν8 709 4.7 5.3 0.2 707 32% CF3 symm. def. (S10), 23% CF3 symm. str. (S5), 

18% C=C=O in-plane bend (S9), 12% C=C–C in-plane bend (S8)
ν9 535 0.6 0.6 0.7 531 69% CF3 antisymm. def. (S11), 12% CF3 antisymm. str. (S6)
ν10 509 13.9 2.4 0.1 30% C=C=O in-plane bend (S9), 33% CF3 symm. def. (S10), 

27% C–C str. (S2)
ν11 361 3.1 1.5 0.6 255 62% CF3 rock (S12), 17% CF3 antisymm. def. (S11), 

11% C=C=O in-plane bend (S9)
ν12 142 2.6 1.7 0.7 65% C=C–C in-plane bend (S8), 19% C=C=O in-plane bend (S9), 

16% CF3 rock (S12)

A” ν13 1101 355.8 2.8 0.7 1194 77% CF3 antisymm. str. (S15), 13% CF3 antisymm. def. (S16)
ν14 630 28.0 0.6 0.7 23% C=C–H wag (S13), 31% CF3 rock (S17), 

15% CF3 antisymm. str. (S15), 14% CF3 torsion (S18)
ν15 547 2.5 1.3 0.7 88% C=C=O wag (S14)
ν16 508 9.4 1.3 0.7 529d 56% CF3 antisymm. def. (S16), 22% C=C–H wag (S13), 

14% CF3 torsion (S18)
ν17 324 12.6 0.7 0.7 320 60% CF3 rock (S17), 25% C=C–H wag (S13), 

15% CF3 antisymm. def. (S16)
ν18 50 2.2 2.4 0.7 65 74% CF3 torsion (S18), 26% C=C–H wag (S13)

a Infrared intensities and Raman activities are calculated in
Km mol–1 and Å4 amu–1, respectively
b Observed Raman frequencies (cm–1) in the gas phase for triflu-
oroacetaldehyde (fluoral) are obtained from reference [60]

c PED values are obtained by using calculated frequencies at
B3LYP level
d IR frequency

Fig. 5 Calculated vibrational IR spectrum of difluoromethyl ke-
tene at 300 K at the DFT-B3LYP/6-311++G** levelFig. 4 Calculated vibrational Raman spectrum of trifluoromethyl

ketene at the DFT-B3LYP/6-311++G** level
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Table 10 Calculated vibrational frequencies (cm–1) at B3LYP/6-311++G** level for the cis conformer of difluoromethyl ketene

Symm. No. Fre- IR Raman Depol. PEDb

quency intensitya activity ratio

A’ ν1 3196 19.9 76.5 0.2 100% C–H5 str. (S1)
ν2 3100 24.8 73.5 0.2 100% C–H6 str. (S6)
ν3 2234 752.7 13.1 0.7 97% C=C=O antisymm. str. (S4)
ν4 1466 108.6 4.2 0.1 24% C=C=O symm. str. (S3), 34% C–H6 in-plane bend (S10), )

15% C=C–H in-plane bend (S7), 14% C–C str. (S2), 13% CF2 rock (S12
ν5 1332 1.3 7.6 0.2 23% C–H6 in-plane bend (S10), 31% CF2 rock (S12), 

29% C=C=O symm. str. (S3), 13% C=C–H in-plane bend (S7)
ν6 1143 7.8 7.5 0.6 55% C=C–H in-plane bend (S7), 17% C–C str. (S2), 

16% C=C=O symm. str. (S3)
ν7 1087 229.1 4.0 0.1 40% C–C str. (S2), 18% C=C=O symm. str. (S3), 15% CF2 symm. str. (S5)
ν8 1052 141.7 14.3 0.2 60% CF2 symm. str. (S5)
ν9 630 3.0 4.9 0.1 41% C=C=O in-plane bend (S9), 17% C=C–C in-plane bend (S8), 

13% C–C str. (S2), 12% CF2 symm. str. (S5), 10% CF2 def. (S11)
ν10 565 3.4 0.8 0.6 26% CF2 rock (S12), 29% CF2 def. (S11), 18% C=C=O in-plane bend (S9), 

11% CF2 symm. str. (S5), 11% C–H6 in-plane bend (S10)
ν11 426 22.2 2.2 0.3 47% CF2 def. (S11), 17% CF2 rock (S12), 15% C–H6 in-plane bend (S10), 

14% C–C str. (S2)
ν12 173 8.7 2.5 0.7 66% C=C–C in-plane bend (S8), 28% C=C=O in-plane bend (S9)

A” ν13 1346 9.8 3.8 0.8 67% C–H6 wag (S16), 33% CF2 twist (S17)
ν14 1008 274.0 4.2 0.8 94% CF2 antisymm. str. (S15)
ν15 622 37.0 1.7 0.8 15% CF2 twist (S17), 33% C=C–H wag (S13), 

28% CHF2 torsion (S18), 11% C–H6 wag (S16)
ν16 548 0.1 0.6 0.8 94% C=C=O wag (S14)
ν17 346 14.5 1.2 0.8 49% CF2 twist (S17), 28% C=C–H wag (S13), 21% C–H6 wag (S16)
ν18 63 4.1 2.3 0.8 65% CHF2 torsion (S18), 35% C=C–H wag (S13)

a Infrared intensities and Raman activities are calculated in Km mol–1 and Å4 amu–1 respectively
b PED values are obtained by using calculated frequencies at B3LYP level

Table 11 Calculated vibrational frequencies (cm–1) at B3LYP/6-311++G** level for the gauche conformer of difluoromethyl ketene

Symm. No. Fre- IR Raman Depol. PEDb

quency intensitya activity ratio

A ν1 3206 16.9 84.9 0.2 100% C–H5 str. (S1)
ν2 3090 34.3 120.7 0.2 67% C–H6 str. (S6), 33% CF2 symm. str. (S5)
ν3 2239 753.6 12.2 0.7 97% C=C=O antisymm. str. (S4)
ν4 1432 40.6 8.1 0.1 44% C=C=O symm. str. (S3), 29% C=C–H in-plane bend (S7), 

16% C–C str. (S2)
ν5 1380 102.1 4.2 0.7 51% C–H6 in-plane bend (S10), 19% C–H6 wag (S16), 14% CF2 rock (S12)
ν6 1366 30.9 5.9 0.7 76% C–H6 wag (S16), 14% C–H6 in-plane bend (S10)
ν7 1146 48.0 12.5 0.3 49% C=C–H in-plane bend (S7), 13% C=C=O symm. str. (S3)
ν8 1096 105.4 5.1 0.4 22% CF2 symm. str. (S5), 19% C=C=O symm. str. (S3), 

14% C=C–H in-plane bend (S7), 10% C–H6 str. (S6)
ν9 1014 291.1 7.3 0.4 71% CF2 antisymm. str. (S15), 11% CF2 symm. str. (S5)
ν10 915 32.7 8.0 0.04 42% C–C str. (S2), 16% CF2 rock (S12), 12% C=C=O symm. str. (S3), 

10% CF2 symm. str. (S5)
ν11 786 33.6 2.8 0.7 23% CF2 rock (S12), 21% C=C=O in-plane bend (S9), 

20% C=C–C in-plane bend (S8)
ν12 598 29.2 3.2 0.2 11% C=C=O in-plane bend (S9), 21% C=C–H wag (S13), 

21% C=C=O wag (S14)
ν13 548 3.1 2.8 0.5 59% C=C=O wag (S14), 24% CF2 def. (S11)
ν14 519 6.0 0.8 0.7 23% C=C–H wag (S13), 29% CF2 def. (S11), 20% C=C=O wag (S14), 

10% CHF2 torsion (S18),
ν15 429 10.2 0.7 0.6 30% C=C=O in-plane bend (S9), 20% CF2 twist (S17), 18% CF2 rock (S12), 

10% C–H6 in-plane bend (S10)
ν16 361 17.8 1.3 0.6 49% CF2 twist (S17), 28% C=C–H wag (S13), 10% CF2 rock (S12)
ν17 143 1.1 1.6 0.7 65% C=C–C in-plane bend (S8), 20% C=C=O in-plane bend (S9)
ν18 51 1.0 2.0 0.7 81% CHF2 torsion (S18), 18% C=C–H wag (S13)

a Infrared intensities and Raman activities are calculated in Km mol–1 and Å4 amu–1, respectively
b PED values are obtained by using calculated frequencies at B3LYP level



isocyanatoacetaldehyde, chloromethyl isocyanate, diflu-
oromethyl isocyanate and formyl isocyanate. [48, 49,
50, 51] The conformational behavior of these com-
pounds depends greatly on the extent of interactions be-
tween the substituent and both the π-system of the iso-
cyanate group and the lone pair on the nitrogen. In
isocyanatoacetaldehyde the cis–cis conformation (isocy-
anate group eclipses the carbonyl group) was found to
be the lowest energy form with the carbonyl oxygen be-
ing oriented away from the lone pair. [48] The potential
surface governing internal rotation about the C–N bond
in chloromethyl isocyanate was calculated to be consis-
tent with a single minimum corresponding to a structure
having the chlorine atom gauche or near-cis to the 
-NCO moiety [49]. From a more recent study, difluoro-
methyl isocyanate was predicted to exist only in the
trans conformation, again with minimum repulsive in-
teraction between the fluorine atoms and the electron
lone pair on the nitrogen. [50]

In the case of formyl isocyanate, the molecule was
predicted to have a cis⇔ trans conformational equilibri-
um. [51] The molecule was found to have the cis (car-
bonyl oxygen eclipses the isocyanato group) conformer
as the lower energy form, with the carbonyl oxygen be-
ing away from the electron lone pair. A similar confor-
mational equilibrium was predicted for formyl ketene
with a relatively higher rotational barrier. [9] The conju-
gation stabilization force in such systems stabilizes the
planar forms and considerably restricts the internal rota-
tion of the –CHO group.

The electronic structure of trifluoromethyl ketene fas-
cinated us. On first sight, we expected that the trans con-
former (a fluorine atom eclipses the ketenic hydrogen)
should be more stable than the cis form (a fluorine atom
eclipses the C=C=O moiety). However, closer inspection
shows that actually the reverse was true. As shown in
Table 12, the negatively charged F6 atom in the cis con-
former is calculated to be quite close to the positive C3
atom. Moreover, in both conformers the repulsion be-
tween the negative F6 and O4 atoms is rather small due
to the large distances between them. Thus, the C3–F6 and

C3–F7(F8) electrostatic attractions dominate the F–O4 re-
pulsion in both cases. The corresponding stabilization is
larger in the cis conformer than in the trans one, because
the absolute values of the charges are larger and the C–F
distance is smaller in the cis form. However, this simple
electrostatic argument explains only why the cis is more
stable than the trans form, not why cis is a minimum but
trans a maximum in the potential curve (Fig. 2). A closer
look at the MO interactions in the system provides an
explanation for this result.

As is well known, the interactions between two filled
orbitals destabilize (Fig. 7a), while those between a
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Fig. 7a–e Orbital interactions in trifluoromethyl ketene. a Desta-
bilizing interaction between two filled orbitals. b Stabilizing inter-
action between a filled and an unfilled orbital. c MO interaction of
fluorine lone pairs (and C–F σ orbitals) with the π* orbital of the
C–C π-bond in the trans conformation of trifluoromethyl ketene. 
d MO interaction of fluorine lone pairs (and C–F σ orbitals) with
the π* orbital of the C–C π-bond in the cis conformation of triflu-
oromethyl ketene. e MO interaction of fluorine lone pairs (and
C–F σ orbitals) with the π orbital of the C–C π-bond in the trans
conformation of trifluoromethyl ketene

Fig. 6 Calculated vibrational Raman spectrum of difluoromethyl
ketene at 300 K at the DFT-B3LYP/6-311++G** level



filled and an unfilled orbital stabilize (Fig. 7b) a system.
Candidates for such interactions in our system are the
lone pairs at fluorine, the σ,σ* orbitals of the C–F bond
and the π,π* orbitals of the C=C π bond. Being flanked
by a CF3 group at one end and a C=O bond at the other,
the C=C bond can be considered as quite electron defi-
cient, making it an ideal system to interact with F lone
pairs or the σ orbitals of the C–F bond. However, as
Fig. 7c shows, in the trans conformer neither of them
can efficiently overlap with the π* orbital due to geome-
try, while in the cis form F6 lies in the nodal plane of the
π* orbital (Fig. 7d). Thus, there are no efficient stabiliz-
ing orbital interactions and we have to concentrate on the
destabilizing ones. In the case of the destabilizing inter-
actions there is a significant difference between the cis
and the trans form. Again in the cis conformer the lone
pair at F6 and the C–F6 σ orbital are exactly in the nodal
plane of the π orbital and are symmetric with respect to
this plane, while π is antisymmetric. Therefore, in the cis
form there are no efficient destabilizing orbital interac-
tions present as compared to that in the trans conformer.
Furthermore, any arbitrary rotation away from the fully
symmetric cis form destroys the symmetry of the C–F σ
orbital or the F6 lone pair, increasing destabilizing inter-
actions. Hence, cis must be a true energy minimum.

On the contrary, in the trans form, as shown in
Fig. 7e, there are destabilizing interactions present, and
thus the trans conformer has to be thermodynamically
less preferable than the cis form. Additionally, Fig. 7e
indicates that any rotation out of the fully symmetric
trans form would reduce these destabilizing effects, and
thus the trans form is a maximum in the potential curve.
Given the fact that the distances between the atoms indi-
cate comparatively small effects due to the discussed or-
bital interactions, one would expect to find small barriers
as predicted in our calculations. The difference in MO
interactions between the two forms we have just viewed
above surely dominates any electrostatic attractive inter-

actions between the fluorine and the ketenic hydrogen at-
om because the latter are of roughly the same strength in
both conformers.

An electron diffraction study for trifluoroacetalde-
hyde concluded that the cis conformation (fluorine
eclipses the aldehyde group) was the preferred confor-
mation for the system. [55] The results obtained from the
electron diffraction experiment were reasonably consis-
tent with the microwave study. [59] As a result this ex-
perimental conclusion supports our prediction for the
stability of trifluoromethyl ketene.

In the case of the difluoro derivative, the steric effects
play a competitive role with the MO orbital interactions
in determining the conformational stability in difluoro-
methyl ketene. The question of which bond, C–H6 or
C–F, eclipses the ketenic hydrogen (C–H5) or the CCO
group is also important, because the different effects of
steric hindrance might outweigh those due to MO inter-
actions. In difluoromethyl ketene the low minima are ex-
pected at such angles, for which either CH6 or CF eclips-
es the ketenic CCO group and the C–H5 bond is stag-
gered relative to the other two bonds of the difluoro-
methyl (CHF2) rotor.

In the lowest energy cis conformation of difluoro-
methyl ketene, the small H6 atom opposes the CCO
group while the more bulky C–F bonds eclipse the C–H5
bond. The second, lower energy gauche conformer with
an HCCC dihedral angle of 131° has the C–F8 eclipsing
the CCO moiety. It is higher in energy than the cis con-
former, because here the bulky F8 opposes the CCO
group. However, although in both forms the ketenic
CCO group is in an eclipsed position, the two are the
lower energy forms, because they are the only forms
where no destabilizing interactions between the fluorine
lone pairs and the π orbitals of the C=C double bond oc-
cur. In the cis case no lone pair points to the C=C double
bond, while in the higher gauche (HCCC is 120°) case
the F8 lone pair lies in the nodal plane of the C=C bond
(see Fig. 7d).

The other gauche conformer (HCCC is 60°) and the
trans structure both suffer from the aforementioned de-
stabilizing interactions. The trans form has two such in-
teractions, while the high energy gauche structure has
only one. Since these interactions are rather small in di-
fluoromethyl ketene, not the trans form is higher in ener-
gy, but the gauche structure (HCCC of 60°). The reason
for this is simply that the bulky C–F7 bond eclipses
C–H5 in the case of the high energy gauche form, while
in the trans case only C–H6 is eclipsing C–H5. While
MO interactions would give the gauche-60 structure the
lower energy, their effects are outweighed by the larger
steric hindrance in the gauche form, making it higher in
energy than the trans structure. Since in both gauche-60
and trans, any rotation out of their respective positions
would lower the destabilizing effects and finally drive
them into one of the minima, the two structures are max-
ima, with gauche-60 being higher in energy than trans.

We calculated the vibrational frequencies and derived
the PED values among symmetry coordinates in the low
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Table 12 Total atomic charges and selected non-bonded distances
calculated at B3LYP/6-311++G** level for cis and trans confor-
mations of trifluoromethyl ketene and difluoromethyl ketene

Atom cis transa Atom cis trans

Trifluoromethyl ketene Difluoromethyl ketene
C1 0.098 0.125 C1 –0.261 –0.210
C2 0.029 0.048 C2 0.141 0.065
C3 0.189 0.135 C3 0.102 0.193
O4 –0.179 –0.166 O4 –0.181 –0.175
H5 0.220 0.218 H5 0.225 0.173
F6 –0.164 –0.137 H6 0.224 0.220
F7 –0.099 –0.112 F7 –0.125 –0.133
F8 –0.099 –0.112 F8 –0.125 –0.133

Non-bonded distance (Å) Non-bonded distance (Å)
F6–C3 2.678 H6–C3 2.624
F6–O4 3.403 H6–O4 3.416
F8–C3 2.976 F8–C3 2.963
F8–C3 3.818 F8–O4 3.793

a Transition state



energy conformers of the two molecules. Some of the vi-
brations were clearly pure, and their assignments were
easily made possible only based on the PED values as
shown in Tables 9, 10 and 11, and others were predicted
to be mixed with neighboring modes.

The C–H stretching modes of the two molecules were
calculated to have the highest Raman activities. Only
one C–H stretching mode is in the Raman spectrum of
trifluoromethyl ketene and was calculated to be at
3,215 cm–1. While in difluoromethyl ketene Raman spec-
trum there are two C–H stretches that were calculated at
3,196 cm–1 for the ketenic C–H stretch and at 3,100 cm–1

for the other C–H stretch for the cis conformer.
The highest calculated IR intensities in the tri- and di-

fluoromethyl ketene IR spectra were assigned to the
–C=C=O antisymmetric stretching vibrations with PED
values of 97%. Furthermore, the C=C–C in-plane bend-
ing modes of the cis conformers of both molecules were
calculated at 142 cm–1 for the trifluoro derivative and
173 cm–1 for the difluoro one. The –C=C=O symmetric
stretching mode in the trifluoro system was of a clear as-
signment and was calculated at 1,442 cm–1 with 43%
PED. In the case of the difluoro-derivative, the assign-
ment of this –C=C=O mode was not straightforward
based on the calculated PED and could be assigned to ei-
ther ν4 or ν5. However, the –C=C=O symmetric stretch-
ing mode could be assigned to the ν4 with the higher IR
intensity as one might expect for such a vibration. Then,
the assignment of ν5 could be predicted from the PED
values in Table 9 to the C–H6 in-plane bending.

Several vibrational modes in trifluoromethyl ketene
were calculated to be mixed with other modes. The as-
signments of such modes could be clarified with the help
of the observed frequencies obtained from the gas phase
Raman spectrum of trifluoroacetaldehyde (fluoral). [60]
For example, ν4 in our trifluoro system could be referred
to either the C–C stretching or the CF3 symmetric
stretching. In fluoral, the experimental frequency as-
signed to the CF3 symmetric stretching mode was
1,298 cm–1. Therefore, ν4 in trifluoromethyl ketene
could be assigned to CF3 symmetric stretching. Howev-
er, the C–C stretching vibration can be assigned with
confidence to the 856 cm–1 frequency since the corre-
sponding vibration in fluoral was observed at 841 cm–1.
[60] Similarly, the CF3 antisymmetric stretching mode
and the C=C–H in-plane bending mode were calculated
to couple with each other in ν5 and ν6. Experimentally,
the CF3 antisymmetric stretching mode was found at
1,197 cm–1, which is closer to the frequency of ν5 in tri-
fluoromethyl ketene (Table 9). Thus, ν5 and ν6 can be as-
signed to the antisymmetric CF3 stretching and the in-
plane C=C–H bending modes, respectively.

The assignment of some of the CF3 vibrational modes
below 1,000 cm–1 was obvious from derived PED val-
ues. The calculated wavenumbers at 535 and 361 cm–1

were referred to the CF3 antisymmetric deformation and
the CF3 rock, respectively. The CF3 symmetric deforma-
tion in fluoral was observed at 707 cm–1; hence the CF3
symmetric deformation in trifluoromethyl ketene could

be assigned to ν8. This leaves us with the assignment of
ν10 to the –C=C=O in-plane bending vibration.

The calculated PEDs for difluoromethyl ketene in the
cis conformation provided excellent help for the assign-
ments of most of the skeletal vibrations (see Table 10).
The frequencies ν6, ν7, ν8, ν9 and ν11 can with little
doubt be assigned to the C=C–H in-plane bending (55%
PED), the C–C stretching (40% PED), the CF2 symmet-
ric stretching (60% PED), the C=C=O in-plane bending
(41%PED) and the CF2 deformation (47% PED), respec-
tively. This should then assign ν10 at 565 cm–1 to the CF2
rocking mode. The remaining frequency at 1,332 cm–1 in
the cis conformer of the difluoro system (ν5) can be re-
ferred with confidence to the C–H6 in-plane bending.

Many vibrational modes in the gauche form of the di-
fluoro derivative, however, were difficult to assign based
only on the calculated PEDs, especially for the region
below 1,000 cm–1, at which a large degree of coupling of
many bending modes was found (Table 11). From the ex-
perimental IR frequencies of chlorocarbonyl ketene ob-
tained in the xenon matrix, [19] the C=C–H wag was ob-
served at 531 cm–1 for the cis and 556 cm–1 for the trans
conformers. The observed modes were weak in the IR
spectrum. This information leads to the assignment of
the C=C–H wag of the gauche difluoromethyl ketene to
the depolarized wavenumber at 519 cm–1. Therefore,
from the calculated PEDs, the C=C=O in-plane bending
was assigned to ν12. Then, the CF2 rock and the CF2
twist could be assigned to ν11 and ν15, respectively. This
approximate assignment leads one to assign ν8 at
1,096 cm–1 to the symmetric CF2 stretching.

Many of the bending modes of A” symmetry in the
tri- and the difluoromethyl ketene spectra were calculat-
ed to have a very low degree of mixing and their assign-
ments are shown in Tables 9 and 10. Among these modes
only the C=C–H wag was of a low PED value in triflu-
oromethyl ketene. The C=C–H waging mode was pre-
dicted to be at 630 and 622 cm–1 in the triflouro and di-
fluoro systems, respectively. The lowest vibrational
mode in the spectra of the two molecules was the asym-
metric torsion. The CF3 asymmetric torsion in the spec-
trum of trifluoromethyl ketene was calculated to be at
50 cm–1, and the CHF2 asymmetric torsion in the diflu-
oro spectrum was predicted to be at 63 cm–1 in the cis
form and 51 cm–1 in the gauche form. The asymmetric
torsion modes were predicted to have a relatively small
degree of contribution from the C=C–H waging mode as
shown in Tables 9, 10 and 11.

Finally, we were able to provide reasonable vibratio-
nal assignments for the normal modes of the stable con-
formers of tri- and difluoromethyl ketene based on nor-
mal coordinate analysis. Good agreements were noticed
when the calculated frequencies of trifluoromethyl ke-
tene were compared to the experimental ones of fluoral,
especially for the vibrational modes associated to the
CF3 moiety.

Acknowledgement The authors gratefully acknowledge the support
of this work by King Fahd University of Petroleum and Minerals.

352



References

1. Leung-Toung R, Tidwell TT (1990) J Am Chem Soc 112:1042
2. Nguyen MT (1990) J Org Chem 55:3251
3. Gong L, McAllister M, Tidwell T (1991) J Am Chem Soc

113:6021
4. Birney DM, Wagenseller PE (1994) J Am Chem Soc 116:6262
5. Salzner, U. and Bachrach, S. M. J. Am. Chem. Soc., 1994,

116, 6850
6. Xu Z, Fang D, Fu X (1994) J Mol Struct (THEOCHEM)

305:191
7. Wagenseller PE, Birney DM (1995) J Org Chem 60:3853
8. Huang MB, Wang ZX (1998) J Chem Phys 109:8953
9. Badawi HM, Forner W, Al-Saadi A J Mol Struc (THEOCHEM),

in press
10. Schonwalder K, Kollat P, Stezowski J, Effenberger F (1984)

Chem Ber 117:3280
11. Seikaly HR, Tidwell TT (1986) Tetrahedron 42:2587
12. Tidwell T (1990) Acc Chem Res 23:273
13. Davidovics G, Monnier M, Allouche A (1991) Chem Phys

150:395
14. Leung-Toung R, Wentrup C (1992) J Org Chem 57:4850
15. Birney DM (1994) J Org Chem 59:2557
16. Allen A, Colomvakos J, Egle I, Lusztyk J, McAllister M, 

Tidwell T, Wagner B, Zhao D (1995) J Am Chem Soc 117:
7552

17. Kappe CO, Wong MW, Wentrup C (1995) J Org Chem 60:
1686

18. Pietri N, Chiavassa T, Allouche A, Rajzmann M, Aycard J
(1996) J Phys Chem 100:7034

19. Bouchoux G, Slapin J (1996) J Phys Chem 100:16555
20. Carreira L (1976) J Phys Chem 80:1149
21. Blom G, Grassi CE, Bauder A (1984) J Am Chem Soc 106:

7427
22. Durig JR, Qui J, Dehoff B, Little TS (1986) Spectrochim Acta,

Part A 42:89
23. Bock CW, Panchenko YN, Krasnoshchiokov SV (1988) Chem

Phys 125:63
24. Durig JR, Phan HV, Little TS, Tolly CL (1989) J Struct Chem

1:459
25. Durig JR, Phan HV, Little TS (1989) J Mol Struct (THEOCHEM)

202:143
26. Badawi HM (1994) J Mol Struct (THEOCHEM) 303:275
27. Badawi HM (1995) J Mol Struct (THEOCHEM) 336:21
28. Badawi HM (1995) J Mol Struct (THEOCHEM) 343:117
29. Badawi HM, Al-Rayyes A (1997) J Mol Struct (THEOCHEM)

397:51
30. Forner W, Badawi HM (1998) Asian J Spectrosc 2:72
31. Badawi HM, Forner W (1998) Asian J Spectrosc 2:113
32. Badawi HM, Forner W, Al-Rayyes A (1998) J Mol Mod 4:158
33. Badawi HM, Al-Rayyes A (1998) J Mol Struct (THEOCHEM)

428:247
34. Forner W, Badawi HM (1998) J Mol Struct (THEOCHEM)

454:41

35. Hagemann H (1977) Angew Chem, Int Ed Engl 16:743
36. Durig JR, Jalilian MR, Sullivan JF, Turner JB (1981) J Raman

Spectrosc 11:459
37. Durig JR, Kanes KJ, Sullivan JF (1983) J Mol Struct 99:61
38. Cradock S, Huntley CM, Durig JR (1985) J Mol Struct 127:

319
39. Sullivan JF, Durig DT, Durig JR, Cradock S (1987) J Phys

Chem 91:1770
40. Durig JR, Berry RJ, Wurrey CJ (1988) J Am Chem Soc 110:

718
41. Kamal A (1990) Heterocycles 31:1377
42. Sullivan JF, Nandy SK, Lee MJ, Durig JR (1992) J Raman

Spectrosc 23:51
43. Durig JR, Guirgis GA, Krutules KA, Sullivan JF (1993) 

J Raman Spectrosc 24:259
44. Sullivan JF, Heusel HL, Zunic WM, Durig JR, Cradock S

(1994) Spectrochim Acta, Part A 50:435
45. Durig JR, Guirgis GA, Krutules KA, Phan HV, Stidham HD

(1994) J Raman Spectrosc 25:221
46. Durig JR, Guirgis GA, Krutules KA (1994) J Mol Struct

328:55
47. Durig JR, Little TS, Gounev TK, Gardner JK Jr, Sullivan JF

(1996) J Mol Struct 375:83
48. Forner W, Badawi HM (1998) J Mol Struct (THEOCHEM)

454:41
49. Badawi HM, Forner W (1999) Asian J Spectrosc 3:161
50. Badawi HM, Forner W (1999) Asian J Spectrosc 3:169
51. Badawi HM, Forner W Asian J Spectrosc, in press
52. Brown F, Musgrane W (1953) J Chem Soc 2087
53. Allen A, Andraos J, Kresge A, McAllister M, Tidwell T

(1992) J Am Chem Soc 114:1878
54. Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,

Cheeseman JR, Zakrzewski VG, Montgomery JA, Stratman
RE, Burant JC, Dapprich S, Millam JM, Daniels AD, Kudin
KN, Strain MC, Farkas O, Tomasi J, Barone V, Cossi M, 
Cammi R, Mennucci B, Pomelli C, Adamo C, Clifford S, 
Ochterski J, Petersson GA, Ayala PY, Cui Q, Morokuma K,
Malick DK, Rabuck AD, Raghavachari K, Foresman JB, 
Cioslowski J, Ortiz JV, Baboul AG, Stefanov BB, Liu C, 
Liashenko A, Piskorz P, Komaromi, I, Gomperts R, Martin
RL, Fox DJ, Keith T, Al-Laham MA, Peng CY, Nanayakkara
A, Gonzalez C, Challacombe M, Gill PMW, Johnson BG,
Chen W, Wong MW, Andres JL, Gonzales C, Head-Gordon M,
Replogle ES, Pople JA (1998) Gaussian 98. Gaussian, Pitts-
burgh Pa.

55. Berney C (1969) Spectrochim Acta, Part A 25:793
56. Wilson EB, Decius JC, Cross PC (1955) Molecular vibrations.

McGraw-Hill, New York
57. Durig JR, Guirgis GA, Krutules KA, Phan H, Stidham HD

(1994) J Raman Spectrosc 25:221
58. Chantry GW (1971) In: Anderson A (ed) The Raman effect,

vol 1. Marcel Dekker, New York, chapter 2
59. Woods RC (1967) J Chem Phys 46:4789
60. Durig JR, van der Vaken BJ (1987) Raman Spectrosc 18:549

353


