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Abstract
Altitude-resolved volume mixing ratio proﬁles of CFC-113 have recently become available on a global scale with the Atmospheric
Chemistry Experiment (ACE) satellite mission. However, the accuracy of the retrieval is currently limited by the uncertainties on the
spectroscopic parameters of CFC-113. This paper reports on the geometrical structure, harmonic frequencies and intensities in the
mid-infrared region of the two conformers of CFC-113 and the evaluation of whether theoretical calculations reproduce measurements.
The calculations are performed using density functional theory at the B3LYP/6-311+G(3df) level. The molecular geometry parameters,
the enthalpy diﬀerence and the potential barrier between conformers are calculated. The harmonic frequency of the normal modes of
vibration are presented and accurately compared to experimental data. Overtones and combination bands are assigned in the 1200–
2500 cm1 region.
Ó 2007 Elsevier Inc. All rights reserved.
PACS: 31.15.Ew; 33.15.Dj; 33.20.-t; 33.20.Ea; 33.20.Tp
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1. Introduction
CFC-113 (1,1,2-trichlorotriﬂuoroethane) is the third
most abundant chloroﬂuorocarbon in the atmosphere. Its
ozone depletion potential has led to its ban by the Montreal Protocol and its subsequent amendments. Although
its emission is now controlled by international regulations,
the long lifetime of this compound (85 years) makes its
monitoring essential, as the average concentration of
CFC-113 in the atmosphere is still approximately 80 ppt.
The impact of this molecule on the ozone layer and its contribution to enhanced global warming require precise measurement of its concentration worldwide for assessing
theoretical predictions and for assessment of the eﬀective*
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ness of international regulations. Recently, the Atmospheric Chemistry Experiment (ACE) satellite mission [1]
has provided the ﬁrst space-based atmospheric measurements of CFC-113 on a global scale [2]. However, the
uncertainties in the spectroscopic parameters currently
available for this molecule compromise the accuracy of
the retrievals. The errors associated with spectroscopic
data have been evaluated to be at least 20% [3].
Only a few attempts have been made to characterize
the optical properties of CFC-113 in the vapour phase.
The most recent [4], published in 1987, presented an
extensive experimental study of CFC-113 in the solid,
liquid and gaseous phases. An assignment of the C1
and Cs conformers supported by a normal coordinate
calculation involving related molecules was carried out.
Although the comparison between theory and experiment
was quite good, discrepancies existed in the 800–
1250 cm1 region. Because this region is of considerable
interest in atmospheric science, it is crucial to verify
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the line attribution in the vapour phase and to perform a
new theoretical calculation of CFC-113 parameters using
modern tools.
The main purpose of this work is to provide theoretical
infrared spectroscopic properties of the two conformers of
CFC-113 and to determine whether those results are in
good agreement with experimental data. The calculations
are performed by density functional theory using the
Gaussian 03 software [5]. Frequency assignments and analysis of intensities are presented.
2. Computational and experimental background
Time-dependent density functional theory has become
the most widely used method for determination of the
molecular parameters of medium-sized molecules. It outperforms the Hartree–Fock theory by including electron
correlation correction and oﬀers an accuracy comparable
to second-order Møller–Plesset theory (MP2) at a considerably lower computational cost. We are thus able to use a
large basis set, including the diﬀuse polarization functions.
The 6-311+G(3df) basis set represents a good compromise
between accuracy and computational cost (only one set of
diﬀuse and polarization functions is required as CFC-113
does not contain any hydrogen bonds). We used the wellknown Becke’s three-parameter exchange functional coupled with the non-local correlation from the Lee, Yang,
and Parr functional (B3LYP). This recognized hybrid functional is probably the most widely used and remains the
standard reference in DFT calculation [6]. The geometry
optimizations and harmonic vibrational frequencies calculation are carried out simultaneously with B3LYP/6311+G(3df).
Our theoretical results have been compared to experimental data taken in our laboratory by absorption
Fourier transform infrared (FTIR) spectroscopy. The
spectrometer is a Bomem DA8.002 equipped with a
KBr beamsplitter and operating with a Globar source.
A 25-cm-long stainless steel gas cell, mounted with ZnSe
windows, is positioned between the spectrometer and a
MCT (mercury–cadmium–telluride) detector. To remove
non-linear Beer–Lambert eﬀects on strong bands, an
extrapolation to 0-torr (the optically thin limit) is performed from acquisitions taken at pressures varying from
0.2 to 2 torr.
3. Structure and enthalpy of the two CFC-113 conformers
CFC-113 has two geometrical conformations related to
each other by a rotation of about 120° around the C–C single bond as illustrated in Fig. 1. One of the conformers,
characterized by a trans position of two C–Cl and C–F
bonds, has a C1 symmetry while the other one, characterized by a gauche position of all the C–Cl and C–F bonds,
has a Cs symmetry.
The results of our geometrical optimization for both
conformers are presented in Table 1. The distances between

Fig. 1. The two geometrical conformations of CFC-113. r represents the
interatomic distance (in Å); a, the angle between adjacent bonds; and h,
the dihedral angle (both in degree).

Table 1
Calculated structural parameters of the two CFC-113 conformers

r(C1,C2)
r(C1,F3)
r(C1,Cl1)
r(C1,Cl2)
r(C2,F1)
r(C2,F2)
r(C2,Cl3)
a(C2,C1,F3)
a(C2,C1,Cl1)
a(C2,C1,Cl2)
a(F3,C1,Cl1)
a(F3,C1,Cl2)
a(Cl1,C1,Cl2)
a(C1,C2,F1)
a(C1,C2,F2)
a(C1,C2,Cl3)
a(F1,C2,F2)
a(F1,C2,Cl3)
a(F2,C2,Cl3)
h(F3,C1,C2,F1)
h(F3,C1,C2,F2)
h(F3,C1,C2,Cl3)
h(Cl1,C1,C2,F1)
h(Cl1,C1,C2,F2)
h(Cl1,C1,C2,Cl3)
h(Cl2,C1,C2,F1)
h(Cl2,C1,C2,F2)
h(Cl2,C1,C2,Cl3)

C1 conformer

Cs conformer

1.57
1.34
1.77
1.78
1.33
1.34
1.77
107.97
111.01
109.19
109.30
108.68
110.62
109.78
108.56
111.76
108.32
109.62
108.71
180.00
61.76
58.14
60.21
178.45
61.65
62.01
56.23
176.13

1.57
1.35
1.77
1.77
1.34
1.34
1.77
106.22
110.88
110.88
108.63
108.63
111.41
108.24
108.24
113.42
107.74
109.51
109.51
58.22
58.30
179.96
176.06
59.54
62.20
59.63
176.14
62.12

Interatomic distances (r) are in Å, angles (a) and dihedral angles (h) in
degrees. The position of atoms is given in Fig. 1.

the atoms are little aﬀected by the conformational symmetry, with a C–C distance of 1.57 Å, and average C–Cl and
C–F distances of 1.77 and 1.34 Å, respectively, for both
conﬁgurations. We can note that the Cs conformation presents a more symmetrical structure, with identical angles
and distances on the C–Cl bonds of the CFCl2 group and
C–F bonds of the CF2Cl group.
We calculated an enthalpy diﬀerence between the two
conformers of 133.6 cm1, with the C1 structure being the
more stable form. This value is in the range of those
obtained by electron diﬀraction (94.5 ± 87.8 cm1 [7])
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and IR spectroscopy (122.0 ± 52.7 cm1 [8]), but higher
than the one obtained by matrix isolation studies
(88.6 ± 9.2 cm1 [4]). The predominance of the C1 conformers can be explained by a dipole repulsion between
the polar C–Cl bonds in the Cs conformation, the covalent
radii of chlorine atoms being larger than those of ﬂuorine
atoms.
The transitions between the diﬀerent conformations are
presented in Fig. 2. To rotate from a C1 to a Cs conformation, a molecule has to pass through the metastable
eclipsed form E1. The rotational barrier between the C1

Fig. 2. (Top) Newman projections of the stable C1 and Cs conformers and
the eclipsed metastable E1 and E2 structures. (Bottom) Corresponding
enthalpy diﬀerences of the stable and metastable structures relatively to
the lowest energy structure (C1 conformer) as a function of the dihedral
angle. Only the maxima and minima correspond to calculated values as
the line has been drawn for illustration purpose only.

and Cs conformation has been calculated to be
2467.4 cm1 which should make conformational interconversion diﬃcult at room temperature. 2467.4 cm1 is
indeed at a higher frequency than the fundamental bands
and does not correspond to the center of overtone or combination bands.
A double rotation around the C–C axis gives a statistical
weight of two C1 for one Cs conformation. The rotational
barrier between the two identical C1 conformations has
been calculated as 2010.6 cm1. The energy diﬀerence
between the C1 M Cs (E1) and the C1 M C1 (E2) conformational transitions may also be attributed to dipole repulsions between the polar C–Cl bonds as they approach
each other in the metastable eclipsed form E1 (see Fig. 2).
The results of the harmonic frequency calculation and
vibrational assignments of the C1 and Cs conformers are
presented in Table 2. We have applied the same labeling
as Braathen et al. [4] for the C1 conformer. However we

Fig. 3. Absorption spectrum of pure CFC-113 (Sigma–Aldrich, 99%)
vapour at room temperature in the 500–1300 cm1 region for a resolution
of 0.5 cm1. The composite spectrum is a point-by-point extrapolation at
the 0-torr limit of spectrum taken at pressures varying from 0.2 to 2.0 torr
with an increment of 0.2 torr.

Table 2
Calculated vibrational frequencies (in cm1) of the two CFC-113 conformers and their description
C1 conformation

Cs conformation

No.

Frequency

Approximate description

No

Frequency

Approximate description

m1
m2
m3
m4
m5
m6
m7
m8
m9
m10
m11
m12
m13
m14
m15
m16
m17
m18

1192.9037
1163.4890
1107.8234
1017.4992
872.4032
788.8769
651.9827
529.5613
452.3176
432.3373
389.1549
349.2677
312.2931
285.1914
237.4913
198.0344
161.2550
69.1402

C–C stretch, C–F sym. stretch
C–F asym. stretch (CF2Cl)
C–F stretch (CFCl2)
C–C stretch, C–F, C–Cl sym. stretch
C–Cl asym. stretch (CFCl2)
C–Cl stretch
CF2 scissor
CFCl2 sym. deformation
C–Cl sym. stretch (CFCl2)
C–Cl stretch (CF2Cl)
C–Cl asym. stretch (CFCl2)
CFCl2, CF2Cl asy. deformation
F–C–C bend
CCl2 scissor
Cl–C–C–Cl bend
CFCl2, CF2Cl rock
CCl2, CFCl twist
CFCl2–CF2Cl torsion

m01
m02
m03
m04
m06
m05
m07
m09
m012
m010
m011
m08
m013
m015
m014
m017
m016
m018

1187.2841
1147.7966
1082.2878
1012.5698
871.2554
868.3722
628.6155
501.6324
450.6277
432.1692
379.0760
369.3358
308.3451
303.8128
249.7756
177.1429
166.3632
73.3685

C–C stretch, C–F sym. stretch
C–F asym. stretch (CF2Cl)
C–F stretch (CFCl2)
C–C stretch, C–F, C–Cl sym. stretch
C–Cl sym. stretch
C–Cl asym stretch (CFCl2)
CF2 scissor
C–Cl sym. stretch (CFCl2)
C–Cl asym. stretch (CFCl2)
C–Cl stretch (CF2Cl)
C–Cl asym. stretch (CFCl2)
CFCl2, CF2Cl sym. deformation
CF2 twist
F–C–C bend
CCl2 scissor
CCl2, CF2 twist
CFCl2, CF2Cl rock
CFCl2–CF2Cl torsion
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Table 3
Comparison between theoretical and experimental harmonic frequencies (Freq.) given in cm1 and intensities (Int.) given in 1018 cm/molecule
Vibration No.

Theory

Experience

C1 conformation

Cs conformation

Freq.

Freq.

Int.

Freq.

Int.

m08
m8

—
529.56

—
0.4

501.72
—

0.67
—

m07

—

—

628.61

2.75

n.o.
532.6
539.2
8
<627.2
:632.7
8638.4
<648.5
653.7
:
659.5

Int.

Q
R
P
Q
R
P
Q
R

n.o.
0.2

0.4

651.98

1.63

—

—

788.88

47.96

—

—

815.7

28.7

—
—
872.40

—
—
25.79

868.17
871.40
—

38.72
23.42
—

909.8

32.2

—
1017.50

—
13.43

1012.91
—

44.16
—

1045.5

17.0

m03

—

—

1082.58

1.34

m3

1107.82

25.86

—

—

m02 o
m2

—
1163.49

—
31.24

1147.29
—

21.85
—

1171.7
1179.8

21.8

m01 o
m1

—
1192.90

—
9.42

1187.60
—

27.92
—

1212.7

10.5

m7
m6
m05
m06

)

m5
m04
m4



8n.o.
<1112.2 P
1118.4 Q
:
1124.0 R

1.3

n.o.
17.9

n.o., non observable band.

have changed the labeling for the Cs conformer to reﬂect
the correspondence between similar sets of nuclear displacement in the C1 and Cs conformers.2
4. Frequency assignments
From the 18 normal modes of vibration of each
CFC-113 conformer, only eight transitions belong to the
atmospheric window, i.e. from 500 to 1300 cm1. All the
transitions above 700 cm1 correspond to stretching vibrations. A composite survey spectrum in the 500–1300 cm1
region is presented in Fig. 3.
Due to the band broadening of CFC-113 at room temperature, the experimental harmonic frequencies presented
in Table 3 have been interpolated from the barycenter of
the lines. Despite the temperature broadening, we observe
a good agreement between our data and those obtained
at lower temperature by Braathen et al. [4].

2

In the labeling used by Braathen et al. [4], the harmonic frequencies of
the Cs conformation are numbered depending on their polarization (11a 0
and 7a00 ). As a result, for instance, the m2 corresponding to a C–F
asymmetric stretch in the C1 conformation becomes m012 in the Cs
conformation even if it corresponds to the same motion. Therefore, we
modiﬁed the labeling of each Cs harmonic frequency to match the
corresponding C1 one.

The calculated frequencies need to be re-scaled to eliminate systematic errors [5]. Agreement between theory and
experiment is very good (see Fig. 4) with a linear expression
mexp = 1.02 mtheo + 3.30 (with m being the wavenumber in
cm1) for the C1 conformation and mexp = 1.03mtheo  11.08
for the Cs conformation. The correlation coeﬃcient R is
0.9998 for both groups.
The band around 650 cm1, corresponding to the m7 and
0
m7 harmonic frequencies, is the only one where the two conformer signatures are relatively well separated (see Fig. 6).
Three distinct lines, attributed to the rovibrational fundamental PQR-branches, are visible for both conformers.
The PQR-branches are also found in the m3 harmonic transition of the C1 conformation. The same phenomenon is
present around 530 cm1 but the MCT detector limitation
prevents access to a better signal-to-noise ratio in this
region. At ﬁrst sight, the m2 and m02 structure also seems to
present PQR-branches with three distinctive lines. But all
those lines have been interpreted as Q-branches as they
remain in the IR spectrum of liquid CFC-113 [4]. Speciﬁcally, the interpretation of the unassigned 1187.3 cm1 line
is still open to discussion. The other transitions are too
overlapped to allow the identiﬁcation of rovibrational
compounds. The structure around 977 cm1 has been
attributed to combination bands [8].
Beyond 1200 cm1, overtone and combination bands
having intensities 2–3 orders of magnitude lower than those
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Fig. 7. Absorption spectrum of CFC-113 in the 1250–2500 cm1 region at a
pressure of 20 torr and a temperature of 10 °C for a resolution of 0.2 cm1.
Fig. 4. Comparison between experimental and theoretical harmonic
frequencies of CFC-113 for the two conformers.

Fig. 5. Comparison between experimental and theoretical intensities of
CFC-113.

Fig. 6. Absorption spectrum of CFC-113 in the 500–700 cm1 region at a
pressure of 20 torr and a temperature of 10 °C for a resolution of
0.2 cm1.

Table 4
Assignation of the experimental overtone and combination bands in the
1200–2500 cm1 region
Frequency

Intensitya

Interpretationb

2421
2391
2358
2329
2301
2261
2225
2195
2190
2167
2131
2095
2032
1957
1934
1866
1830
1801
1792
1771
1750
1721
1706
1673
1648
1579
1538
1497
1468
1416
1380
1348
1307
1253

m
vs
m
vs
m
s
vs
s
s
s
m
w
m
vw
w
m
m
w
vw
m
vw
m
m
w
m
m
m
m
m
vs
vs
vs
m
vvs

2m1, 2m01
m1 + m2, m01 þ m02
2m2
m1 + m3, m01 þ m03 ; ð2m02 Þ
m2 + m3, ðm02 þ m03 Þ
m1 + m4, m01 þ m04
m2 + m4, m02 þ m04 ; ð2m3 Þ; ð2m03 Þ
?
?
m3 + m4, m03 þ m04
(m1 + m5), ðm01 þ m06 Þ
2m4, m2 + m5, m01 þ m05 ; ðm02 þ m06 Þ
m3 + m5,m1 + m6, m03 þ m06
m4 + m5, m04 þ m06
m3 + m6, m04 þ m05
m1 + m7, m4 + m6
m2 + m7, (2m5), ð2m06 Þ
m02 þ m07
m06 þ m05
m3 + m7, 2m05
m03 þ m07
m5 + m6, m01 þ m09 , (m1 + m8)
(m2 + m8), (m4 + m7)
ðm02 þ m09 Þ; ðm04 þ m07 Þ
m3 + m8, (2m6), ðm03 þ m09 Þ
m4 + m8, (m5 + m7), ðm04 þ m09 Þ
m06 þ m07
ðm05 þ m07 ?Þ
m6 + m7
m06 þ m09
ðm05 þ m09 Þ
m6 + m8
2m7
ð2m07 Þ

a

Abbreviations: s, strong; m, medium; w, weak; v, very.
The harmonic frequencies in parenthesis indicate combination bands
which do not correspond exactly to the barycenter of the experimental
band but can be overlapped inside it.
b

of the harmonic frequencies are observed (see Fig. 7). An
interpretation of those bands is given in Table 4. Two
experimental bands are not assigned. It is unlikely that they
correspond to impurities as they also appear in the PNNL
Quantitative Infrared Database [9]. Other bands do not
correspond exactly to the center of combination bands
and their interpretation should include higher-order anharmonic eﬀects such as Fermi and Coriolis resonances.

5. Comparison between theoretical and experimental
intensities
The overlapping bands of the two conformers complicate the comparison process and the calculation of the inte-

K. Le Bris et al. / Journal of Molecular Spectroscopy 243 (2007) 142–147

grated cross sections. The experimental and theoretical
integrated cross sections in the 500–1250 cm1 region are
presented in Table 3. Only the m3, m6, m7 and m07 harmonic
frequencies are relatively isolated. We performed a least
squares ﬁtting to determine the ratio (C1)/(Cs) which minimizes the error in the system AX = B in which A represents the matrix associated with the theoretical results, X,
the proportion of each group, and B, the integrated cross
sections of the structures of the experimental spectrum.
The structures around 530 cm1 at the range limit of our
detector are excluded from the calculation because of the
uncertainties associated with their integrated cross-sections. The result of the least squares ﬁtting, having a correlation coeﬃcient of 0.9827, is presented in Fig. 5. A large
part of the errors may be associated with the presence of
overtones or combination bands (similar to the one at
970 cm1) overlapped in the harmonic frequencies bands.
We found a linear expression Iexp = 0.61Itheo(C1) + 0.23
Itheo(Cs). The sum of the fraction of the two groups is not
equal to unity. This can be explained by the fact that only
the ratio between the calculated intensities have a qualitative value. The resulting percentage of C1 conformers at
room temperature is 73%.
On another hand, considering that the statistical weight
between the C1 and Cs conformer is 2 for 1 (two over three
C-C rotations results in a C1 conformer) and applying the
Boltzmann distribution for a potential energy diﬀerence of
133.6 cm1, we found a theoretical percentage of C1 conformers of 79% at room temperature. If we use the experimental potential energy diﬀerence found by Braathen et al.
[4], we obtain a percentage of C1 conformers of about 75%.
The explanation of those diﬀerences is not obvious.
Besides errors induced by the chosen theoretical method,
the absence of well separated lines and possible remaining
non-linear eﬀects in the strongest lines of the experimental
spectrum could explain, in part, the discrepancy in the percentage calculation. The variation of the conformer population with temperature are currently under investigation.
Possible temporal or surface eﬀects are also being
considered.
6. Conclusions
A geometry optimization and a harmonic vibrational
frequency calculation for CFC-113 by the density functional theory have been performed. Comparison between
the theoretical harmonic frequencies and the experimental
spectra show a excellent correlation. PQR structures have
been identiﬁed for the m7, m07 and m3 harmonic frequencies.
The uncertainty in the conformers population has been
pointed out. Further studies are underway in order to
understand the dependence of the CFC-113 conformers’
absorption spectra on temperature and pressure. The
importance of this study lies in the need of precise crosssection measurement over a large range of temperature.
N2-broadening experiments are planned to evaluate the
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broadening eﬀects on the rovibrational structures. Ultimately, our goal is to provide accurate IR cross section
spectra to improve the retrieval of atmospheric proﬁles of
CFC-113.
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