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The hydrofluorocarbon HFC 134a (CF3CFH2) is the primary replacement for the chlorofluorocarbon CFC 12
(CF2Cl2) in numerous applications, including automobile air conditioning and home and commercial
refrigeration. Here we describe a comprehensive spectroscopic study of this molecule. Precise microwave
frequencies and molecular constants have been obtained for the vibrational ground state with a pulsed-molecular-
beam Fourier-transform microwave spectrometer. New isotopic ground-state microwave measurements have
also been made to improve the ground-state structural determination. Infrared and Raman spectra have been
obtained, and all 18 vibrations have been observed and assigned. A high-resolution (3 MHz) microwave-
sideband CO2 laser and an electric-resonance optothermal spectrometer have been used to observe the molecular-
beam infrared spectrum in the vicinity of the low-resolution gas-phase feature at 975 cm-1 assigned here and
in some of the earlier studies as theν15, A′′-symmetry, CH2 rock. Two nearly equal-intensityc-type bands
are observed under high resolution with origins at 974.35 and 974.87 cm-1. The presence of two vibrational
bands of A′′ symmetry is attributed to strong anharmonic mixing of theν15 vibration with a nearby combination
vibration. On the basis of our low-resolution infrared measurements, we identify the perturbing state as the
3ν18 + ν8 combination level. Finally, the experimental results are used to calculate the vibrational contribution
to the heat capacity and are compared with the results of earlier experimental and theoretical work, including
our own electronic-structure calculations using an HF/6-31G* basis set.

Introduction

Because of their less deleterious effect on the ozone chemistry
of the upper atmosphere, there has been much recent interest
in the fluorinated hydrocarbons (HFCs) as replacements for the
chloroflurocarbons (CFCs) widely used in many industrial and
consumer applications. To assess the utility of the HFCs as
substitutes for the CFCs, it is necessary to have available
fundamental chemical and physical data to allow estimates to
be made of their thermodynamic properties, atmospheric spectra,
toxicity, flammability, etc. For instance, rotational and infrared
spectroscopic measurements provide rotational constants and
vibrational frequency data that can be used for the direct
calculation of the atmospheric spectra and thermodynamic
properties of the HFCs.1 In addition, the spectroscopic mea-
surements provide reliable calibration points for optimizing basis

sets or force fields forab initio electronic-structure or molecular-
mechanics calculations of various molecular properties.
There has been a large number of studies of the vibrational

spectroscopy of fluorinated ethanes reported during the past 50
years. The spectra of these molecules are of intrinsic interest
since a number of subtle interactions are expected to be present
and comparison of accurate measurements with the results of
calculations provides a stringent test of our level of understand-
ing of intramolecular phenomena such as anharmonic and
Coriolis coupling. In particular, the presence in these molecules
of hindered internal rotation offers an excellent opportunity to
enhance our understanding of the interactions that determine
the conformations of organic molecules. The presence of the
low-frequency torsional vibrations, however, also greatly com-
plicates the spectroscopic measurements by introducing a high
density of vibrational hot bands in spectra measured at room
temperature, and it is as a result of all these factors that there
has been considerable disagreement concerning the determina-
tion and assignment of the vibrations in these molecules. HFC
134a (CF3CFH2) has not been an exception to this observation,
and it was our intention to improve upon the accuracy of the
previous assignments by undertaking the comprehensive study
described below. In the present paper we report the high-
resolution molecular-beam microwave spectrum and molecular
structure, low-resolution infrared and Raman spectra, and high-
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resolution 10µm infrared spectrum of HFC 134a, perhaps the
most important of the HFCs, which is presently replacing CFC
12 (CF2Cl2) in refrigeration and air conditioning systems.
The microwave measurements, made with a pulsed-molec-

ular-beam Fourier-transform microwave spectrometer, extend
to higher resolution and to the mono-13C substituted isotopomers
the Stark-modulation waveguide-cell results of Ogata and Miki2

on the ground and first excited torsional levels of the normal
isotopic species. At the approximately 2 kHz resolution of the
Fourier-transform measurements, no evidence is observed for
any torsional splittings arising from internal rotation about the
C-C bond. This observation is consistent with the high barrier
to internal rotation of 15.0(6) kJ/mol implied by the torsional
vibrational spacings obtained from low-resolution Raman
measurements8 and our low-resolution infrared data.
The low-resolution infrared and Raman measurements, in

combination with earlier results,3-11 are used to develop reliable
assignments for all 18 vibrations. We also report integrated
infrared band intensities and use our vibrational frequencies to
calculate the ideal gas heat capacity for HFC 134a. The normal-
mode assignments have also been compared with the results of
ab initio calculations undertaken previously7,11-13 and in the
present work.
In the high-resolution infrared study we have used an∼3

MHz resolution tunable-microwave-sideband CO2 laser and an
electric-resonance optothermal spectrometer to investigate the
infrared spectrum of the 975 cm-1 band of HFC 134a. This
band has been previously attributed to the A′′ ν15 normal
mode4,6-11 or to the A′ ν6 normal mode.5 Our observed
rotational spectrum shows the band to bec-type, definitively
establishing the symmetry of the normal mode as A′′. In
addition, we find that the 975 cm-1 normal mode is in nearly
1:1 anharmonic resonance with an essentially degenerate
combination vibration, with an anharmonic matrix element of
∼0.26 cm-1. A consequence of the resonance is that the low-
resolution Q-branch is less pronouned than typically expected
for c-type bands. The degradation of the Q-branch is most likely
the origin of the previous assignment5 of the spectrum to an A′
normal mode.

Experimental Section

Low-resolution (0.05 cm-1) infrared data were obtained with
a Bruker 113v Fourier-transform infrared spectrometer using a
4.2 K Si composite bolometer in the far-infrared and a 77 K
HgCdTe detector in the mid-infrared. Various gas presssures,
measured with a Leybold capacitance manometer, were used.
Raman data were measured using a SPEX triple spectrometer,

the 5145 Å line of an Ar ion laser, and a laser power of
approximately 1 W at thesample. The data were obtained using
a 90° scattering geometry and gas pressures of 50-100 kPa.
Polarized data were also obtained to aid with vibrational
assignments.
The microwave measurements were made using Balle-

Flygare-type14 pulsed-nozzle Fourier-transform microwave spec-
trometers at NIST15 and Kiel.16 Measurements were made for
the normal species, and for both mono-13C-substituted isoto-
pomers in natural abundance, using the arrangement of Grabow
and Stahl17 in which the molecular beam is directed down the
cavity axis. This configuration provides an approximate factor
of 10 gain in sensitivity and resolution over the initial cross-
cavity arrangement of Balle and Flygare.14

The electric-resonance optothermal spectrometer and tunable
microwave-sideband CO2 laser source have been described
previously.18 The resolution of the spectrometer is approxi-
mately 3 MHz. Although the absolute uncertainty of the
frequency measurements is only 2 MHz (1σ), limited by our

knowledge of the Doppler shift arising from the nonorthogonal
crossing of the molecular and laser beams, the relative precision
of the frequency measurements is nearly an order of magnitude
better,∼0.25 MHz (1σ). The infrared assignments were aided
by microwave-infrared double resonance and by comparision
of the infrared combination differences with the precise
combination differences calculated from the new microwave
measurements.

Results

Microwave Spectroscopy and Molecular Structure Analy-
sis. The initial microwave measurements for the normal isotopic

TABLE 1: Observed Fourier Transform Microwave
Transition Frequencies (in MHz) for HFC 134a and 13C
Isotopomersa

J′ Ka′ Kc′ J′′ Ka′′ Kc′′ CF3CH2F 13CF3CH2F 13CF313CH2F

6 2 4 6 1 5 7346.429
5 2 3 5 1 4 7448.167
4 2 2 4 1 3 7537.529
3 2 1 3 1 2 7612.019
2 2 0 2 1 1 7669.641
2 2 1 2 1 2 7788.520
3 2 2 3 1 3 7848.394
4 2 3 4 1 4 7928.411
5 2 4 5 1 5 8028.690
1 1 1 0 0 0 8115.043 8113.651 8056.041
6 2 5 6 1 6 8149.399
7 2 6 7 1 7 8290.709
8 2 7 8 1 8 8452.810
2 0 2 1 1 1 8560.437 8549.864 8515.507
9 2 8 9 1 9 8635.855
3 1 3 2 2 0 8826.950
10 2 9 10 1 10 8840.026
11 2 10 11 1 11 9065.441
3 1 2 2 2 1 9046.252
4 2 3 3 3 0 9352.282
4 2 2 3 3 1 9359.190
13 2 12 13 1 13 9580.355
5 3 3 4 4 0 9760.987
5 3 2 4 4 1 9761.079
6 4 2 5 5 1 10166.464
6 4 3 5 5 0 10166.464
15 2 14 15 1 15 10180.694
7 5 2 6 6 1 10571.592
7 5 3 6 6 0 10571.592
2 1 2 1 1 1 11077.495 11069.568 10998.976
2 0 2 1 0 1 11116.833 11108.850 11047.470
2 1 1 1 1 0 11157.057 11149.014 11097.348
9 3 6 9 2 7 12774.564
8 3 5 8 2 6 12812.316
7 3 4 7 2 5 12839.261
6 3 3 6 2 4 12857.533
5 3 2 5 2 3 12869.143
4 3 1 4 2 2 12875.915
3 3 0 3 2 1 12879.409
3 3 1 3 2 2 12881.708
4 3 2 4 2 3 12882.797
5 3 3 5 2 4 12885.146
6 3 4 6 2 5 12889.399
7 3 5 7 2 6 12896.299
8 3 6 8 2 7 12906.691
2 1 2 1 0 1 13633.890 13628.551 13530.939
3 0 3 2 1 2 14157.007 14142.393 14085.933
4 1 4 3 2 1 14303.283
4 1 3 3 2 2 14703.364
5 2 4 4 3 1 14909.007
5 2 3 4 3 2 14925.125
3 1 3 2 1 2 16604.034 16497.993
3 0 3 2 0 2 16662.095 16569.399
3 2 2 2 2 1 16663.827 16572.138
3 2 1 2 2 0 16665.662 16574.975
3 1 2 2 1 1 16723.200 16645.546

aOne standard deviation uncertainties on the transition frequencies
are∼2 kHz.
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species were guided by the Stark-modulation waveguide results
of Ogata and Miki.2 Botha- andb-type transitions are observed,
samplingJ levels up to 15 andKa levels up to 4 for the most
abundant isotopomer. The observed transitions for the normal
and two13C isotopomers are given in Table 1. No evidence
was found for any internal-rotation splittings at the better than
5 kHz resolution of the experiments, as expected for a molecule
with such a high barrier and large reduced mass for internal
rotation.
The observed transitions were least-squares fit to the Watson

asymmetric-rotor Hamiltonian19 in the A-reducedIr representa-
tion to determine the rotational and centrifugal distortion
constants listed in Table 2. The small13C data sets do not allow
as complete a centrifugal distortion analysis as is possible for
the12C species. Indeed, the present13C data are only sensitive
to the∆J and∆JK distortion constants, primarily due to the lack
of anyKa ) 2 r 1 and higherKa transitions. Alternatively,
we have fit the13C data by constraining the distortion constants
to the12C values to obtain rotational constants that are corrected
for δK and∆K contributions. The differences in the rotational
constants obtained by fitting the13C data toA, B, C, ∆J, and
∆JK and toA, B, andCwith the distortion constants constrained
to the12C values are small (∼4 kHz). An error of 4 kHz in the
rotational constants contributes insignificant errors to the bond
lengths and angles determined in the structural analysis. The
standard deviations of the fits of 2-3 kHz are close to the
expected experimental precision of∼2 kHz. For CF313CH2F
the 111-000 transition is weighted zero in the fit, since its
inclusion in the fit increases the standard deviation by a factor
of 3. The frequency of this transition (111-000) is poorly
determined due to unresolved F nuclear spin-spin hyperfine
structure, which makes it difficult to resolve the Doppler
doublets and thus accurately measure the center of the line. This
hyperfine broadening does not affect significantly the higherJ
transitions since the hyperfine contribution to the line widths
decreases withJ.
On the basis of a single isotopic form of HFC 134a, Ogata

and Miki2 derived a partial structure. With our additional13C
isotopic data, it is possible to improve upon their structural
analysis. Due to the presence of four F atoms, which cannot
be isotopically substituted, a number of assumptions must be
made concerning the bond lengths and angles. As a starting
point, we have selected the CF3 geometry from CF3CH3 and
the CH2F geometry from CH3CH2F. Both of these species have
been studied by microwave spectroscopy (MW) and electron
diffraction (ED) methods,20-23 and a summary of the derived
structural parameters pertinent to the CF3CH2F species is given
in Table 3. The F and F′′ atoms lie in thea,b-plane trans to
one another, while the F′ and H pairs are located symmetrically
about thea,b-plane. Since the bond lengths and angles from

the MW and ED studies are in close agreement, we use the
average values from these data sets to serve as initial values
for the CF3CH2F analysis. Several fits were carried out varying
rCC, the CCF(F′) angle, the CCF′′ angle, and either a tilt of the
symmetric CF3 group or fitting the CCF and CCF′ angles
independently. The results of these fits are shown in Table 4.
A fit with the CF3 group symmetric about the C-C bond axis
(i.e. no tilt) gave a standard deviation of 0.06 uÅ2, while fits
with a tilt of CF3 or an asymmetric CF3 had standard deviations
5-6 times smaller. The fitted C-C bond length is correlated
with the CF and CF′ bond lengths, and the CCF angle, since
Pcc) 1/2(Ia + Ib - Ic) ) mr2FF′ + mr2HH. Thus, the uncertainty
shown is larger than expected from the standard deviation of
the fit and results from varying the C-F bond lengths by(0.003
Å. The C-C distance may be calculated by the Kraitchman
substitution method,24 yielding a valuerS(C-C)) 1.511(2) Å,
which is the mean of the fit 1 and fit 2 values in Table 4. A
third fit was carried out in whichrCCwas fixed at the substitution
value and is listed in Table 4 as fit 3. The C-C distance agrees
quite well with the values reported for CH3CH2F, 1.512(2) Å22

and 1.502(5) Å,23 and it is intermediate between the two values
reported for CF3CH3, namely, 1.530(5) Å20 and 1.494(3) Å.21

Low-Resolution Infrared and Raman Spectroscopy. In
Figure 1 we show the low resolution infrared and Raman spectra
of HFC 134a. In Table 5 we list vibrational band positions
determined from the infrared and Raman data of Figure 1. HFC
134a hasCs point group symmetry with the only symmetry
element being a plane of symmetry that includes the C-C axis.

TABLE 2: Spectroscopic Constants for HFC 134aa

ν15 Fermi dyad
ground state

CF3CH2F 13CF3CH2F CF313CH2F
upper

component
lower

component

A/MHz 5355.618 17(51) 5356.1852(10) 5318.6104(15) 5347.640(35) 5347.756(33)
B/MHz 2799.220 85(31) 2797.196 88(55) 2786.645 58(56) 2791.564(35) 2793.546(33)
C/MHz 2759.432 94(31) 2757.466 15(49) 2737.452 12(47) 2754.874(21) 2755.179(17)
δJ/kHz 0 0.71(24)
δK/kHz 1.766(52) b b 1.08(48) 0.40(49)
∆J/kHz 0.5012(87) b b 1.53(47)
∆JK/kHz 4.3132(55) b b 1.2(14) 2.7(15)
∆K/kHz -3.396(15) b b -2.28(97) -3.81(10)
ν/cm-1 974.874 136(21) 974.345 616(8)
ú 0.006 096(49)
σ/kHz 3.1 2.1 1.7 3.4 MHz

aUncertainties are one standard deviation from the least-squares fit in units of the least significant digit given.b Fixed at the values for the
normal species.

TABLE 3: Geometry Parameters Assumed in Structure
Fits; One Sigma Uncertainties Are Given in Parentheses

parameter MW ED average

From CF3CH3

rCF; RCF′/Å 1.335(5) 1.340(2) 1.338
∠CCF(F′)/deg 111.0(3) 111.9(2) 111.5
reference 20 21

From CH3CH2F
rCF′′/Å 1.387(3) 1.397(4) 1.392
∠CCF′′/deg 109.5(4) 110.4(2) 110.0
rCH/Å 1.094(1) 1.097(2) 1.095
∠CCH 112.2(1) 113.6 112.8
reference 22 23

TABLE 4: Structural Parameters Determined for HFC
134a; One Sigma Uncertainties Are Given in Parentheses

parameter fit 1 fit 2 fit 3 (fixrCC)

rcc/Å 1.514(6) 1.505(4) 1.511
∠CCF/deg 109.8(2) 111.21(1) 109.73(2)
∠CCF′/deg 111.21(2) 111.21(1) 111.21(1)
∠CCF′′/deg 108.4(6) 108.5(3) 108.62(1)
CF3-C tilt 0 1.9(1) 0
σ/uÅ2 0.019 0.011 0.018
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Group theory predicts that there should be a total of 18
vibrational modes, with 11 A′ (totally symmetric) and 7 A′′
(non-totally symmetric) modes. Both A′ and A′′ vibrations are
infrared and Raman active. The Raman vibrations of A′
symmetry are expected to be (fully or partially) polarized,
whereas the A′′ vibrations are depolarized. The A′ vibrations,
which have electric dipole transition moments parallel to the
symmetry plane, will exhibit hybrida/b-type infrared bands,
whereas the A′′ vibrations, which have transition dipole mo-
ments perpendicular to the symmetry plane, will exhibitc-type
band shapes. Furthermore, since HFC 134a is a near-prolate
asymmetric top (κ ) [(2B- A- C)/(A- C)] ) -0.97, where
the rotational constantsA, B, andC are given in Table 2), which
is very close to being a symmetric top (κ ) -1), it is expected
that the A′ and A′′ vibrational band shapes will appear, to first
order, similar to the parallel and perpendicular bands of a

symmetric top.25 In Table 5 the polarizations are also listed
for the more intense Raman lines. The total number of
fundamentals observed and assigned is 18, consistent with the
group theoretical prediction. The assignments given in Table
5 are generally consistent with the results of the earlier studies,
although several differences will be discussed further below.
In Table 6 we list the integrated infrared band intensities for

HFC 134a. The integrated band intensities,S, are defined by26

wherea(ν) is the absorption intensity at frequencyν, I0(ν) and
I(ν) are the incident and transmitted intensities at frequencyν,
respectively,T(ν) is the transmittance at frequencyν, c is the
concentration, andd is the path length. The limits of integration
for each band are also given in Table 6.
In Figure 2 we show details of the infrared spectrum between

1400 and 1500 cm-1. The two bands shown are assigned as
having A′ symmetry, with theν2 band at 1465 cm-1 exhibiting
ana-type band shape, whereas theν3 band at 1429 cm-1 is of
hybrida/b nature. The symmetric appearance ofν2 is indicative

Figure 1. Infrared transmittance (top) and Raman (bottom) spectra of HFC 134a. The spectral resolution of the infrared spectrum is 0.2 cm-1,
while that of the Raman spectrum is about 1 cm-1. The HFC 134a pressure was 101.3 kPa for the Raman data, whereas for the infrared spectrum
pressures of 1.33 kPa were used in the far-infrared region (below 600 cm-1) and 0.67 kPa in the mid- and near-infrared regions (above 600 cm-1).
The vertical line that appears at 600 cm-1 in the infrared spectrum separates the data measured at those two pressures. The path length of the gas
cell used for the infrared measurements was 25.3 cm.

TABLE 5: Infrared and Raman Bands of HFC 134a
(CF3CFH2); Band Positions Are Defined as Energies of Peak
Intensities; Accuracies of Band Positions Are Estimated to
be 1 cm-1 for the Infrared and 5 cm-1 for the Raman
Measurementsa

mode symmetry
infrared
(cm-1)

Raman
(cm-1)

Raman
polarization

ν1 A′ 2984 2985 vs P
ν2 1465 1464 m P
ν3 1429 P
ν4 1298 1301 m
ν5 1186
ν6 1106 1107 m P
ν7 845 843 vs P
ν8 666 673 m P
ν9 549 557 m P
ν10 410 410 m P
ν11 226 230 vw
ν12 A′′ 3013 3010 w DP
ν13 1301 1301 m DP
ν14 1203 1189 m DP
ν15 975 975 w DP
ν16 533 542 w
ν17 351 355 w
ν18 109 113 vw

a Point group: Cs. Irreducible representations: 11A′ + 7A′′.
Activity: infrared, 11A′ + 7A′′; Raman, 11A′ + 7A′′.

Figure 2. Infrared spectrum (0.05 cm-1 resolution) of HFC 134a
showing theν2 andν3 modes.

S)∫banda(ν) dν ) 1
cd∫bandln(I0(ν)I(ν) ) dν )

1
cd∫bandln( 1

T(ν)) dν
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of an unperturbeda-type band in which the ground- and excited-
state rotational constants are approximately equal and similar
to the constants of the related hot bands.27

In Figure 3 we show a section of the far-infrared spectrum
(50-600 cm-1) and the corresponding region of the Raman
spectrum. There are two strong Q-branch Raman features that
correspond with the A′ modes at 410 cm-1 (ν10) and 549 cm-1
(ν9) in the infrared spectrum. A third broad A′ symmetry Raman
mode appears at 230 cm-1 (ν11), while two modes of A′′
symmetry appear at 355 cm-1 (ν17) and 542 cm-1 (ν16). The
latter two modes havec-type infrared band shapes, whereas the
mode at 230 cm-1 appears to have ab-type shape (that is, a
central intensity minimum). It is interesting that theν17 Raman
mode at 355 cm-1 has a central minimum, similar to that of a
b-type infrared band. However, since this is an A′′ symmetry
Raman mode, rather than having a dipole moment along theb
principal axis (which would of course correspond to the case
of an A′ symmetry infrared mode), here the central minimum
implies that theRxz component of the Raman polarizability
tensor is nonzero for this vibration, leading to rotational
transitions that have the same selection rules as forb-type
infrared bands except for the additional presence of transitions
in which∆J) (2.25 Thus the Raman band shape is consistent
with the assignment of this vibration as having A′′ symmetry.
Similar consideration of the other infrared and Raman band
shapes, combined with Raman polarization measurements,
facilitated the assignments given in Table 5.
In Figure 4 we show detailed views of three infrared bands

whose relation will be discussed further below in the section
on high-resolution infrared spectroscopy of the 975 cm-1

vibrational band. Figure 4 shows theν18 A′′ torsion at 110
cm-1, the ν8 665 cm-1 A′ band assigned to a CF3 symmetric
deformation,12 and theν15 975 cm-1 A′′ band which has been
assigned to the CH2 rock.12 The ν18 torsion is ac-type band
that exhibits a considerable amount of sharp Q-branch structure,
much of which presumably originates from hot bands, whereas
theν8 band is ana/b hybrid. Theν15 band, which is discussed
in detail below, is ofc-type. In general the most reliable
determination of vibrational assignments based upon band

shapes is made from the spectra of jet-cooled molecules, and
such work can be found in ref 11.
High-Resolution Infrared Spectroscopy. The molecular-

beam infrared spectrum of HFC 134a reveals that there are two
c-type bands underneath the low-resolution gas-phase feature
at 975 cm-1. The two bands, with centers near 974.35 and
974.87 cm-1, have nearly equal intensities, as can be seen in
the sample spectra shown in Figure 5. Both bands originate
from the vibrational ground state, as verified by microwave-
infrared double resonance and precise ground-state combination
differences. A total of 492 lines have been assigned for the
lower frequency band, and a total of 480 lines have been
assigned for the higher frequency band. Upper states are
characterized withJ values up to 28 andKa values up to 7.
The observation that both bands havec-type electric-dipole

selection rules establishes that the two upper state vibrations
are both of A′′ symmetry in Cs. This fact rules out the
assignment of Nielsen and Halley,5 who identified the low-
resolution feature at 975 cm-1 with theA′ symmetryν6 normal
mode. It is not likely that both of the observed vibrations are
normal modes, however, since the harmonic force field generally
does not allow two vibrations of the same symmetry to be
effectively degenerate. We conclude, instead, that the two
vibrations arise from a pair of interacting states. One of the
two states is the normal-mode vibration that carriers the infrared
intensity and the other state is a nearly degenerate vibration of
the same symmetry that interacts anharmonically with the
normal-mode vibration and borrows intensity through the
interaction. The observation that the intensities for the two
vibrations are nearly the same leads us to conclude that the two
states are each nearly 1:1 mixtures of the normal-mode vibration
and the background vibration. A pure 1:1 interaction implies

TABLE 6: Integrated Infrared Line Strengths for HFC
134a in Units of km mol-1 a

pressure (kPa)

mode 0.067 0.67 0.69 1.33 3.33 Gauss94

ν12955-3002 5.9 5.0 5.0 16.4
ν21449-1494 5.9 5.6 4.3 9.0
ν31398-1447 14.7 15.9 15.2 20.6
ν4 + ν51148-1232 396.0 sat sat 194.8
ν5 + ν41148-1232 sat sat 299.6
ν61081-1128 72.1 sat sat 111.8
ν7804-873 weak 18.5 17.3 19.7
ν8611-700 weak 40.4 sat 42.2
ν9 + ν16507-586 weak 13.8 10.8 13.3
ν10391-435 0.56 0.57 0.52 0.88
ν11180-262 2.3 2.7 2.6 4.1
ν123002-3041 1.9 1.1 1.5 23.3
ν131256-1329 294.4 sat sat 199.3
ν14 52.7
ν15 930-1012 60.4 60.1 61.3
ν16 + ν9 (seeν9 + ν16) 4.4
ν17324-387 1.6 1.6 1.2 1.3
ν1875-142 6.1 5.8 5.5 7.0

a Total pressure in each case was adjusted to 100 kPa using N2. The
gas cell path length was 25.3 cm. Spectral resolution was 0.05 cm-1.
Note that (ν4 + ν5) were not well enough resolved to be separately
integrated, and (ν1 + ν12) were separately integrated, although they
were only slightly better resolved. The peak integration limits (in cm-1)
are given beside each mode label in the first column. The accuracy of
the intensity measurements is estimated to be(20%. The notation
satmeans that the spectral line was saturated at that pressure.

Figure 3. Far-infrared spectrum (0.05 cm-1 resolution) of HFC134a
(top) and corresponding region of the Raman spectrum (bottom). The
vibrations are labeled according to the assignments in Table 5.
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an anharmonic matrix element,W, of half the separation between
the two observed vibrational band origins, i.e.W≈ 0.26 cm-1.
Attempts were made to fit the rotational term values for the

two bands to the Watson asymmetric-rotor Hamiltonian. The
term values were determined by adding the calculated ground-
state rotational energies to the observed infrared transition
frequencies. This procedure does not contribute any significant
error to the infrared analysis since the ground-state rotational
term values are determined to a precision of∼100 times better
than the infrared frequency measurements.
The term values for the lower frequency band are fit to a

standard deviation of 8.2 MHz to a vibrational origin,ν0,
rotational constants,A, B, and C, and quartic centrifugal
distortion constants,δJ, δK, ∆J, ∆JK, and∆K (Table 2). The
same set of constants fit the higher frequency vibration to a
standard deviation of 12.9 MHz. These standard deviations are
significantly larger than our typical measurement precision of
∼0.25 MHz. For the higher frequency band the (observed-
calculated) deviations are greatest forKa ) 3, and for the lower
frequency band they are greatest forKa ) 4. TheseKa values
represent the closest approach of theKa stacks for the two
vibrations, for Ka values differing by 1. This observation
suggests that the two anharmonically mixed vibrations are
further coupled by a symmetry-allowedc-type Coriolis interac-
tion which has matrix elements with∆Ka ) (1.
To determine the magnitude of the Coriolis interaction, we

have fit the two vibrational states simultaneously to determine
a set of rotational and centrifugal distortion constants for the
two states, the band origins for the two states, and a Coriolis

interaction constant,ú, where the Coriolis operator is taken as
-2úCJc, wereC is a rotational constant andJc is the component
of the angular momentum along thec-inertial axis. The constant
2úC is actually determined in the fit; however,ú is reported by
dividing úC by the final value forC of 2755 MHz. Also, the
band origin for the lower state is fixed at the term value position
of the 000 state, so that only the difference between the band
origins for the two states is determined. With the above fitting
procedure, the rotational constants, distortion constants, and
Coriolis constants are, in effect, determined in a representation
in which the anharmonic and normal-mode part of the vibra-
tional Hamiltonian are diagonal. To simplify the calculation
of the Coriolis interaction, we quantize the body-fixed angular
momentum along thec-inertial axis by using theIII r representa-
tion. Thus the centrifugal distortion constants obtained for the
excited state cannot be directly compared with the ground-state
values which were calculated in theIr representation. The values
of the ground-state distortion constants in theIII r representation
areδJ ) 0.2294(38) kHz,δK ) 1.7512(77) kHz,∆J ) 0.960
(16) kHz,∆JK ) 2.938(23) kHz, and∆K ) -3.397(15) kHz.
The results of the Coriolis fit are given in Table 2. The

Coriolis constant determined from the fit is small, with 2Cú )
33.6(3) MHz. The rotational constants for the two states are
nearly identical, consistent with our picture of nearly 1:1 mixing
of the two zeroth-order vibrations by the anharmonic interaction.
For the two vibrations the rotational constants differ by at most
0.07%, whereas they differ by as much as 0.3% from the ground-
state values. Although the standard deviation of the fit is
significantly better at 3.4 MHz, it is still more than a factor of
10 worse than the 0.25 MHz experimental precision. Ideally,
to further improve the fit we would explicitly include the
anharmonic interaction between the two states, since the model
at its present level does not includeJ and Ka tuning of the
unperturbed energy level separation over which the anharmonic
matrix element operates through second-order perturbation
theory. Unfortunately, this tuning of the resonance is extremely
small, as evidenced by the small (3.4 MHz) standard deviation
of the fit, and thus will not allow us to determine the anharmonic
interaction strength precisely. We note, however, that both the
relative intensities and the nearly identical rotational constants
for the two states are consistent with an anharmonic matrix
element of∼0.26 cm-1 between the two zeroth-order states.
Ab Initio Calculation of Vibrational Spectrum. The

vibrational spectrum of HFC 134a was calculated in the double-
harmonic approximation at the Hartree-Fock level using the
split-valence, polarized basis set 6-31G*.28 Optimized molec-
ular geometries and harmonic vibrational frequencies were
calculated. As usual,29 the calculated frequencies were scaled
by 0.893 in order to predict fundamental vibrational frequencies,
which are those observed experimentally.
In Table 7 we list the calculated structural parameters,

vibrational frequencies, integrated infrared band intensities,
Raman depolarization ratios, and rotational constants for HFC
134a. The calculated frequencies are compared with various
experimental3-7,10-12 and calculated7,11,12 values from the
literature in Table 8, while the calculated infrared band
intensities are compared with the measured intensities in Table
6.
Calculation of Ideal Gas Heat Capacity. On the basis of

our vibrational assignments, it is possible to calculate the
vibrational heat capacity of HFC 134a, and in this section we
describe that calculation. There has been a long history31 of
calculation of thermodynamic properties of gases from vibra-
tional data, and such calculations have been reported for HFC
134a based upon measured vibrational energies1,32and calculated
vibrational energies.13 An equation of state that describes the

Figure 4. Infrared spectra (0.05 cm-1 resolution) of HFC 134a showing
theν18 torsion (top), theν8 CF3 symmetric deformation (middle), and
theν15 CH2 rock (bottom). The peaks labeled 1, 2, and 3 for the torsion
(ν18) are tentatively assigned as theV ) 1r 0, theV ) 2r 1, and the
V ) 3 r 2 transitions. These assignments are described more fully in
the text.
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thermodynamic properties of this refrigerant has also been
developed recently.33 The heat capacity of an ideal gas is given
by

where tr, rot, and vib label the translational, rotational, and
vibrational contributions. For a rigid nonlinear polyatomic
molecule the translational and rotational contributions are given
by

and

wherekB is Boltzmann’s constant andN is Avogadro’s number.
In the harmonic oscillator approximation, the vibrational
contribution to the heat capacity is given by

where theθj
vib are the vibrational frequencies in K,T is the

absolute temperature, and the sum is over the 18 normal modes
of vibration. Using these expressions we have calculated the
heat capacity as a function of temperature, and the results are
shown in Figure 6 (top). Also included for comparison in Figure
6 (top) is the heat capacity calculated using the scaledab initio
harmonic vibrational frequencies from Table 7.

In the specific heat calculation we have treated the hindered
torsional vibration in several different ways for comparison. In
Figure 6 (bottom) the torsional contribution to the heat capacity
is shown assuming it to be a harmonic oscillator, a free rotor,
and a hindered rotor with a rotational barrier height of∼15
kJ/mol (V3 ) 1252 cm-1 andV6 ) 15 cm-1) and a moment of
inertiaF ) 1.1230 cm-1, as estimated by Lopata and Durig.8

The assumption of an harmonic torsion is a reasonable ap-
proximation at low temperatures in light of the large barrier to
internal rotation (15 kJ/mol≈ 1800 K). On the other hand, as
the temperature increases to values for which free internal
rotation occurs, the contribution of this mode will become equal
to 1/2kBN.25 Between the low- and high-temperature limits the
torsional contribution to the heat capacity will be sensitive to
the details of the true torsional potential energy function and
will behave as shown in Figure 6 (bottom). It is interesting to
note that near room temperature the torsion contributes nearly
10% of the ideal gas heat capacity. At high temperature the
realistic treatment of the torsion slightly decreases the heat
capacity compared with the harmonic approximation.
The calculated heat capacity is only weakly sensitive to small

changes in the torsional barrier. For instance, if we change the
torsional barrier from 15 kJ/mol to 14 kJ/mol, we find that the
torsional contribution to the heat capacity changes by ap-
proximately 1%. The effect on the total heat capacity is an
order of magnitude smaller at 0.1%. Our proposed torsional
assignments discussed later suggest a barrier closer to 14 kJ/
mol.
The most accurate treatment of the full heat capacity of HFC

134a is that based upon an equation of state (EOS),33 which
includes the effects of nonideality due to intermolecular

Figure 5. Portions of the high-resolution (2 MHz) infrared spectrum of jet-cooled HFC 134a showing therQ3 Q-branches for the lower and upper
component of the Fermi dyad. The numeric labels give the assignments. Two transitions for eachJ are shown due to assymetry doubling. The
x-axis scale corresponds to the offset in MHz from either the R(18) or R(20) CO2 laser lines at 974.621 940 cm-1 and 975.930 440 cm-1, respectively.
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interactions. In that treatment33 the ideal gas heat capacity was
partly based upon speed of sound heat capacity measurements
made over the temperature range 233-340 K and also upon
caloric measurements of the real fluid to further extend the
temperature range from 172 to 473 K. Vibrational data were
excluded due to uncertainty arising from the torsional contribu-
tion to the heat capacity. We include in Figure 6 (top) a plot
of the function used33 to represent the ideal gas heat capacity
in the EOS for HFC 134a. The heat capacities calculated using
our vibrational data or the Gaussian 94 vibrational frequencies
are in excellent agreement with the EOS results over the
temperature range for which the EOS is stated to be accurate.
Furthermore, our vibrational data extend the temperature range
over which accurate experimental values of the ideal gas heat
capacity are available. It is also worth noting that there has
been a recent report of a calculation of the intermolecular
interactions for several HFCs, including HFC 134a, utilizing
molecular-dynamics simulations.34 Thus one could in principle
use the results of those calculations in combination with anab
initio calculation, such as Gaussian 94, to calculate real gas heat
capacities, although perhaps not yet with the absolute precision
required for applications.

Discussion
The results of a number of infrared and Raman studies

summarized in Table 8 show a relatively consistent set of

choices for the vibrational frequencies, particularly in the more
recent studies. The experimental results are also fairly consistent
with the results of the calculations presented in Table 7, and
support the expectation that theab initio techniques are accurate
enough to make general vibrational band assignments for
molecules as complex as these. Furthermore, the intensities
predicted for the infrared bands (Table 6) are also quite close
to those measured, although there are a few significant discrep-
ancies. For example, the integrated intensities of the two highest
frequency vibrations, theν1 andν12 symmetric and asymmetric
CH2 stretches, are overestimated by nearly a factor of 10 in the
calculation. The other calculated intensities are within a factor
of 2 of the measured values, and in fact most are in considerably
better agreement than that. It is possible that a higher level
calculation using a larger basis set would give better results,
although the problem could lie in the theory itself. For example,
the double-harmonic approximation may not be valid for the
large amplitude H vibrations which could exhibit accentuated
anharmonic effects.
It is also worthwhile commenting upon the accuracy with

which theab initio calculation predicts the molecular structure

TABLE 7: Results of ab Initio Gaussian 94 Calculation; The
Basis Set Was HF/6-31G*

Structural Parameters

parameter value

rCC 1.507 Å
rCF 1.324 Å
rCF′ 1.318 Å
rCF′′ 1.355 Å
rCH 1.080 Å
∠CCF 109.1°
∠CCF′ 111.7°
∠CCF′′ 108.7°
∠CCH 109.2°
dipole moment 2.14aD

Vibrational Energies, Integrated Infrared Band Intensities,
Raman Band Intensities, and Raman Depolarization Ratios

mode
energy
(cm-1)

infrared band
intensity
(km mol-1)

raman
intensity
(Å4/amu)

raman
depolarization

ratio

A′
ν1 2929 16.4 88.9 0.10
ν2 1482 9.0 7.32 0.748
ν3 1445 20.6 0.769 0.48
ν4 1301 194.8 1.85 0.70
ν5 1214 299.6 2.37 0.748
ν6 1100 111.8 4.05 0.50
ν7 826 19.7 5.50 0.051
ν8 644 42.2 1.46 0.72
ν9 529 13.3 1.19 0.48
ν10 397 0.88 1.16 0.51
ν11 208 4.1 0.0346 0.43

A′′
ν12 2984 23.3 47.4 0.75
ν13 1312 199.3 4.73 0.75
ν14 1198 52.7 5.46 0.75
ν15 978 61.3 2.95 0.75
ν16 515 4.4 0.591 0.75
ν17 341 1.3 0.119 0.75
ν18 104 7.0 0.0028 0.75

Rotational Constants (MHz)

A B C

5491.4 2866.4 2826.6

a Experimental values are 1.80( 0.22 D2 and 2.058( 0.010 D.30

Figure 6. (top) Ideal gas heat capacity of HFC 134a, calculated using
eqs 1-4 with the vibrational frequencies given in Table 5, including
the rotational and translational contributions (crosses). The heat capacity
calculated from the same vibrational data, but using a realistic torsional
potential energy function with a barrier of∼15 kJ/mol (V3 ) 1252
cm-1, V6 ) 15 cm-1) andF ) 1.1230 cm-1 8 in place of a harmonic
torsion, is shown as a solid line. This yields a slight increase of the
heat capacity just below 500 K and a decrease above 700 K. The result
of the same calculation, using the vibrational frequencies predicted by
theab initioGaussian 94 calculation (Table 7), is shown as open circles.
Note that theab initio result lies nearly on top of the experimental
result. Finally, the ideal gas heat capacity used in an equation-of-state
(EOS) treatment of the thermodynamic properties of HFC 134a33 is
shown as a dotted line. (bottom) The contribution of the internal rotation
to the heat capacity for three different models, a harmonic oscillator,
a free rotor, and a hindered rotor with a barrier of∼15 kJ/mol (V3 )
1252 cm-1, V6 ) 15 cm-1) andF ) 1.1230 cm-1 .8
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of HFC 134a. Comparing the results in Tables 2 and 4
(experiment) with those in Table 7 (calculation) leads us to the
conclusion that the predictions of theab initio calculation are
in reasonably good agreement with the measured bond lengths
and angles for HFC 134a. Other static molecular properties,
such as the dipole moment, are also predicted fairly accurately.
Thus it seems that calculations at the Hartree-Fock level, using
a relatively small basis set such as HF/6-31G*, can serve as a
reasonably accurate guide to the geometric, vibrational, and
rotational properties of molecules as complex as HFC 134a,
although for those that do not have 3-fold symmetric torsional
potentials, such as HFC 134 (CF2HCF2H) and HFC 143 (CF2-
HCFH2),32 it would be desirable to make additional studies.
Turning now to a discussion of the high-resolution infrared

spectroscopy of the 975 cm-1 band, in early infrared studies
this band was assigned as both an A′ 5 and an A′′ 4 symmetry
fundamental. More recent work6,7,10,11supports the A′′ assign-
ment. Here we definitively establish the symmetry of the 975
cm-1 band as A′′ from the observed rotational selection rules
on the resolved rovibrational transitions. Furthermore, a recent
study11 of this band using high resolution Fourier-transform
spectroscopy of HFC 134a molecules cooled in a molecular
beam assigned the 975 cm-1 band to theν15 fundamental
interacting with theν15 + ν18 r ν18 hot band. To account for
the observed intensity of this torsional hot band it was necessary
to postulate that the torsion was not in thermal equilibrium with
the other normal modes of the molecule which were found to
have a temperature of 65 K. The authors of ref 11 suggested
that their data were consistent with a torsional temperature of
300 K. Our precise combination differences and microwave-
infrared double-resonance measurements definitively establish
that the 974.9 and 974.3 cm-1 components of the spectrum both
originate from the vibrational ground state and not from a
torsional hot band. This assignment obviates the need for such
a warm torsional vibration in the supersonic expansion of ref
11 and also is consistent with previous experiments by several
of us where we have observed a degree of torsional cooling
similar to that experienced by the other vibrational modes.36

It is interesting to speculate on the origin of the A′′-symmetry
perturbing state interacting with the assumedν15 normal mode
at 975 cm-1. Our ability to identify the perturbing state requires
reliable assignments and accurate frequencies for all the normal-

mode vibrations below 975 cm-1. Several conflicting normal-
mode assignments have been proposed for HFC 134a. The
results from these assignments for the normal modes are
summarized in Table 8. Only modes with energies below 975
cm-1 need be considered. A possible perturbing state, selected
on the basis of energy match to theν15 level and the requirement
of the same irreducible representation, that is A′′ symmetry, is
a combination vibration consisting of three quanta in the torsion
and one quanta in the 666 cm-1 CF3 symmetric deformation
mode. If we choose (somewhat arbitrarily) the features in the
spectral region of the torsion at 104.963 cm-1 as theV ) 1 r
0 torsional transition, at 102.95 cm-1 as theV ) 2r 1 transition,
and at 101.375 cm-1 as theV ) 3 r 2 transition, then 3ν18 +
ν8 (where theν8 origin is chosen as 665.5 cm-1, see Figure 5)
is equal to 974.788 cm-1, quite close to the observed high-
resolution band positions. These choices for the torsional levels
can be compared to the results of Raman measurements where
the same level separations were given as 107, 106, and 102
cm-1 .8 Of course it may be possible to choose a different set
of torsional features that will also fit the requirements, and
without detailed assignments for the torsional fine structure
shown in Figure 5 we cannot be certain that these assignments
are correct, but they are plausible. AV ) 1 r 0 torsional
frequency of 104.9 cm-1 corresponds to a barrier of 13.7 kJ/
mol (V3 ) 1144 cm-1). This barrier gives values for theV )
2 r 1 and 3r 2 transitions of 102.3 and 99.5 cm-1 compared
to the assigned values of 102.95 and 101.38 cm-1. The
discrepancies between these values could be compensated by
the use of higher order terms in the Fourier expansion of the
potential; however, the present uncertainty in the torsional
analysis does not warrant such a detailed treatment.
A second reason for choosing the 3ν18 + ν8 assignment for

the perturbing combination band is based upon observations36

concerning torsional vibrations in HFC 143a, CF3CH3. In this
molecule high-resolution infrared spectroscopy has demonstrated
an anharmonic interaction between theν10 fundamental near
970 cm-1 and the 2ν6 + ν11 combination band. Here theν6
mode is the torsion, theν11mode is a CF3 deformation, and the
970 cm-1 fundamental is the CH3 rock. That assignment was
confirmed by the observation of tunneling splittings in individual
rovibrational transitions of the 970 cm-1 band due to internal
rotation of the CH3 group. This situation is similar to what we

TABLE 8: Measured and Calculated Vibrational Energies (cm-1) for HFC 134a, Including Normal Mode Assignments;
Experimental Values Are on the Left Side of the Table (Bold Type), While Values Predicted by Theoretical Treatments Using
the Basis Sets Listed Are Given on the Right (Plain Type)

mode

IR
(this work
and ref 10)

Raman
(this work
and ref 10)

IR
(ref 11)

IR
(ref 7)

IR
(ref 4)

IR and
Raman
(ref 5)

IR and
Raman
(ref 1)

IR
(ref 6)

HF/6-31G*
(this work)

MP2/6-311
(ref 11)

MP2/6-31
(ref 7)

normal
coordinate
(ref 12)

A′
ν1 2984 2985 2984 2981 2984 2984 2984 2986 2929 3041 3169 2984
ν2 1465 1464 1464 1462 1431 1464 1464 1427 1482 1476 1563 1431
ν3 1429 1430 1428 1296 1427 1427 1296 1445 1447 1508 1371
ν4 1294 1294 1301 1096 1298 1298 1186 1301 1304 1363 1298
ν5 1186 1186 1185 1067 1103 1103 1103 1214 1191 1246 1191
ν6 1106 1107 1105 1104 908 972 972 1070 1100 1109 1147 1096
ν7 845 843 844 843 844 843 842 846 826 836 865 853
ν8 666 673 666 666 666 665 665 666 644 655 668 661
ν9 549 557 549 549 550 549 549 557 529 541 549 546
ν10 410 410 409 408 358 408 408 410 397 406 413 385
ν11 226 230 225 225 201 225 225 222 208 215 216 246

A′′
ν12 3013 3010 3013 3010 3015 3013 3013 3015 2984 3112 3245 3015
ν13 1301 1301 1301 1294 1374 1182 1374 1463 1312 1308 1360 1302
ν14 1203 1189 1203 1191 1189 665 1182 1296 1198 1203 1247 1199
ν15 975 975 974 973 972 539 885 971 978 971 1021 967
ν16

542 533 540 541 352 539 542 515 524 530 545
ν17 351 355 352 358 407 225 352 358 341 348 358 358
ν18 109 113 109 110 124 120 120 112 104 111 114 139
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propose for HFC 134a and gives us additional confidence that
our identification of the general nature of the perturbing state
as involving the torsion is correct, although as pointed out above
any tunneling splitting in the spectrum of the HFC 134a
molecule is below our experimental spectral resolution, which
is not unexpected on the basis of the mass of the internal rotor
and the conformational barrier height of∼15 kJ/mol.8

We expect that the results of this study will be important for
several reasons. First, it is likely that with increased use of
hydrofluorocarbons such as HFC 134a their atmospheric
concentration will increase in the future. It is presently believed
that the primary route of removal of HFC 134a from the
troposphere is via degradation to trifluoroacetyl fluorides
followed by hydrolysis to trifluoroacetic acid.37 The tri-
flouroacetic acid may be removed by precipitation in rainfall,
and recently evidence has been presented for the appearance of
elevated trifluoroacetic acid levels in seasonal wetlands.38

Clearly atmospheric monitoring of HFC 134a (and trifluoroacetic
acid) concentrations by infrared spectroscopy will be a valuable
measure of these processes, and the assignment of HFC 134a
vibrational modes and intensities is a prerequisite to such
studies.39 Second, several of us have recently presented results
of vibrational studies of HFC 134a molecules adsorbed on the
surface of NaX zeolite10,40 that were undertaken in order to
understand the ability of this zeolite to separate HFC 134a from
its isomer HFC 134 (CF2HCF2H). Detailed modeling of the
vibrational properties of the adsorbed species requires a good
understanding of the molecular force field for the free molecule
as a starting point, and it was for this reason that this study
was begun. The measurements reported herein will thus also
serve to facilitate interpretation of adsorbate spectra in catalytic
systems. In fact, it is possible that HFC 134a may undergo
heterogeneous atmospheric chemistry, for example on the
surfaces of ice particles,39 in addition to the homogeneous
reactions already described, and perhaps increased understanding
of surface chemical reactions will suggest interesting directions
for atmospheric studies. Furthermore, from the purely spec-
troscopic perspective, understanding the vibrational spectrum
of a molecule as “simple” as HFC 134a offers a test of our
abilities to both experimentally resolve and theoretically describe
a number of subtle intramolecular interactions, and the work
presented here should stimulate further spectroscopic work on
the fluorinated ethanes. In particular, high resolution far-infrared
studies (see, for example, ref 41) of the internal rotations of
fluorinated ethanes in molecular beams would be of great interest
in furthering our understanding of the torsional potential energy
surfaces for C-C bonds. Finally, we believe that we have
demonstrated that thermodynamic properties (such as the ideal
gas heat capacity) determined from either our vibrational data
or the results ofab initio calculations are now sufficiently
accurate for use in equation-of-state treatments of thermody-
namic properties for HFC 134a.
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