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The hydrofluorocarbon HFC 134a (gBFH,) is the primary replacement for the chlorofluorocarbon CFC 12
(CELCIy) 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 C@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 9#assigned here and

in some of the earlier studies as thg, A"'-symmetry, CH rock. Two nearly equal-intensity-type bands

are observed under high resolution with origins at 974.35 and 974.8Y. chlne presence of two vibrational

bands of A' symmetry is attributed to strong anharmonic mixing ofthgvibration with a nearby combination
vibration. On the basis of our low-resolution infrared measurements, we identify the perturbing state as the
3v1g + vg 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 sets or force fields foab initio electronic-structure or molecular-

Because of their less deleterious effect on the ozone chemistryMechanics calculations of various molecular properties.
of the upper atmosphere, there has been much recent interest There has been a large number of studies of the vibrational
in the fluorinated hydrocarbons (HFCs) as replacements for the Spectroscopy of fluorinated ethanes reported during the past 50
chloroflurocarbons (CFCs) widely used in many industrial and years. The spectra of these molecules are of intrinsic interest
consumer applications. To assess the utility of the HFCs as since a number of subtle interactions are expected to be present
substitutes for the CFCs, it is necessary to have availableand comparison of accurate measurements with the results of
fundamental chemical and physical data to allow estimates to calculations provides a stringent test of our level of understand-
be made of their thermodynamic properties, atmospheric spectrajng of intramolecular phenomena such as anharmonic and
toxicity, flammability, etc. For instance, rotational and infrared Coriolis coupling. In particular, the presence in these molecules
spectroscopic measurements provide rotational constants anaf hindered internal rotation offers an excellent opportunity to
vibrational frequency data that can be used for the direct enhance our understanding of the interactions that determine
calculation of the atmospheric spectra and thermodynamic the conformations of organic molecules. The presence of the
properties of the HFCS. In addition, the spectroscopic mea- low-frequency torsional vibrations, however, also greatly com-
surements provide reliable calibration points for optimizing basis plicates the spectroscopic measurements by introducing a high
- - density of vibrational hot bands in spectra measured at room

TgorfesF’O”d'”g author. temperature, and it is as a result of all these factors that there
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resolution 1Qum infrared spectrum of HFC 134a, perhaps the TABLE 1: Observed Fourier Transform Microwave
most important of the HFCs, which is presently replacing CFC Transition Frequencies (in MHz) for HFC 134a and °C
12 (CRCly) in refrigeration and air conditioning systems. Isotopomerst
The microwave measurements, made with a pulsed-molec- J Ka' K J' Ki' K" CRCHF “CRCHF “CR“CHF

ular-beam Fourier-transform microwave spectrometer, extend 6 7346.429
to higher resolution and to the moA# substituted isotopomers 5 7448.167
the Stark-modulation waveguide-cell results of Ogata andMiki 4 7537.529
on the ground and first excited torsional levels of the normal g ;gésgﬁ
isoto_pic species. At the approximately 2_kHz res_olution ofthe 5 7788.520
Fourier-transform measurements, no evidence is observed for 3 7848.394
any torsional splittings arising from internal rotation about the 4 7928.411
C—C bond. This observation is consistent with the high barrier 5 8028.690
to internal rotation of 15.0(6) kd/mol implied by the torsional é gﬁg'ggg 8113.651  8056.041
vibrational spacings obtained from low-resolution Raman - 8290.709
measurementsand our low-resolution infrared data. ) 8452.810
The low-resolution infrared and Raman measurements, in 2 8560.437 8549.864 8515.507
combination with earlier resulfs!! are used to develop reliable 9 8635.855
assignments for all 18 vibrations. We also report integrated 3 8888%1%%52%
infrared band intensities and use our vibrational frequencies to 7 0065.441
calculate the ideal gas heat capacity for HFC 134a. The normal- 3 9046.252
mode assignments have also been compared with the results of 4 9352.282
ab initio calculations undertaken previoush12 and in the 4 9359.190
present work. 13 97580-3575
In the high-resolution infrared study we have used-~&h g 8722:339
MHz resolution tunable-microwave-sideband £&ser and an 6 10166.464
electric-resonance optothermal spectrometer to investigate the 6 10166.464
infrared spectrum of the 975 cthband of HFC 134a. This 15 10180.694
band has been previously attributed to th& #s normal igg;iggg

mode&-511 or to the A vg normal mode. Our observed
rotational spectrum shows the band to dype, definitively
establishing the symmetry of the normal mode d& An

11077.495 11069.568 10998.976
11116.833 11108.850 11047.470
11157.057 11149.014 11097.348

addition, we find that the 975 cm normal mode is in nearly 12774.564
1:1 anharmonic resonance with an essentially degenerate 12812.316
combination vibration, with an anharmonic matrix element of iggg?gg%
~0.26 cntl. A consequence of the resonance is that the low- 12869 143
resolution Q-branch is less pronouned than typically expected 12875.915
for c-type bands. The degradation of the Q-branch is most likely 12879.409
the origin of the previous assignmewf the spectrum to an'A 12881.708
normal mode. 12882.797
12885.146

) _ 12889.399
Experimental Section 12896.299
12906.691

Low-resolution (0.05 cm?) infrared data were obtained with
a Bruker 113v Fourier-transform infrared spectrometer using a

13633.890 13628.551 13530.939
14157.007 14142.393 14085.933

4.2 K Si composite bolometer in the far-infrared and a 77 K 14303.283
HgCdTe detector in the mid-infrared. Various gas presssures, 14703.364
measured with a Leybold capacitance manometer, were used. ﬁggg'g%

Raman data were measured using a SPEX triple spectrometer,
the 5145 A line of an Ar ion laser, and a laser power of
approximatel 1 W at thesample. The data were obtained using
a 90 scattering geometry and gas pressures of BID kPa.
Polarized data were also obtained to aid with vibrational
assignments. @ One standard deviation uncertainties on the transition frequencies

The microwave measurements were made using Balle are~2kHz.

Flygare-typé* pulsed-nozzle Fourier-transform microwave spec- . .

trometers at NIST and Kiel’® Measurements were made for Knowledge of the Doppler shift arising from the nonorthogonal
the normal species, and for both moKG-substituted isoto- crossing of the molecular and Ias_er beams, the relative prec_ision
pomers in natural abundance, using the arrangement of GrabowPf the frequency measurements is nearly an order of magnitude
and Stah¥” in which the molecular beam is directed down the Petter,~0.25 MHz (o). The infrared assignments were aided
cavity axis. This configuration provides an approximate factor PY microwave-infrared double resonance and by comparision

of 10 gain in sensitivity and resolution over the initial cross- Of the infrared combination differences with the precise
cavity arrangement of Balle and Flygdre. combination differences calculated from the new microwave

emeasurements.

16604.034 16497.993
16662.095 16569.399
16663.827 16572.138
16665.662 16574.975
16723.200 16645.546

FONORNNRPRERORWWWWWWWWWWWWWRORUIUNERAWWNNNRENONNRNONNNRRNNNNNNNNN
NPFNOOWWRAWAONOURAWNRFORNWAUORNNWN RONNWRNWNBSOWONNOURRAWNRORNWA
NRNRNRNNRARWWONRFONOUARWRIONRORRROOLHUUARLGWWNEENORONOOURWNNWA OO
FORNNNRNRENRNOURAWNRNWANONORRORHORROLRORELEOORONOOURWNRNWAWG

PONORWWNNRONNNNNNNNNNNNNROROOmUURR LWWON R R NRRPRPRRORRRRPRRRRP R

WWWWWAOArBRWNONODODRWWRARUUONOWONNNDNN

The electric-resonance optothermal spectrometer and tunabl
microwave-sideband COlaser source have been described
previously!® The resolution of the spectrometer is approxi-
mately 3 MHz. Although the absolute uncertainty of the Microwave Spectroscopy and Molecular Structure Analy-
frequency measurements is only 2 MHz)1llimited by our sis. The initial microwave measurements for the normal isotopic

Results
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TABLE 2: Spectroscopic Constants for HFC 134a

v15 Fermi dyad

ground state upper lower
CRCH,F B3CRCHF CR¥CH,F component 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)
0y/kHz 0 0.71(24)
OklkHz 1.766(52) b b 1.08(48) 0.40(49)
AykHz 0.5012(87) b b 1.53(47)
AsxlkHz 4.3132(55) b b 1.2(14) 2.7(15)
Ax/kHz -3.396(15) b b —2.28(97) —3.81(10)
vicmt 974.874 136(21) 974.345 616(8)
s 0.006 096(49)
olkHz 3.1 21 1.7 3.4 MHz

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

species were guided by the Stark-modulation waveguide resultsTABLE 3: Geometry Parameters Assumed in Structure
of Ogata and Mik? Botha- andb-type transitions are observed, Fits; One Sigma Uncertainties Are Given in Parentheses

samplingJd levels up to 15 and, levels up to 4 for the most parameter MW ED average

abundant isotopomer. The observed transitions for the normal From CRCHs

and two13C isotopomers are given in Table 1. No evidence rer RerlA 1.335(5) 1.340(2) 1.338

was found for any internal-rotation splittings at the better than ~ OCCF(F)/deg 111.0(3) 111.9(2) 1115

5 kHz resolution of the experiments, as expected for a molecule ~ reference 20 21

with such a high barrier and large reduced mass for internal From CHCH,F

rotation. reelA 1.387(3) 1.397(4) 1.392
The observed transitions were least-squares fit to the Watson DC’CEI\F”/deg 1183'45(14) 1138'74(22) 1168'50

asymmetric-rotor Hamiltonidfiin the A-reduced’ representa- rch/CH 112 2((1)) 113 6( ) 112.8

tion to determine the rotational and centrifugal distortion reference 29 23 '

constants listed in Table 2. The sm&T data sets do not allow _
as complete a centrifugal distortion analysis as is possible for TABLE 4: Structural Parameters Determined for HFC
the12C species. Indeed, the preséi€ data are only sensitive 134a; One Sigma Uncertainties Are Given in Parentheses

to theA; andA ik distortion constants, primarily due to the lack parameter fit1 fit2 fit 3 (fixrco)
of any Ka = 2 — 1 and higherK, transitions. Alternatively, redA 1.514(6) 1.505(4) 1511
we have fit the!3C data by constraining the distortion constants ~ OCCF/deg 109.8(2) 111.21(1) 109.73(2)
to thel?C values to obtain rotational constants that are corrected CCCF/deg 111.21(2) 111.21(1) 111.21(1)
for 0k and Ak contributions. The differences in the rotational Eg(_:'é/tﬂteg 0108-4(6) 11&2-)5(3) 0108-62(1)
constants obtained by fitting tHéC data toA, B, C, A;, and oluA2 0.019 0011 0018

Ak and toA, B, andC with the distortion constants constrained
to thel?C values are smalk4 kHz). An error of 4 kHz in the the MW and ED studies are in close agreement, we use the
rotational constants contributes insignificant errors to the bond average values from these data sets to serve as initial values
lengths and angles determined in the structural analysis. Thefor the CRCH,F analysis. Several fits were carried out varying
standard deviations of the fits o3 kHz are close to the  rcc, the CCF(F) angle, the CCFangle, and either a tilt of the
expected experimental precision o2 kHz. For CRCH,F symmetric Ck group or fitting the CCF and CCFangles
the 11,—0qp transition is weighted zero in the fit, since its independently. The results of these fits are shown in Table 4.
inclusion in the fit increases the standard deviation by a factor A fit with the CFs group symmetric about the-€C bond axis
of 3. The frequency of this transition {-0qg) is poorly (i.e. no tilt) gave a standard deviation of 0.062dvhile fits
determined due to unresolved F nuclear sggpin hyperfine with a tilt of CF; or an asymmetric GFhad standard deviations
structure, which makes it difficult to resolve the Doppler 5—6 times smaller. The fitted €C bond length is correlated
doublets and thus accurately measure the center of the line. Thiswvith the CF and CFbond lengths, and the CCF angle, since
hyperfine broadening does not affect significantly the higher P = 1/2(1a + |p — lc) = M’ + mr2yy. Thus, the uncertainty
transitions since the hyperfine contribution to the line widths shown is larger than expected from the standard deviation of
decreases with. the fit and results from varying the-& bond lengths by-0.003

On the basis of a single isotopic form of HFC 134a, Ogata A. The C—C distance may be calculated by the Kraitchman
and Miki? derived a partial structure. With our additiof8C substitution metho@t yielding a valuers(C—C) = 1.511(2) A,
isotopic data, it is possible to improve upon their structural which is the mean of the fit 1 and fit 2 values in Table 4. A
analysis. Due to the presence of four F atoms, which cannot third fit was carried out in whicihcc was fixed at the substitution
be isotopically substituted, a number of assumptions must bevalue and is listed in Table 4 as fit 3. The-C distance agrees
made concerning the bond lengths and angles. As a startingquite well with the values reported for GEH,F, 1.512(2) &2
point, we have selected the €geometry from CECH;z and and 1.502(5) &2 and it is intermediate between the two values
the CHF geometry from CHCH,F. Both of these species have reported for CECHs, namely, 1.530(5) & and 1.494(3) &
been studied by microwave spectroscopy (MW) and electron Low-Resolution Infrared and Raman Spectroscopy. In
diffraction (ED) method3% 2% and a summary of the derived Figure 1 we show the low resolution infrared and Raman spectra
structural parameters pertinent to thesCH,F species is given  of HFC 134a. In Table 5 we list vibrational band positions
in Table 3. The F and'Fatoms lie in thea,b-plane trans to determined from the infrared and Raman data of Figure 1. HFC
one another, while the' &nd H pairs are located symmetrically 134a hasCs point group symmetry with the only symmetry
about thea,b-plane. Since the bond lengths and angles from element being a plane of symmetry that includes theCGxis.
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Figure 1. Infrared transmittance (top) and Raman (bottom) spectra of HFC 134a. The spectral resolution of the infrared spectruntis 0.2 cm
while that of the Raman spectrum is about 1énThe 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 60%) amd 0.67 kPa in the mid- and near-infrared regions (above 608)cm

The vertical line that appears at 600 ¢hin 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 ‘ ‘ ‘ ‘ ‘ ‘
(CFsCFHy); Band Positions Are Defined as Energies of Peak 0.8 v v :
Intensities; Accuracies of Band Positions Are Estimated to 8 2
be 1 cnt? for the Infrared and 5 cm 1 for the Raman 0.6 |
Measurements$ . ST i /‘, I
infrared Raman Raman E 4 ‘ I ]
mode symmetry  (cm?) (cm™) polarization £ 04 \ f‘ 7]
v A 2084  2985vs P ; \/\ f\
v 1465 1464 m P 02} / \ i 1
V3 1429 P ‘ / V\\
" 1298 1301 m 0.0 &~ - w ]
vs 1186 1400 1420 1440 1460 1480
Ve 1106 1107 m P 1
V7 845 843 vs P Energy (cm™')
Vs 666 673 m P Figure 2. Infrared spectrum (0.05 cm resolution) of HFC 134a
Ve 549 557 m P showing thev, andvs modes.
V10 410 410 m P
226 230 vw . o .
ZE A" 3013 3010 w DP symmetric top?®> In Table 5 the polarizations are also listed
Vi3 1301 1301 m DP for the more intense Raman lines. The total number of
Via 1203 1189 m DP fundamentals observed and assigned is 18, consistent with the
V1s 975 975w bP group theoretical prediction. The assignments given in Table
V16 533 242w 5 are generally consistent with the results of the earlier studies,
V17 351 355w . . .
Vis 109 113 vw although several differences will be discussed further below.
fo . ] o ., In Table 6 we list the integrated infrared band intensities for
Point group: C.. lrreducible representations: 11A- 7A". HFC 134a. The integrated band intensiti§sare defined b3f

Activity: infrared, 11X + 7A"; Raman, 11A+ 7A".

Group theory predicts that there should be a total of 18 1 1o(v)

vibrational modes, with 11 ‘A(totally symmetric) and 7 A S= ﬁan@(v) & =3 Jpana" o) dv =

(non-totally symmetric) modes. Both And A’ vibrations are

infrared and Raman active. The Raman vibrations of A 1 In(i) dv
symmetry are expected to be (fully or partially) polarized, caband |\ T(y)
whereas the Avibrations are depolarized. Thé gibrations,

which have electric dipole transition moments parallel to the wherea(v) is the absorption intensity at frequeneylo(v) and
symmetry plane, will exhibit hybridv/b-type infrared bands, I(v) are the incident and transmitted intensities at frequency
whereas the A vibrations, which have transition dipole mo- respectively,T(v) is the transmittance at frequeneyc is the
ments perpendicular to the symmetry plane, will exhibiype concentration, andis the path length. The limits of integration
band shapes. Furthermore, since HFC 134a is a near-prolatdor each band are also given in Table 6.

asymmetric top£ = [(2B — A — C)/(A — C)] = —0.97, where
the rotational constant, B, andC are given in Table 2), which
is very close to being a symmetric top€ —1), it is expected
that the A and A’ vibrational band shapes will appear, to first

In Figure 2 we show details of the infrared spectrum between
1400 and 1500 crit. The two bands shown are assigned as
having A symmetry, with the’, band at 1465 cm exhibiting
ana-type band shape, whereas thgband at 1429 cmt is of

order, similar to the parallel and perpendicular bands of a hybrida/b nature. The symmetric appearance pis indicative
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TABLE 6: Integrated Infrared Line Strengths for HFC

134a in Units of km molt2a
pressure (kPa)
mode 0.067 0.67 0.69 1.33 3.33 Gauss94
v12955-3002 59 5.0 5.0 16.4
v,1449-1494 59 56 4.3 9.0 —
v31398-1447 147 15.9 15.2 20.6 'S
v+ v51148-1232 396.0 sat sat 194.8 =4
vs + v41148-1232 sat sat 299.6 -
161081-1128 72.1 sat sat 111.8
17804—-873 weak 18.5 17.3 19.7
v5611—700 weak 40.4 sat 42.2
vg + v16507—586 weak 13.8 10.8 13.3
v10391-435 0.56 0.57 0.52 0.88
v11180-262 23 27 2.6 4.1
v123002-3041 19 11 15 23.3
v131256-1329 294.4 sat sat 199.3 35 . : . ]
V14 52.7 [ 1
v15930-1012 60.4 60.1 61.3 3010 ]
V16 + Vg (See'Vg + VlG) 4.4 F
117324387 16 16 1.2 1.3 @ o5 | ]
v1575—142 6.1 538 5.5 7.0 S T
a [

a Total pressure in each case was adjusted to 100 kPa usinghé e 20 F ;
gas cell path length was 25.3 cm. Spectral resolution was 0.05.cm 2
Note that ¢4 + vs) were not well enough resolved to be separately = 15[ ]
integrated, andi, + v1;) were separately integrated, although they G
were only slightly better resolved. The peak integration limits (imrYm § 1oL 1
are given beside each mode label in the first column. The accuracy of < '
the intensity measurements is estimated toH20%. The notation 05 3
satmeans that the spectral line was saturated at that pressure. -
of an unperturbed-type band in which the ground- and excited- 0 ~~355 200 300 200 500 500
state rotational constants are approximately equal and similar ;
to the constants of the related hot baAtls. Energy (cm™)

In Figure 3 we show a section of the far-infrared spectrum Figure 3. Far-infrared spectrum (0.05 cthresolution) of HFC134a
(50—600 cnt!) and the corresponding region of the Raman (top) and corresponding region of the Raman spectrum (bottom). The
spectrum. There are two strong Q-branch Raman features thatibrations are labeled according to the assignments in Table 5.
correspond with the Amodes at 410 cri (v1) and 549 cm?

(vg) in the infrared spectrum. A third broad symmetry Raman  shapes is made from the spectra of jet-cooled molecules, and
mode appears at 230 cth(v11), while two modes of A such work can be found in ref 11.

symmetry appear at 355 cth(vi7) and 542 cmt (vi). The High-Resolution Infrared Spectroscopy. The molecular-
latter two modes havetype infrared band shapes, whereas the beam infrared spectrum of HFC 134a reveals that there are two
mode at 230 cm* appears to have b-type shape (that is, a  c-type bands underneath the low-resolution gas-phase feature
central intensity minimum). It is interesting that the Raman at 975 cnml. The two bands, with centers near 974.35 and
mode at 355 cm! has a central minimum, similar to that of a 974.87 cm?, have nearly equal intensities, as can be seen in
b-type infrared band. However, since this is ah gymmetry the sample spectra shown in Figure 5. Both bands originate
Raman mode, rather than having a dipole moment alongp the from the vibrational ground state, as verified by microwave-
principal axis (which would of course correspond to the case infrared double resonance and precise ground-state combination
of an A symmetry infrared mode), here the central minimum differences. A total of 492 lines have been assigned for the
implies that theay, component of the Raman polarizability lower frequency band, and a total of 480 lines have been
tensor is nonzero for this vibration, leading to rotational assigned for the higher frequency band. Upper states are
transitions that have the same selection rules asbftype characterized witlJ values up to 28 an#, values up to 7.
infrared bands except for the additional presence of transitions The observation that both bands hawtype electric-dipole

in which AJ= £2.25 Thus the Raman band shape is consistent selection rules establishes that the two upper state vibrations
with the assignment of this vibration as having symmetry. are both of A symmetry inCs. This fact rules out the
Similar consideration of the other infrared and Raman band assignment of Nielsen and Halléywyho identified the low-
shapes, combined with Raman polarization measurements,resolution feature at 975 crhwith the A' symmetryve normal
facilitated the assignments given in Table 5. mode. It is not likely that both of the observed vibrations are

In Figure 4 we show detailed views of three infrared bands normal modes, however, since the harmonic force field generally
whose relation will be discussed further below in the section does not allow two vibrations of the same symmetry to be
on high-resolution infrared spectroscopy of the 975 &m effectively degenerate. We conclude, instead, that the two
vibrational band. Figure 4 shows thgg A" torsion at 110 vibrations arise from a pair of interacting states. One of the
cm %, thevg 665 cnt! A’ band assigned to a GBymmetric two states is the normal-mode vibration that carriers the infrared
deformationt? and thev;s 975 cnt® A" band which has been intensity and the other state is a nearly degenerate vibration of
assigned to the CHrock!? The vyg torsion is ac-type band the same symmetry that interacts anharmonically with the
that exhibits a considerable amount of sharp Q-branch structure,normal-mode vibration and borrows intensity through the
much of which presumably originates from hot bands, whereas interaction. The observation that the intensities for the two
thevg band is are/b hybrid. Thevis band, which is discussed  vibrations are nearly the same leads us to conclude that the two
in detail below, is ofc-type. In general the most reliable states are each nearly 1:1 mixtures of the normal-mode vibration
determination of vibrational assignments based upon bandand the background vibration. A pure 1:1 interaction implies
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Figure 4. Infrared spectra (0.05 criresolution) of HFC 134a showing
the vy torsion (top), thevs CF; symmetric deformation (middle), and
thewvs CH; rock (bottom). The peaks labeled 1, 2, and 3 for the torsion
(v19) are tentatively assigned as the= 1 — 0, thev = 21, and the

v = 3 2 transitions. These assignments are described more fully in
the text.

an anharmonic matrix elemei, of half the separation between

the two observed vibrational band origins, Mé~ 0.26 cnT™.
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

J. Phys. Chem. A, Vol. 101, No. 12, 199293

interaction constant;, where the Coriolis operator is taken as
—2¢CJ., wereC is a rotational constant arddis the component
of the angular momentum along tbénertial axis. The constant
2¢Cis actually determined in the fit; howeverjs reported by
dividing &C 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 Qy 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 the-inertial axis by using théll " 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 tHeepresentation. The values
of the ground-state distortion constants in ithérepresentation
ared; = 0.2294(38) kHzpox = 1.7512(77) kHzA; = 0.960
(16) kHz, Ajx = 2.938(23) kHz, and\x = —3.397(15) kHz.
The results of the Coriolis fit are given in Table 2. The
Coriolis constant determined from the fit is small, witB2=
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 includeand K, 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 cnT! between the two zeroth-order states.

Ab Initio Calculation of Vibrational Spectrum. The

frequencies. This procedure does not contribute any significant ViPrational spectrum of HFC 134a was calculated in the double-
error to the infrared analysis since the ground-state rotational "armonic approximation at the HartreBock level using the

term values are determined to a precision-df00 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 origing,
rotational constantsA, B, and C, and quartic centrifugal
distortion constantsy, ok, Aj, A, and Ax (Table 2). The

split-valence, polarized basis set 6-318*Optimized molec-
ular geometries and harmonic vibrational frequencies were
calculated. As usudP 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,

same set of constants fit the h|gher frequency vibration to a vibrational frequenCieS, integrated infrared band intensities,
standard deviation of 12.9 MHz. These standard deviations areRaman depolarization ratios, and rotational constants for HFC
significantly larger than our typical measurement precision of 134a. The calculated frequencies are compared with various

~0.25 MHz. For the higher frequency band the (observed
calculated) deviations are greatestfqr= 3, and for the lower
frequency band they are greatest kar= 4. TheseK, values
represent the closest approach of tg stacks for the two
vibrations, for K, values differing by 1. This observation

experimentad 710712 and calculatet'!1?2 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

suggests that the two anharmonically mixed vibrations are our vibrational assignments, it is possible to calculate the

further coupled by a symmetry-allowedype Coriolis interac-
tion which has matrix elements withK, = £1.

vibrational heat capacity of HFC 134a, and in this section we
describe that calculation. There has been a long hiZtady

To determine the magnitude of the Coriolis interaction, we calculation of thermodynamic properties of gases from vibra-
have fit the two vibrational states simultaneously to determine tional data, and such calculations have been reported for HFC
a set of rotational and centrifugal distortion constants for the 134a based upon measured vibrational energfesid calculated
two states, the band origins for the two states, and a Coriolis vibrational energie$® An equation of state that describes the
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Figure 5. Portions of the high-resolution (2 MHz) infrared spectrum of jet-cooled HFC 134a showir@4kebranches for the lower and upper
component of the Fermi dyad. The numeric labels give the assignments. Two transitions fdrarackhown due to assymetry doubling. The
x-axis scale corresponds to the offset in MHz from either the R(18) or R(20)&5€r lines at 974.621 940 cfnand 975.930 440 cm, respectively.

thermodynamic properties of this refrigerant has also been

developed recentl§? The heat capacity of an ideal gas is given
by

0 __ Atr rot vib

=0 tC ¢ (8]
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

o= ngN @)
and
o' = SN ©)

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

b 18 (9}/ib/-|—)2e0jVib/T
S =NKg ) ——— )
=1 (e — 1)

where the6™ are the vibrational frequencies in K is the

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~af5
kJ/mol (V3 = 1252 cnt! andVe = 15 cnt!) and a moment of
inertiaF = 1.1230 cm?, as estimated by Lopata and Dufig.
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/mat 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 1/2kgN.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

absolute temperature, and the sum is over the 18 normal mode&rder of magnitude smaller at 0.1%. Our proposed torsional
of vibration. Using these expressions we have calculated the@ssignments discussed later suggest a barrier closer to 14 kJ/

heat capacity as a function of temperature, and the results aremol.

shown in Figure 6 (top). Also included for comparison in Figure
6 (top) is the heat capacity calculated using the scakeihitio
harmonic vibrational frequencies from Table 7.

The most accurate treatment of the full heat capacity of HFC
134a is that based upon an equation of state (E®&hich
includes the effects of nonideality due to intermolecular
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TABLE 7: Results of ab Initio Gaussian 94 Calculation; The 250 .
Basis Set Was HF/6-31G* + Experimental A
oAb initio L
Structural Parameters 200 [ ——EOS o
parameter value - — Real torsion P
rec 1.507 A & [ : o 3
rer 1.324 A o 190 ey
Ice 1.318 A E ”
Ice 1.355 A
Fn 1.080 A =2 100 -~
OCCF 109.2 o
OCCF 111.7
OCCF 108.7 50
OCCH 109.2 «;ff
dipole moment 2.14D 4
o}
Vibrational Energies, Integrated Infrared Band Intensities, 10
Raman Band Intensities, and Raman Depolarization Ratios
infrared band raman raman > /\ \ L - Harmonic
energy intensity intensity  depolarization S 8 +++¢+H’*’*'H‘+H‘ Qe AN
mode  (cm™) (km mol™?) (A4amu) ratio § . / Beal
A’ 9 v torsion
i 2929 16.4 88.9 0.10 g, 6 \\
2 1482 9.0 7.32 0.748 s
V3 1445 20.6 0.769 0.48 S E Free Rotor
Vs 1301 194.8 1.85 0.70 g = L s s
Vs 1214 299.6 2.37 0.748 = o
Ve 1100 111.8 4.05 0.50 c
V7 826 19.7 5.50 0.051 g 2
Vg 644 42.2 1.46 0.72 = [
Vo 529 13.3 1.19 0.48
V10 397 0.88 1.16 0.51 0
11 208 41 0.0346 0.43 0 500 1000 1500
A T(K)
V12 2984 233 47.4 0.75 ] ) ]
V13 1312 199.3 4.73 0.75 Figure 6. (top) Ideal gas heat capacity of HFC 134a, calculated using
V14 1198 52.7 5.46 0.75 egs -4 with the vibrational frequencies given in Table 5, including
V15 978 61.3 2.95 0.75 the rotational and translational contributions (crosses). The heat capacity
V16 515 4.4 0.591 0.75 calculated from the same vibrational data, but using a realistic torsional
V17 341 1.3 0.119 0.75 potential energy function with a barrier e¥15 kJ/mol {/; = 1252
Vig 104 7.0 0.0028 0.75 cm™, Vg = 15 cnT?) andF = 1.1230 cmi* 8in place of a harmonic
. torsion, is shown as a solid line. This yields a slight increase of the
Rotational Constants (MHz) heat capacity just below 500 K and a decrease above 700 K. The result
A B C of the same calculation, using the vibrational frequencies predicted by
theab initio Gaussian 94 calculation (Table 7), is shown as open circles.
5491.4 2866.4 2826.6 Note that theab initio result lies nearly on top of the experimental
a Experimental values are 1.80 0.22 [* and 2.058+ 0.010 D% result. Finally, the ideal gas heat capacity used in an equation-of-state

. . ) ) (EOS) treatment of the thermodynamic properties of HFC 33ika
interactions. In that treatmefithe ideal gas heat capacity was  shown as a dotted line. (bottom) The contribution of the internal rotation
partly based upon speed of sound heat capacity measurements the heat capacity for three different models, a harmonic oscillator,
made over the temperature range 2330 K and also upon  a free rotor, and a hindered rotor with a barrieraf5 kd/mol /s =
caloric measurements of the real fluid to further extend the 1252 cnt*, Ve = 15 cnt?) andF = 1.1230 cm* .®

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 use® 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

?erﬁ] Igraetﬁ:"rzr:\t :gfcr)?m?:r: t\gghEg]se ifgtitersstgltt?e (;\::irurtzti predicted for the infrared bands (Table 6) are also quite close
P 9 to those measured, although there are a few significant discrep-

Furthermore, our wbra’uonql data extend the temperature range,  ies  For example, the integrated intensities of the two highest
over which accurate experimental values of the ideal gas heat

. ) . . frequency vibrations, the; andvi, symmetric and asymmetric
capacity are available. It is also wc_thh hoting _that there has CH; stretches, are overestimated by nearly a factor of 10 in the
been a recent report of a calculation of the intermolecular

interactions for several HECs. including HEC 134a. utilizin calculation. The other calculated intensities are within a factor
oo o 9 538, UIZING ¢ 5 of the measured values, and in fact most are in considerably
molecular-dynamics simulatios$. Thus one could in principle

use the results of those calculations in combination witlalan better agreement than that. It is possible that a higher level
calculation using a larger basis set would give better results,

initio calculation, such as Gaussian 94, to calculate real gas heatalthough the problem could lie in the theory itself. For example
capacities, althoqgh.perhaps not yet with the absolute precisionthe double-harmonic approximation may not b.e valid for thé
re.quwed. for applications. large amplitude H vibrations which could exhibit accentuated
Discussion anharmonic effects.

The results of a number of infrared and Raman studies It is also worthwhile commenting upon the accuracy with
summarized in Table 8 show a relatively consistent set of which theab initio calculation predicts the molecular structure

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 thb initio techniques are accurate
enough to make general vibrational band assignments for
molecules as complex as these. Furthermore, the intensities
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TABLE 8: Measured and Calculated Vibrational Energies (cnt?) 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)

IR Raman IRand IRand normal
(this work  (this work IR IR IR Raman Raman IR HF/6-31G* MP2/6-311 MP2/6-31 coordinate
mode andref10) andref10) (refl1l) (ref7) (ref4) (ref5) (refl) (ref6) (this work) (ref 11) (ref 7) (ref 12)
Al
V1 2984 2985 2984 2981 2984 2984 2984 2986 2929 3041 3169 2984
Vo 1465 1464 1464 1462 1431 1464 1464 1427 1482 1476 1563 1431
V3 1429 1430 1428 1296 1427 1427 1296 1445 1447 1508 1371
V4 1294 1294 1301 1096 1298 1298 1186 1301 1304 1363 1298
Vs 1186 1186 1185 1067 1103 1103 1103 1214 1191 1246 1191
Ve 1106 1107 1105 1104 908 972 972 1070 1100 1109 1147 1096
V7 845 843 844 843 844 843 842 846 826 836 865 853
Vg 666 673 666 666 666 665 665 666 644 655 668 661
Vo 549 557 549 549 550 549 549 557 529 541 549 546
V1o 410 410 409 408 358 408 408 410 397 406 413 385
V11 226 230 225 225 201 225 225 222 208 215 216 246
A
V12 3013 3010 3013 3010 3015 3013 3013 3015 2984 3112 3245 3015
Vi3 1301 1301 1301 1294 1374 1182 1374 1463 1312 1308 1360 1302
Via 1203 1189 1203 1191 1189 665 1182 1296 1198 1203 1247 1199
V15 975 975 974 973 972 539 885 971 978 971 1021 967
V16
542 533 540 541 352 539 542 515 524 530 545
V17 351 355 352 358 407 225 352 358 341 348 358 358
V18 109 113 109 110 124 120 120 112 104 111 114 139

of HFC 134a. Comparing the results in Tables 2 and 4 mode vibrations below 975 crh. Several conflicting normal-
(experiment) with those in Table 7 (calculation) leads us to the mode assignments have been proposed for HFC 134a. The
conclusion that the predictions of tla initio calculation are results from these assignments for the normal modes are
in reasonably good agreement with the measured bond lengthssummarized in Table 8. Only modes with energies below 975
and angles for HFC 134a. Other static molecular properties, cm~! need be considered. A possible perturbing state, selected
such as the dipole moment, are also predicted fairly accurately.on the basis of energy match to thg level and the requirement
Thus it seems that calculations at the HartrEeck level, using of the same irreducible representation, that isskmmetry, is
a relatively small basis set such as HF/6-31G*, can serve as aa combination vibration consisting of three quanta in the torsion
reasonably accurate guide to the geometric, vibrational, andand one quanta in the 666 ciCF; symmetric deformation
rotational properties of molecules as complex as HFC 134a, mode. If we choose (somewhat arbitrarily) the features in the
although for those that do not have 3-fold symmetric torsional spectral region of the torsion at 104.963 ¢nas they = 1 —
potentials, such as HFC 134 (8#CF,H) and HFC 143 (Ck 0 torsional transition, at 102.95 cthas they = 2 < 1 transition,
HCFH,),32 it would be desirable to make additional studies.  and at 101.375 cnt as thev = 3 < 2 transition, then B;g +

Turning now to a discussion of the high-resolution infrared vs (where thevg origin is chosen as 665.5 crh see Figure 5)
spectroscopy of the 975 cthband, in early infrared studies is equal to 974.788 cm, quite close to the observed high-
this band was assigned as both arf And an A’ 4 symmetry resolution band positions. These choices for the torsional levels
fundamental. More recent wdrk1%11supports the A assign- can be compared to the results of Raman measurements where
ment. Here we definitively establish the symmetry of the 975 the same level separations were given as 107, 106, and 102
cm ! band as A from the observed rotational selection rules c¢cm™t.82 Of course it may be possible to choose a different set
on the resolved rovibrational transitions. Furthermore, a recent of torsional features that will also fit the requirements, and
study*! of this band using high resolution Fourier-transform without detailed assignments for the torsional fine structure
spectroscopy of HFC 134a molecules cooled in a molecular shown in Figure 5 we cannot be certain that these assignments
beam assigned the 975 cinband to thev;s fundamental are correct, but they are plausible. :A= 1 < 0 torsional
interacting with thev;s + v1g<— v1g hot band. To account for ~ frequency of 104.9 cm corresponds to a barrier of 13.7 kJ/
the observed intensity of this torsional hot band it was necessarymol (Vs = 1144 cnr?). This barrier gives values for the=
to postulate that the torsion was not in thermal equilibrium with 2 1 and 3— 2 transitions of 102.3 and 99.5 cthcompared
the other normal modes of the molecule which were found to to the assigned values of 102.95 and 101.38 ‘tmThe
have a temperature of 65 K. The authors of ref 11 suggesteddiscrepancies between these values could be compensated by
that their data were consistent with a torsional temperature of the use of higher order terms in the Fourier expansion of the
300 K. Our precise combination differences and microwave- potential; however, the present uncertainty in the torsional
infrared double-resonance measurements definitively establishanalysis does not warrant such a detailed treatment.
that the 974.9 and 974.3 crhcomponents of the spectrum both A second reason for choosing the;3+ vg assignment for
originate from the vibrational ground state and not from a the perturbing combination band is based upon observéfions
torsional hot band. This assignment obviates the need for suchconcerning torsional vibrations in HFC 143a,4CFs. In this
a warm torsional vibration in the supersonic expansion of ref molecule high-resolution infrared spectroscopy has demonstrated
11 and also is consistent with previous experiments by severalan anharmonic interaction between thg fundamental near
of us where we have observed a degree of torsional cooling 970 cnt?! and the 2 + v11 combination band. Here the;
similar to that experienced by the other vibrational mofes.  mode is the torsion, the;; mode is a CEdeformation, and the

It is interesting to speculate on the origin of th&-gymmetry 970 cn1! fundamental is the Cirock. That assignment was
perturbing state interacting with the assumegginormal mode confirmed by the observation of tunneling splittings in individual
at 975 cntl. Our ability to identify the perturbing state requires rovibrational transitions of the 970 cthband due to internal
reliable assignments and accurate frequencies for all the normal+otation of the CH group. This situation is similar to what we
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propose for HFC 134a and gives us additional confidence that  (4) Edgell, W. F.; Riethof, T. R.; Ward, Cl. Mol. Spectrosc1963
our |dent_|f|cat|on of_the_ general nature of the p_erturblng state (5 Nielsen, J. R.; Halley, C. d. Mol. Spectroscl965 17, 341.
as involving the torsion is correct, although as pointed out above  (g) armish, D. F.; Hirschmann, R. Rppl. Spectroscla7 24, 28.
any tunneling splitting in the spectrum of the HFC 134a (7) Papasavva, S.; Tai, S.; Esslinger, A.; llinger, K. H.; Kenny, J. E.
molecule is below our experimental spectral resolution, which J. P&);SLChetnﬂi95D99b3438-J R R ShectiostS77 6. 61
H H H opata, A. D.; Durig, J. . Raman sSpectros , O, .
is not unexpected on the basls of _the mass of theslnternal rotor (9) Cappellani, F.: Restelli, GSpectrochim. Actd992 48A 1127,
and the conformational barrier he_'th ofl5 I_<J/mq|. (10) Crawford, M. K.; Corbin, D. R.; Smalley, R. J. Amazing Light:

We expect that the results of this study will be important for A Festschrift in Honor of Charles Hard Townes on His 80th Birthdzlyaio,
several reasons. First, it is likely that with increased use of R'({'i)EI?A};: nggﬁt%rr']VeD”agé Er?gm'clgggb srtson. E. B.Chem. Soc

. . u , D.; Evi , C,; , E. &. . .

hydrofluorc_)carb_or_ls such as HFC 1346_1 their atmospherlc Faraday Trans 1995 91, 1723,
concentration will increase in the future. Itis presently believed  (12) crowder, G. AJ. Fluorine Chem1973/74 3, 125.
that the primary route of removal of HFC 134a from the (13) Lucas, K;; Delfs, U.; Buss, V.; Speis, Mt. J. Thermophysl993

; ; ; i ; 14, 993.
troposphere is via degradation to trifluoroacetyl fluorides (14) Balle, T. J: Flygare, W. HRev. Sci. Instrum 1981 52, 33.

followed by hydrolysis to trifluoroacetic acitd. The tri- (15) Lovas, F. J.; Suenram, R. .Chem. Physl987 87, 2010. Lovas,
flouroacetic acid may be removed by precipitation in rainfall, F.J.; Suenram, R. D.; Fraser, G. T.; Gillies, C. W.; Zozombi#l. 1988
and recently evidence has been presented for the appearance &8 722. _ _ .
elevated trifluoroacetic acid levels in seasonal wetlafids. Spéi??o;gxggéli7i’l§gbov' N.; Fraser, G. T.; Suenram, RJDMol.
Clearly atmospheric monitoring of HFC 134a (and trifluoroacetic  (17) Grabow, J.-U.; Stahl, Wz. Naturforsch199q 45A 1043.
acid) concentrations by infrared spectroscopy will be a valuable (18) Fraser, G. T.; Pine, A. S.; Kreiner, W. A.Chem. Phys1991, 94,
measure of these processes, and the assignment of HFC 134&0?119) Waison, J. K. G. iiVibrationl Spectra and Struchy@urig, J
wbra_monal modes and intensities is a prerequisite to such R., Ed.; Elsevier: Amsterdam, 1978; pp-&9. e
studies’® Second, several of us have recently presented results (20) Edgell, W. E.; Miller, G. H.; Amy, J. WJ. Am. Chem. S0d.957,
of vibrational studies of HFC 134a molecules adsorbed on the 79, 2391. o
surface of NaX zeolit€4° that were undertaken in order to 56(%11)5 Beagley, B.; Jones, M. A.; Zanjanchi, M. &.Mol. Struct.1979
understand the ability of this zeolite to separate HFC 134a from ~"(25) Hayashi, M.; Fujitake, M.; Inagusa, T.; Miyazaki, 5Mol. Struct.
its isomer HFC 134 (CIHCFRH). Detailed modeling of the 1999 216, 9. _
vibrational properties of the adsorbed species requires a good gig Eeaglﬁy, B, ‘.]Jg\neS:JMl.DI‘(]).; Iggggf{"?m- Struct.1981 71, 203.

H . raltchman, m. J. ysS .
underStan.dmg Of. the mOI¢CUIar force f.leld for the free m.OIeCUIe (25) See, for example: Herzberg, Bolecular Spectra and Molecular
as a starting point, and it was for this reason that this study structure I1. Infrared and Raman Spectra of Polyatomic Moleguin
was begun. The measurements reported herein will thus alsoNostrand Reinhold: New York, 1945; Chapters 5 and 6. Allen, H. C.; Cross,

rve to facilitate interpretation of rbat tra in catalvtic P- C-Molecular Vib-Rotors Wiley: New York, 1963.
serve to facilitate interpretation of adsorbate specira in catalytic (26) Overend, J. Irstudies in Physical and Theoretical Chemistry 20:

systems. In fact, it is posgible tha? HFC 134a may undergo Vibrational Intensities in Infrared and Raman Spectroscdpgrson, W.
heterogeneous atmospheric chemistry, for example on theB., Zerbi, G., Eds.; Elsevier: New York, 1982; Chapter 2.
surfaces of ice particle®, in addition to the homogeneous ng (\j/anE?er \_/ekfﬂ. B. 3 i'giblrgtsign?) ?Pfgtrg r?ndt Stguctw@urig,

: : H H i ., Elsevier: ew YOorkK, , Vol y apter o.
reactions aIready descrlbgd, and_ perhaps "?Cfeasefj understandm]g (28) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
of surface chemical reactions will suggest interesting directions johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
for atmospheric studies. Furthermore, from the purely spec- A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
r i r iV nderstandina the vibrational rumV- G, Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B,;
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. - ittsburgh, .
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