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CH-Stretching Overtone Spectroscopy of 1,1,1,2-Tetrafluoroethane
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We have recorded the vibrational absorption spectrum of 1,1,1,2-tetrafluoroethane (HFC-134a) in the
fundamental and first five CH-stretching overtone regions with the use of Fourier transform infrared, dispersive
long-path, intracavity laser photoacoustic, and cavity ringdown spectroscopies. We compare our measured
total oscillator strengths in each region with intensities calculated using an anharmonic oscillator local mode
model. We calculate intensities with 1D, 2D, and 3D Hamiltonians, including one or two CH stretches and
two CH stretches with the HCH bending mode, respectively. The dipole moment function is calculated ab
initio with self-consistent-field HartreeFock and density functional theories combined with double- and
triple-g-quality basis sets. We find that the basis set choice affects the total intensity more than the choice of
the Hamiltonian. We achieve agreement between the calculated and measured total intensities of approximately
a factor of 2 or better for the fundamental and first five overtones.

I. Introduction ers only the likelihood of overtone excitation; understanding
the complete photochemistry might require studies on the effect
of overtone excitation on photochemistry.

In the present work, we study the absorption spectroscopy
of an ethane-based HFC, 1,1,1,2-tetrafluoroethane, also known
as HFC-134a. HFC-134a is already widely in use as a propellant
and as a replacement for the refrigerantCl (CFC-12). It is
approximately five times as abundant as any other HFC in the
atmosphere at ground level, with a concentration of 15 ppt in

0 i . .
atmospheric breakdown, and large fractions of the emitted CFCsY 200022 HFC 1_34a IS pr(_-:-ferred over CF_CS because_of Its
lower ozone depletion potential and because it has approximately

survive into the stratosphere. In the stratosphere, ultraviolet _ "~ . ' : " i
photons dissociate the CFCs, producing highly reactive chlorine ioanISScI)X? tglta)(?lc?f?(z)iilc\gafl:)TIcnogmpol}tearl::)ar!ac?fS%Cl?éi.eSHbFe%a]liiaof its
radicals that cause ozone depletidfhese undesirable reactions lativel 9 Il si dthe f P hat i . v hvd
have led to the search for CFC-replacement compounds such © atively small size and the fact that it contains only hydrogen
as HFCs. HFCs react with hydroxyl radicals in the troposphere and first-row elements.
leading té a more rapid decompositib@ompared to the CFCs ' T_he spectrum of HFC;134a has been recorded in the infrared
a much smaller fraction of HFCs reach the stratosphere. This Ir:?agl(;rs]a?/{/aEcS[gﬂlFitrs?g,r gty a}'\yﬂ;\?‘? rizgnﬁalzlgﬁu?gg db¥he
fact, along with thermodynamic considerations, results in HFCs radri)ative forcin ' of HFC-134a usin sevgral models. The
having a negligible effect on the destruction of the ozone layer. 9 . 9 o

The photochemistry of HFG& and similar hydrochlorofluoro- fundamental region of the infrared spectrum contains several
carbong=? has been studied in part to evaluate the potential of strong CF-str'etchmg peaks between 1000 a}nd 14OQ.cThere

. are two major peaks in the CH-stretching region, #e

these molecules to undergo photoinduced breakdown as well

A . : symmetric (2983 cm!) and A’ asymmetric (3013 cmi
as degradation via radical processes. It has been established th%l%/r etches. T(hese specira have beeﬁ recently E’;lssigne d 3vith the

C.H3C.FC|2. excited WiFh three or four quantain the CH-stre_tching help of ab initio calculations by Papasavva et’and by Parra
V|brat|qn IS sublstanpally more likely to undergo photolysis than and Zend'® Previous ab initio calculations have focused on the
when n its vibrational ground sta?_eB(_ecause HFCs are equilibrium geometry, calculations of the barrier to rotation
replacing CFCs for a variety of applications and are emitted about the C-C bond, and the potential energy and dipole
into the atmosphere in large quantities, a complete understandingmoment as a function’ of the rotational an#lel® The lowest-

of their atmospheric photochemistry is desirable. Thus, the energy conformer of HEC-134a h symmet.ry

intensities of the various CH-stretching overtone transitions of .
. 8 ; - N We have measured the room-temperature absorption spectrum
atmospheric HFCs are important in evaluating the likelihood : .
oo . . L . . - of HFC-134a from the fundamental to the fifth CH-stretching
of vibrationally mediated photodissociation. This article consid- . _ .
overtone regionAvcy = 1—6. The spectra of hydrocarbons in
* Address correspondence to this author. E-mail: jthoman@uwilliams.edu. the high-energy overtone regions are dominated by CH

t Present address: Department of Chemistry, Massachusetts Institute ofStretching _Vibrati0n3| overtoné$. We have used Fourier
Technology, Cambridge, Massachusetts 02139. transform infrared spectroscopy to measure they = 1
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In the past decade, hydrofluorocarbons (HFCs) have been
considered as replacements for ozone-depleting chlorofluoro-
carbons (CFC$)and are now commonly used as fire suppres-
sants, refrigerants, and aerosol propelldntheir high heat
capacity, low toxicity, and high vapor pressure at room
temperature make HFCs ideal for these applications. HFCs differ
from CFCs in that they contain one or more CH bonds. The
lack of a CH bond in CFCs makes them more inert to
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region, dispersive long-path absorption spectroscopy to measurespectroscopy (ICL-PAS). The ICL-PAS apparatus (Otago) has
the Avcy = 2—5 regions, intracavity laser photoacoustic been described previousiyBriefly, an argon ion laser (Coher-

spectroscopy (ICL-PAS) to measure thecy = 4—6 regions, ent Innova Sabre) is used to pump either a broadband titanium:
and cavity ringdown spectroscopy (CRDS) to measure\tivgy sapphire laser (Coherent model 890) to recordshey = 4
= 5 and 6 regions. Measurement of thecy = 5 region with and 5 regions or a dye laser (Coherent model 590) using DCM

three different techniques has allowed us to critically evaluate laser dye (Exciton) to record thAvcy = 6 region. The
the effects of background subtraction in ICL-PAS and CRDS photoacoustic cell contains an electret microphone (Knowles
and to test the accuracy of our measured absolute intensitiesElectronics, Inc. EK3132), and the photoacoustic signal is
At high levels of vibrational excitation such as those studied monitored through a lock-in amplifier (Stanford Research
here, molecules are well described using a local mode basisSystems SR830). The titanium:sapphire laser and dye laser are
because vibrational motion becomes concentrated in individual tuned with a three-plate birefringent filter, giving 1-cin
bonds!® The local mode model has been successful in calculat- resolution. We modulate the laser power with an optical chopper
ing peak positions in CH-stretching vibrational overtone (Stanford Research Systems SR540) and reference the lock-in
spectrd® 24 and relative intensities and profiles of CH- and OH- amplifier to the modulation frequency. To normalize the
stretching overtone®27 Recently, Takahashi et al. have used photoacoustic signal, we monitor the laser power with a power
the local mode model with an ab initio dipole moment function meter (Coherent LaserMate-Q) via a digital multimeter (Agilent
and potential energy surface to study the absolute intensities 0f34401A). The wavelength calibration of the scans is conducted
CH-stretching fundamental and overtone regions of 1,2-dichlo- with a wavemeter (Burleigh WA-1000). The wavelength ac-
roethané® and the OH stretching of some small acids and curacy is checked by recording a spectrum with a trace amount
alcohols?® The total intensities of OH-stretching vibrational of water added and comparing to known lines in the HITRAN
overtones in methanol, ethanol, and 2-propanol have beendatabaséWe measure only relative intensities with ICL-PAS.
studied by Phillips et al. in part to gain a quantitative Cavity Ringdown SpectroscopyWe also record thvcy
understanding of their atmospheric reacti_\iﬁyDonaldson et = 5 and 6 regions using CRDS. Our implementation of CRDS
al® have also used the approach of Kjaergaard é¢ &b. (Williams) has been described in deta#nd is similar to those
calculate the intensity for thvony = 3 and 4 transitions in - gescribed in the literature for measuring vibrational overtone
nitric acid. Donaldson et al. have shown that overtone-initiated spectra of atmospherically relevant molec#eBriefly, a

photochemistry can make a significant contribution to OH frequency-doubled 20-Hz, 10-ns pulsed Nd:YAG laser (Spectra-
radical production in the atmosphéfeand they have suggested Physics Quanta Ray) is used to pump a tunable dye laser
that CH overtone excitation in certain classes of molecules might (Spectra-Physics Sirah Cobra-Stretch) using pyridine 2 dye
also impact their photodissociation rate in the atmosphere. (Exciton) to record thé\uey = 5 region and DCM dye (Exciton)

In the present work, we use a 1D local mode Hamiltonian as {4 record theAvey = 6 region. A portion of the radiation from
well as 2D and 3D harmonically coupled anharmonic oscillator e gye laser is directed through spatial filters into the cavity
(HCAO) local mode modetéto calculate the overtone spectrum so that pulses of-820 xJ impinge on the first of the ringdown
of HFC-134a. We calculate the dipole moment function ab initio  irrors (Los Gatos Research99.99% reflective). The intensity
using Hartree-Fock (HF) and B3LYP density functional .t jight exiting the cavity is monitored using a photomultiplier
theories combined with double- and triplequality basis sets.  y,pe" (Hamamatsu R298) connected to a digital oscilloscope
We calculate the frequencies and absolute intensities of_the CH'(Gage CompuScope 12100). We fit a single-exponential decay
stretching and HCH-bending v!bratlonal transitions in the {5 the intensity of the light exiting the cavity using a least-
fundamental and overtone regions for comparison t0 OUr g4 ,ares approach. The dye laser is scanned over the regions of
measured spectrum. interest using a 0.05-nm step size, and each data point is the
average of 64 ringdown measurements. Ringdown times, and
therefore absorbance measurements, are often said to be

We measure the spectrum of gas-phase HFC-134a (|:|uoro_independent of the laser power entering the cavity. However,
chem, 99% or Aldrich, 99%) at room temperature in the CH-  this statement is true only if a single cavity mode, the TogM

Il. Experimental Section

stretching regions corresponding #wey = 1—6. In all is excited®” We observe our ringdown time to be dependent on

experiments, sample pressures are measured using a capacitangee power output of our dye laser, indicating that we excite more

manometer. than a single mode. The effects of this intensity dependence on
Conventional SpectroscopyFor theAvcy = 1 region, HFC- our baseline will be discussed. Quantitative absorbance informa-

134ais puriﬂed using several freezpump—thaw Cyc]es on a tion is obtained with CRDS. To calibrate the WaVElength of
vacuum line. We place the sample in a 10-cm cell with cesium our dye laser, we use the optogalvanic effect to observe well-
iodide windows at a pressure of 5 Torr. The spectrum is recorded characterized transitions in neon gas in a glow-discharge ¥mp.
from 400 to 4000 cm'® using an average of 64 scans by an Using a commercial data analysis package (Igor Pro, Wave-
FTIR (Nicolet Magna-IR) spectrometer with a resolution of 0.5 metrics, Inc.), we deconvolute our spectra into a sum of
cm~L. We subtract a background recorded with an evacuated Lorentzian curves and, in the case of the conventional spec-
cell. troscopies, a linear baseline. Our method of treating the baselines
For theAvcy = 2—5 regions, we use a 4.8-m cell (Infrared in other techniques is discussed later. We extract the band
Analysis, Inc.), and the spectrum is recorded using a dispersivecenters and intensities of individual transitions from the fit. In
NIR—vis spectrometer (Perkin-Elmer Lambda 9) with a 1-nm cases where multiple peaks appear to be superimposed, there
spectral bandwidth. We use pressures of about 100 Torr for theis a larger uncertainty in the position of the individual transitions

Avcy = 2 region and about 800 Torr for thevcy = 3—5 than when the peaks are well separated. In addition, the choice
region. We again subtract a background recorded with an of Lorentzian curves, which have some intensity in the far wings,
evacuated cell. adds uncertainty to our ability to fit a baseline to the spectrum.

Intracavity Laser Photoacoustic SpectroscopyWe record The total absorption intensity of a CH-stretching region is
the Avcy = 4—6 regions using intracavity laser photoacoustic determined by trapezoidal integration across the entire region.
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The oscillator strength is calculated38y have two equivalent oscillators in HFC-134a, the frequency and
anharmonicity parameters for both modes are equal. In this 2D
f=2.6935x 10 °[K ' Torrm cm]If A@) dv (1) representation, the zeroth-order Hamiltonian is diagonal with

pl matrix elements given by

whereT is the absolute temperatune,is the pressure of the [HO =
sample,| is the path length, ang A(¥) d¥ is the integrated % — (0, 4 0,)i — (V2 + V2 + v, + V)X (6)
absorbance. hc vz oo
IIl. Theory and Calculations WhereE?OODis the energy of the vibrational ground state, and
we have the same local mode parameters as in the 1D case.
We introduce the harmonic oscillator step-gf,and step-down,

a, operator® to write the coupling between the two oscillatdrs

as

The oscillator strength of a vibrational transition within the
ground electronic state is given $y

4mrm, _
= Eveg@lﬂlgﬁ (2)

eg HL

D _ ot T

_ N . N he - 7 (g3, + &) (7)
wherevegis the transition frequency aridlz|gllis the transition
dipole moment matrix element. The excited- and ground-state the narametey’ is the intramanifold coupling constant and
vibrational wave functions are e and g, respectively, and paq peen defined previously.y' contains both kinetic and
surroundy, the dipole moment function of the molecule. As  ,qential contributions and depends on the masses of the atoms
usual,me is the mass of an electroajs the elementary charge,  j,glved, the equilibrium HCH bond angle, and the force
and fi is Planck’s constant divided byz2 We use the  nqiants associated with the stretching of the CH bonds. We
dlmen3|_onless oscﬂlator_ strength as a measure of intensity _forcan calculate the vibrational energy levels and wave functions
comparison to our experimental data. We can rewrite eq2usmgby diagonalizingHS, + HL, to obtain what is called the
Y Y 2D 2D
the transition wavenumbete HCAO local mode model? We represent the 2D vibrational
wave functions, which are defined by two quantum numbers,
v1 and vp, with the notation|v;v,[] Each quantum number
represents the number of stretching quanta localized in the bond
indicated by the subscript. Basis functions with the same total
. number of vibrational quantAv = v; + v, are said to belong

. We Lcan see fm”.‘_eqs 2 and 3 that n order to calculatg theto the same manifold. The basis functions are coupled according
intensity of a transition we need the dipole moment function, to HL- Int ifold i bet tates i .
the ground- and excited-state vibrational wave functions, and fold Ztt)h r:g_rfrfnam (t)h ;:otuho 'nngOCCL:Cr ervl\g)erll Str? ef'c';gan"
the vibrational transition energy. The vibrational eigenstates and olds that differ in the total numbeér of quanta. In the

eigenenergies are calculated using a local mode model that ismOdeI’ we neglect the intermanifold coupling because the

limited to include at most the two CH-stretching modes and different manifolds are of substantially different energy and their

ixing i 25,42-44
the HCH-bending mode. The dipole moment function is mixing 1S small._ . . .
obtained from ab initio calculations The 3D Hamiltonian,Hsp, used in this paper has been

Vibrational Hamiltonian. We initially perform intensity descrjbed_in dgtail_previously forad 2745 The HC.H symmetric
calculations on HFC-134a using a 1D CH-stretching Hamil- bending .V|brat|on is represented by a harmonic (')scnllator, and
tonian. We then extend this pure local mode model to 2D and the matrix elements of the zeroth-order 3D Hamiltonian are
3D Hamiltonians that include coupling between the CH- HO E
stretching modes and between the CH-stretching and HCH-[ 3p ~ Ejooqod _
bending local modes, respectively. hc

We assume that CH-stretching modes may be modeled as (; + V) + V@ — (V2 + v, + v, F V)X (8)
Morse oscillators and write our 1D Hamiltonian as

fog=4.70175x 10" [cm D 7] eiieg®  (3)

wherefieq = [@[zi|gland the values of the physical constéhits
have been inserted.

1o , where the bgsis functions are the product of two Mo_rse osgillator
EG“ p; + D,(1 — exp[—a,0,]) 4) (CH-stretching) wave functions and one harmonic oscillator
(HCH-bending) wave function. The basis functions are repre-

sented by using the notatigmiv,[usl] wherev; and v, are
vibrational quantum numbers associated with the two CH
stretches and; corresponds to the HCH bend.

We again employ the step-up and step-down operittos
write stretch-stretch and stretehbend coupling as

0o _
HlD_

where p; is the momentum conjugate tq;. The internal
coordinatey; is the displacement from equilibrium of a CH bond
lengthRy. Gy is the WilsonG-matrix elemerft for o, evaluated
at the equilibrium geometnD; anda; are the parameters of
the Morse potential. The diagonal matrix eIementsH@,g are

0 _ 0 H%D
w = vi — (V2 + V)X (5) he —'(ay3; + aja) +
fr'(alasa; + a,a, a; + araza, + aasan (9)
where @ is the local mode frequency parametérx is the
anharmonicity parameteE?ODis the energy of the vibrational  The first term represents the stretestretch coupling, as in the
ground state, and is the vibrational quantum number. 2D case, and the second term represents the Fermi resonance
Our 2D HamiltonianH2p, is the sum of two equivalent Morse  stretch-bend couplings. The stretetbend coupling parameter
oscillator CH-stretching Hamiltonians with both kinetic and fr' includes both kinetic and potential energy couplings and is
potential energy coupling included in one term. Because we defined elsewher®. DiagonalizingHgD + HéD gives the 3D
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local mode HCAO model. Because the HCH bending occurs at
roughly half the frequency of the CH-stretching fundamental,
we introduce the labehv = vcy + (1/2vhcH) to denote a
transition region or manifold. In the 3D model, states with the
sameAw are of similar energy and may couple. States belonging
to different manifolds are of substantially different energy, and

the coupling between these states is neglected. We neglect states

with more than six quanta of stretching or bending motion in
our model.

Dipole Moment Function. Because the exact form of the
dipole moment function is unknown, we approximate it as a
Taylor expansion about the equilibrium geometry. We begin
by considering vibration along one stretching coordinate

aa) =y ddh (10

where the coefficientg; are given by theth derivative of the
dipole moment function evaluated at the equilibrium geometry

L _19m

€q

To calculate intensities using this 1D dipole moment function
and our 1D Hamiltonian (eqs 3 and 5), we need to know the
dipole moment as a function of the CH stretch alapgWe
calculatezi(qy) by displacingg; from —0.3 to 0.4 A in steps of
0.05 A. We fit a sixth-order polynomial to our 15 points using

Saar et al.

Figure 1. Staggered B3LYP/aug-cc-pVTZ-optimized geometry of
1,1,1,2-tetrafluoroethane (HFC-134a). The moleculeGy@aymmetry.

include dipole moment derivatives of the bending mode

7(Qy, Oy, 0) = Zﬁijkqil qu qg (14)
07
The coefficients of the expansion are now given by
~ 1 3i+j+kﬁ
"R o) oo

eq

whereqs is the displacement from equilibrium &f the HCH
bond angle. The dipole derivatives that depend only on the

a least-squares approach. Previously, this fitting routine has beerstretching coordinates are calculated as described for the 2D

successfully employed to calculate the intensities of the CH-
stretching overtone spectra of xyleffBecause HFC-134a has
two equivalent CH bonds, the total CH-stretching absorption
intensity in the 1D model is twice that calculated using a single
CH oscillator.

To calculate intensities with our 2D Hamiltonian (egs 6 and
7), we require a 2D dipole moment function. We allow for
displacement from equilibrium in the two CH-stretching co-
ordinates

A, 0) = 70 O (12)
]
where the coefficientg; are given by
~ 1 35
Ay = ﬂ% (13)
)+ 00,00, eq

We calculate the diagonal terms by displacing eittyeor g
from —0.3 to 0.4 A in steps of 0.05 A with the other coordinate
at equilibrium. We again fit the 15 points to sixth-order
polynomials. We note that eq 13 now contains cross terms (i.e.,
dipole moment derivatives of both coordinates). We calculate
the cross terms using a9 9 grid with bothg; andg, displaced
from —0.2 t0 0.2 A in 0.05-A increments. The»® 9 grid is fit

to a series of 9 second-order polynomialsgi one at each
displaced value ofy. The coefficients of each order of this

series of polynomials are then fitted to another series of second-

order polynomials i, to obtain the cross terms. We include
only mixed terms up to third order. Our 2D dipole moment
function, combined with the eigenfunctions and eigenenergies
obtained from our 2D Hamiltonian, allows us to calculate the
intensities of transitions predicted by the 2D model.

Upon inclusion of the bending mode in our Hamiltonian, we
require a 3D dipole moment function. We extend eq 12 to

case. A pair of equivalent 2D stretebend grids are calculated
by displacing the stretching coordinates frerf.2 to 0.2 A in
0.05-A increments and displacing the bending coordinate from
—20 to 20 in 5° increments. We fit these 2D stretehend
grids in an identical manner to the 2D grids calculated for the
stretch-stretch mixed derivatives. We consider only cross terms
involving the displacement from equilibrium of two coordinates.
Mixed terms that depend on all three coordinates are ignored.
In total, three intersecting 2D grids are calculated: one for the
stretch-stretch coupling and one each for the two identical
stretch-bend couplings.

Calculations of vibrational transition intensities such as those
presented here are approximate in part because of the neglect
of vibration—rotation coupling. This problem may be solved
by embedding the molecular fixed axes according to the Eckart
conditions?146-50 This correction, which has been made for
watef” and HS*° in previous papers, is less important for a
larger molecule such as HFC-134a, and we do not perform it
here.

We calculate the ab initio-optimized geometry of HFC-134a
using the B3LYP level of theory with the Dunning correlation-
consistent basis sets aug-cc-pVDZ and aug-cc-pVTZ as well
as the Pople split-valence triplebasis set 6-31t+G(2d,2p).

We also perform an HF/aug-cc-pVTZ calculation. These
calculations are performed using Gaussiar?’0Bhe B3LYP/
aug-cc-pVTZ-optimized geometry has CH bond lengths of
1.0896 A and an HCH bond angle of 110°@igure 1).

IV. Results and Discussion

The spectrum of HFC-134a in thevcy = 1—6 regions is
presented in Figure 2, and the positions and oscillator strengths
of the strongest peaks are presented in Table 1. The oscillator
strengths are derived from the areas of the spectral features
deconvoluted into individual Lorentzian curves. The decon-
volution procedure is somewhat subjective. Of course, arbitrarily
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Figure 2. Spectrum of HFC-134a in thévcy = 1—6 regions measured with FTIR spectroscopyn = 1), conventional long-path spectroscopy
(Avch = 2—3), and ICL-PAS Avcy = 4-6).

TABLE 1: Observed® CH-Stretching Frequencies and T
Intensities of HFC-134a

Avcy P (cm™) f
1v 2983.3 3.13x 1078
3012.8 9.66x 1077
2 5801.2 5.34x 1078
5877.2 2.27x 1078
5914.1 2.23x 1078
6003.8 3.0 1078
3 8463.9 1.00x 107°
8538.2 3.94x 10°°
8598.5 7.40< 10°°
8649.8 8.53x 10710
8775.8 1.11x 10°
8907.2 9.66x 10710
4 11 147.411 149 2.93x 1071
11209.3%11 21F 6.66x 1071
11 276.311 279 5.11x 1071k
5 1369813697913696 1.06x 10°1* 1.45x 1071
6 15987415 988 7.31x 10°1*
16 098¢ 16 102 2.06x 1071

aDeconvoluted from the measured spectrum using a sum of
Lorentzian curves? Acquired with FTIR spectroscopy Acquired with
long-path absorption spectroscofyAcquired with ICL-PAS.© Ac-
quired with CRDS.

adding more Lorentzian curves to a deconvolution scheme will
improve the quality of the fit to the measured spectrum. We
utilize a small number of curves to find the major features in
the spectrum for comparison to our model.

We measure thAvcy = 4 region with both dispersive long-

ICL-PAS

Relative Absorbance

Multipass

L | s | s
13400 13600 13800 14000

Wavenumber (cm'1)

Figure 3. HFC-134a in theAvcy = 5 region recorded with CRDS
processed using a second-order polynomial baseline (bottom trace),
dispersive long-path spectroscopy processed using a linear baseline and
a scan of an empty cell (middle trace), and ICL-PAS (top trace). The
three traces are offset in the vertical direction and scaled to have equal
heights at the maximum absorption.

ratio than long path in this region, so we present the ICL-PAS
trace in Figure 2. We also present ICL-PAS traces forAbhey

= 5 and 6 regions, which have a higher signal-to-noise ratio
than the corresponding CRDS spectra (shown in Figures 3 and
4).

Experimental Absolute Intensities. The high-overtone tran-
sitions measured with CRDS and ICL-PAS have very low
intensities. We must therefore account for frequency-dependent
effects on our baseline. In CRDS, these may include changing
mirror reflectivity or variable dye laser power. We subtract a

path spectroscopy and ICL-PAS. The two techniques agree wellbaseline from our spectrum to compensate for these effects, and
with respect to the frequencies of the peaks in the region andthe choice of the functional form of the baseline can have a
the shape of the band. ICL-PAS offers a higher signal-to-noise significant impact on the derived intensity of the region. By
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TABLE 2: Total Intensities of the Avcy = 5 Region of
HFC-134a Using Different Baselines

baseline (technique) f
g linear (long path) 1.16< 10710
H linear (CRDS) 1.04x 10710
3 second-order polynomial (CRDS) 1321071
s hexafluoroethane (CRDS) 1.3310°%°
€ none subtracted (ICL-PAS; discussed in text) 1420710

ICL-PAS
intensity for theAvcy = 5 region is at least that large. The

correct intensity probably lies somewhere between our various
experimental values. For further comparison to theory, we take

15800 16000 16200 its oscillator strength to be 1.2 10719, a result that is consistent
Wavenumber (cm’) with markedly different measurement techniques.
Figure 4. Comparison of theAvey = 6 region of HFC-134a using In addition to oscillator strengths derived directly from long
CRDS (bottom trace) and ICL-PAS. The traces are offset in the vertical path and CRDS for this region, we scale the intensity of our
direction. ICL-PAS trace so that the peak absorbance is equal to the CRDS

absorbance with the second-order polynomial baseline already

subtracted. The ICL-PAS trace can then be integrated to
quantifying that impact, we estimate the uncertainty in our calculate the oscillator strength. This value is presented in Table
measurements of low-intensity transitions. We subtract three 2 and is in reasonable agreement with the values derived from
different baselines from our CRDS spectrum in thecy = 5 CRDS and long path.
region: a linear fit, a second-order polynomial, and a scan of  For the Avcy = 6 region, we compare the shapes of the
an equal pressure of hexafluoroethang={ Hexafluoroethane  transitions from CRDS (with a second-order polynomial baseline
is used because its geometry is similar to that of 1,1,1,2- subtracted) and ICL-PAS in Figure 4. CRDS and ICL-PAS agree
tetrafluoroethane but it has no CH bonds to absorb light in the well with respect to the appearance of the band and the center
regions of interest. It may therefore be considered to be anfrequency. The CRDS spectrum has a few sharp lines and
approximate model for the light-scattering properties of 1,1,1,2- slightly more noise. We scale the intensity information from
tetrafluoroethane without the absorbing CH chromophore. ICL-PAS in the same manner as for thescy = 5 region and

The source of the baseline slope is some combination of obtain ficL—pas = 2.27 x 10711, which is about 10% greater
factors whose functional form is unknown. The linear fit is the than the intensity derived from CRD&§ps = 2.06 x 10719).
simplest functional form that we can choose as an approximation Given thatAvcy = 6 is approximately an order of magnitude
to the true baseline. Previously, DeMille et al. used a linear less intense thaf\vcy = 5, we expect that our oscillator strength
fit,52 but Romanani et al. subtracted a parabolic fit to a CRDS will have a larger uncertainty associated with it than the 19%
baseline” Because the high overtones are quite broad, the estimated for the\vcy = 5 region. For comparison to theory,
regions of interest are of comparable width to the tuning curves we use an oscillator strength of 241071 Previously, DeMille
of the laser dyes used to probe them in CRDS. The laser poweret al. have measured the absolute intensity of Ay = 6
is therefore lower at the ends of the spectrum than it is in the region of several alkanes to within 3%.However, recent
middle. For this reason, we observe a baseline with upward measuremeritdby Lewis et al. disagreed with the measurements
slopes at either end, making a linear baseline an inappropriateof DeMille et al. by some 27%, calling the small uncertainty
choice. Either the second-order polynomial baseline or the quoted earli€? into question.
baseline from the hexafluoroethane spectrum does a better job Overall, we find that measuring the CH-stretching regions
of reproducing this behavior. In contrast to the hexafluoroethane with multiple techniques allows us to make some quantitative
baseline, the second-order polynomial can be fit to the baselineestimate of the error in our measurements. As implemented in
regions on both sides of the feature. A hexafluoroethane our laboratories, the ICL-PAS spectrum in thecy = 4—6
spectrum may yield “baseline” values on one side or the other regions has a higher signal-to-noise ratio than the corresponding
of a spectral feature that do not match the baseline in the sampleCRDS spectrum and is less affected by a sloping baseline. This
spectrum. This is because without a perfectly rigid cavity the is partly because the signal in ICL-PAS is normalized to the
mirror alignment (and therefore the absorbance) may changelaser power but the signal in CRDS is not. The advantage of
slightly each time the cell is evacuated and refilled. This makes CRDS is that absolute intensities may be derived from the
recording a background spectrum of any gas or an evacuatedspectrum. However, the intensities determined are highly
cell under the same conditions as the sample spectrum difficult. dependent on the method used to treat the baseline.

We compare three techniques for measuringAhey = 5 Calculation of Model Parameters.We calculate local mode
region: CRDS using a second-order polynomial baseline, long band positions and intensities using a mixture of experimental
path with a linear baseline, and ICL-PAS (Figure 3). The ICL- and ab initio values. We rely on parameters calculated ab initio
PAS spectrum is normalized to the laser power and is presentedvhere we cannot derive an experimental value. The parameters
without any further baseline subtraction. The three spectra areused in our model are presented in Table 3. Our ab initio-
in good agreement with respect to the frequency center andcalculated CH bond length agrees with a high-level ab initio
shape of the peak, but there are differences in the baseline study’ to within the error estimated in that work. Our calculation
leading to different intensities (Table 2). ICL-PAS has the disagrees with the assumed CH bond length in a microwave
highest signal-to-noise ratio, followed by CRDS and then long- experimenri* by approximately 0.005 A, though Puzzarini et
path spectroscopy. all” have suggested that the lack of fluorine isotopic substitution

The oscillator strengths derived after subtraction of the data in that study may cause it to disagree somewhat with
second-order polynomial or hexafluoroethane baseline agreecalculations. Our calculation of the HCH bond angle in HFC-
with each other and with the results from long-path spectroscopy 134a disagrees with another microwave stadhy 1.7, but the
to within 19% (Table 2). Thus, the uncertainty in absolute uncertainty quoted in that measurementis 1
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TABLE 3: Calculated Structural and Local Mode T T T T T
Parameters for HFC-134a 10°F 3
parameter value 000 N e Dunning 2-¢
s10°F — -Pople 3-¢ 3
Ren 1.0896 A g ——Dunning 3-¢
Oric 110.602 B 10°F 2
s 3078.7 cmbe 5 f 3
DXs 56.53 cnibe 2 0ok ]
¥ 35.5 cd SF E
@b 1525.9 cma “ !
fr' 18.9 cnr 0E 3 3
a Calculated ab initio using a B3LYP/aug-cc-pVTZ methddhe o b S X-
estimated uncertainty in these parameters is discussed in the text. '1' 2 3 ' 5 .
¢ Calculated from experimental frequencies of thecy = 5 and 6 Avgy

transitions 4 Calculated using an experimentalvalue and ab initio

Figure 5. Comparison of experimental total oscillator streng#) (
force constants and structural parameters.

with calculations using the 1D Hamiltonian and the B3LYP/aug-cc-

VDZ (-+-), 6-31H+G(2d,2p) (- - -), and aug-cc-pVTZH) methods.
Because CH-stretching vibrational overtone intensities are P ) (2d.2p) (--) g-ee-pVTZy

particularly sensitive to the value @xs® it is important to TABLE 4: Calculated and Observed Total Intensity of
use the most accurate local mode stretching parameters availabl€H-Stretching Transitions of HFC-134a

(i.e., those derived from experiment). The experimental param- Ay calca: exptp calcd/exptl
eters that we derive are taken from the CH-stretching frequencies™ 249% 106 1.79x 10°© 1.39
observed in our experiments. We extragtand @xs, the CH- 2 1.39x 107 9.90x 10°& 1.40
stretching frequency and anharmonicity, from a Bir@poner- 2 %-?gx ig: é-ggx %g*fm %-(1)2
type fit3° of.the center frequencies of tIngJCH =5 and 6 bands. . 5 7:61§ 101 1:16>X< 101% 1.12% 10°%  0.66, 0.68
These regions appear to be the most like pure local modes (i.e., g 8.89x 1012 2.1x 1014 0.42

they are the closest to a single absorption peak) and yield values Using the 3D Hamiltonian and the B3LYP/aug-cc-pVTZ method.

of 3078.7 and 56.53 cm, respectively. To estimate the b yteqrated from the measured spectrdrcquired with dispersive
uncertainty in the slope and intercept of this plot, we also |ong-path spectroscop§ Acquired with CRDS.

perform a Birge-Sponer-type fit to frequency positions of all

of the regions measured in this work. For those regions with tures have obtained a barrier of 1303 dmBarriers greater
complicated spectra (i.eAvcy = 2—4), the transition energy  than about 450 crmi have been shown to be effective in
is taken from the most intense peak. We estimate the uncertaintypreventing evidence of internal methyl rotation from appearing
in our frequency parameter to 22 cnt! and the uncertainty  in room-temperature CH-stretching overtone spettra.

in our anharmonicity parameter to be on the ordet-dfcm 1. Previously, B3LYP/6-311G(d,p) and B3LYP/6-311+G-

We calculate/’ from our experimental frequency parameter, (2d,2p) methods have been successfully employed for the
the ab initio force constants extracted from a fit to oux @D calculation of overtone intensities. B3LYP is a good choice for
sretch-stretch grids, and ab initio structural parameters. We its reduced computational cost compared to that of higher-level
obtain a value of 35.5 c. In our model, the value of' has methods such as QCISD and MP3 and its improved accuracy
no effect on the calculated total intensity of a region; it merely over HF method&® Our calculations on HFC-134a show that
redistributes intensity among different modes of vibration. HF and B3LYP methods provide similar results for all overtone

There is no simple way of extracting the HCH-bending intensities. B3LYP offers a fundamental intensity that agrees
frequency,@p, from our experimental data. We calculate it ab better with experiment, so we use B3LYP results throughout
initio to be 1525.9 cm!. The parametefr’ is calculated to be  this paper. These conclusions agree with trends that have been
18.9 cnt! using the frequency and structural parameters just previously describeéd but are the first results obtained with an
described as well as the ab initio force constants associated withab initio dipole moment function for a highly fluorinated
stretch-bend coupling. We derive our parameters from this molecule.
mixture of experimental and ab initio methods in the hopes of  We have chosen three basis sets for our calculations. Recently,
obtaining a reasonable fit to our data. Ab initio-calculated Galabov et al. achieved good agreement between experiment
parameters that include no scaling factors or adjustable param-and theory for infrared vibrational intensities of a variety of
eters do not agree well with our experimental data when small molecules with the use of Dunning-type trigldsasis
calculated using the methods in this paper. We wish to obtain sets?! We calculate intensities using the douljlaug-cc-pVDZ,

a few local mode parameters from the frequency information the triple< aug-cc-pVTZ, and the 6-3#1+G(2d,2p) basis sets.
in our experiments rather than fit the observed peaks in our The aug-cc-pVDZ basis set is smaller than 6-8#1G(2d,2p),
spectrum to a model consisting of a number of adjustable local and the aug-cc-pVTZ is the largest of the three.

mode parameters (as has been done for another HFC, Allthree basis sets lead to similar predictions of the intensity
1,1,1,2,3,3,3-heptafluoroprop&fe of the Avcy = 1—3 regions. In theAvcy = 4 and 5 regions,

Comparison of Computational Methods. The optimized 6-311++G(2d,2p) and aug-cc-pVTZ do a substantially better
geometry of HFC-134a calculated using the B3LYP/aug-cc- job than aug-cc-pVDZ (Figure 5). Although the aug-cc-pVDZ
pVTZ method is staggered witBs symmetry (Figure 1). We basis appears to predict the intensity of thecy = 6 region
calculate the barrier to rotation about the-C bond in HFC- better, this is almost certainly a comment on the uncertainty in
134a to be 1208 cri with this method. Far-infrared spectra measuring that intensity. As shown in Table 4, the agreement
obtained by Danti and Woé8have shown the barrier height between experiment and theory with the aug-cc-pVTZ basis set,
to be 1470 cm®. However, they assumed inaccurate structural especially at theAvcy = 3—5 levels, is excellent. The
parameters of the molecule, and later calculations by Parra anduncertainty of the calculated intensities increases with increasing
Zeng'® using an MP2/6-311+G(3df,3p) method to calculate  change in the vibrational quantum number because of the
the single-point energies of MP2/6-311G(d,p)-optimized struc- uncertainty in our Birge Sponer-type fit. We estimate the
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Figure 6. Comparison of experimental total oscillator strengi) ( Wavenumber (cm™)
with calculations using the 1D+), 2D (- - -), and 3D ) Hamiltonian
using the B3LYP/aug-cc-pVTZ-calculated dipole moment function and
local mode parameters from Table 3.

Figure 7. HFC-134a in theAvcy = 3 region recorded with dispersive
long-path spectroscopy. The 3D B3LYP/aug-cc-pVTZ-calculated transi-
tions are shown as sticks.

uncertainty in intensity due to the uncertainty@nand @x to from Table 3. For theAvcy = 1—3 regions of the spectrum,
be 24% at theAvcy = 6 level by performing a 3D aug-cc-  the 3D model does not appear to predict the correct number of
pVTZ calculation with the local mode parameters derived from important peaks. As an example, thecy = 3 region is shown

the Birge-Sponer fit to all six measured regions. in Figure 7.

Comparison of Model Hamiltonians. Our 1D, 2D, and 3D The frequencies of the individual predicted peaks are not well
Hamiltonians yield similar predictions of the total intensity of enough matched with the experimental measurements for
each region. Most of the intensity is expected to come from definite assignments to be made. The inclusion of additional
the bright CH-stretching state and is therefore accounted for in modes in our Hamiltonian might improve the agreement between
a model that includes only the CH-stretching vibrations. experiment and theory with respect to the intensity distribution

Because we wish to determine how well our models explain within each region. Specifically, we might include &
the structure in each region, we perform calculations using the symmetric CH-wagging mode in our Hamiltonian. This mode
2D and 3D models described in section Il1. Like the 1D model, has been observed in the fundamental refiom be close in
the 2D and 3D models agree with the experimental total frequency to the HCH bend that is already included in our
oscillator strengths of each region when used with B3LYP/aug- model. Additional modes, such as a CC stretch, could also be
cc-pVTZ dipole moment functions and local mode parameters included.
from Table 3. The total intensity predictions of the three models  In the Avcyy = 4—6 regions, we observe the spectrum to be
are compared in Figure 6. As discussed, there is an uncertaintyconsiderably simpler in appearance than in the lower-energy
in the oscillator strengths of th&vcy = 5 and 6 regions of  regions, as is often seen. Thecy = 5 and 6 regions consist
greater than 19% based on the uncertainty associated in fittingof only a single broad peak each, though there may be additional
the baseline. The choice of Hamiltonian has little impact on structure present. The overtone spectrum, recorded at room
the calculated total intensity of a region (Figure 6). We do temperature, may be broadened by hot bands, unresolved
observe a difference in total intensity of about 6% between the rotational fine structure, and/or intramolecular vibrational
1D and 3D models in thvcy = 2 region. We find that the redistribution. Further experiments comparing the structural and
more complicated Hamiltonians mostly redistribute the intensity temperature dependence of the width of the features are
over the regions. This indicates that the HCH-bending mode necessary to account for these broad absorptions. Our 3D model
does not significantly influence the intensity of these CH- predicts two major peaks in each region, separated by less than
stretching overtones. 2cnrt,

Total Intensity. We observe a general decrease in the total )
measured intensity of the CH-stretching regions of about an V- €onclusions
order of magnitude for each successive overtone. This decrease e have recorded the spectrum of HFC-134a inAle =

in intensity is consistent with trends previously described in 1—6 regions. We have compared the oscillator strengths derived

the literature for CH-stretching overtone speé@ur experi-  from our experiments to predictions from an anharmonic
mental total intensities agree with our 3D B3LYP/aug-cc-pVTZ  oscillator local mode model using 1D, 2D, and 3D Hamiltonians.
calculations to within better than a factor of 2 (Table 4) We model one CH stre[ch, two Coup|ed CH StretcheS, and two

We obtain good agreement between our calculated intensitiescoupled CH stretches with the HCH-bending mode, respectively.
and measured values for all overtones. The fundamental region We find that the three model Hamiltonians successfully
is often better modeled using a normal mode rather than areproduce the total intensity of each region when used with an
truncated local mode picture such as in egs 8, 9, and 14.ab initio B3LYP/aug-cc-pVTZ dipole moment function. The fact
However, we are able to calculate the total intensity of each that the quality of the intensity prediction does not significantly
region to within about a factor of 1.4 of the experimental value, improve in the 2D and 3D calculations implies that all of the

except for the CRDS measurement of the intensity intbey oscillator strength arises from a bright state that is well described
= 6 region. by a pure CH-stretching motion. The addition of extra dimen-
Intensity Distribution within CH-Stretching Regions. To sions in the model serves only to distribute the intensity (and

visualize how well our vibrational model reproduces the bright-state character) among a set of eigenstates in each CH-
intensity within each CH-stretching overtone, we plot the stretching region. The inclusion of additional modes in our
predictions of the 3D vibrational model using a B3LYP/aug- model might redistribute intensity within CH-stretching regions
cc-pVTZ dipole moment function and local mode parameters in a way that better matches the measured spectrum. For the
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calculation of total intensity, a 1D local mode model with an
ab initio dipole moment function gives quantitative agreemen

J. Phys. Chem. A, Vol. 109, No. 24, 2005331

(29) Takahashi, K.; Sugawara, M.; YabushitaJShys. Chem. 2003

t 107, 11092.

(30) Phillips, J. A.; Orlando, J. J.; Tyndall, G. S.; Vaida,Ghem. Phys.

between theory and experiment for our test hydroflurocarbon. | ¢t 1908 296, 377.

We also find that cavity ringdown spectroscopy and dispersive

(31) Donaldson, D. J.; Orlando, J. J.; Amann, S.; Tyndall, G. S.; Proos,

long-path spectroscopy agree well with respect to the intensity R. J.; Henry, B. R.; Vaida, VJ. Phys. Chem. A998 102 5171.

of a transition and that cavity ringdown and intracavity laser

(32) Donaldson, D. J.; Frost, G. J.; Rosenlof, K. H.; Tuck, A. F.; Vaida,
V. Geophys. Res. Lett997 24, 2651.

photoacoustic spectroscopy agree well with respect to the shape (33) Rong, z.: Kjaergaard, H. Gi. Phys. Chem. 2002 106, 6242.

of the transition. The intensities measured for high-overtone
regions are particularly dependent on the method of baseline

subtraction used.
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