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Hyper-Rayleigh scattering from CH 4, CD4, CF4, and CCl 4

Robby D. Pyatt and David P. Sheltona)
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First hyperpolarizabilitiesb were obtained for CX4 molecules in gas and liquid phases from
hyper-Rayleigh scattering measurements atl51064 nm. The gas-phase results forbxyz ~atomic
units! are 7.160.9 (CH4), 7.060.9 (CD4), 5.460.6 (CF4), and 11.060.9 (CCl4). Ab initio
calculations ofb are consistent with the experimental results for CF4 and CCl4, but not for CH4 and
CD4. The effective liquid-phaseb for CCl4 is 33 the gas phase value, but the liquid environment
has little effect onb for the other molecules. Thermal-lens and absorption coefficients were also
measured for ten liquids. ©2001 American Institute of Physics.@DOI: 10.1063/1.1370941#
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I. INTRODUCTION

Recently, dynamic first hyperpolarizabilitiesb for CH4,
CF4, and CCl4 were calculated by Bishop, Gu, an
Cybulski.1 The initial motivation for this calculation was t
compare with an experimentalb value for CCl4 proposed as
a standard for hyper-Rayleigh scattering~HRS!
measurements,2 and CH4 and CF4 were included when it was
recognized that there were little experimental or theoret
data for these molecules. The initial motivation for t
present work was to test these calculations for CH4, CF4, and
CCl4. These molecules are small enough that high qualityab
initio calculations are feasible, so a critical comparison w
experiment would be interesting. Quantitatively accurateab
initio quantum chemical calculations of dynamic molecu
hyperpolarizabilities are still difficult despite great advanc
in computational power, since they require a large basis
and a high-level treatment of electron correlation, wh
must include frequency dependence, and must accoun
both electronic and vibrational degrees of freedom.3,4 As-
sessing the accuracy of the calculated results can po
problem since it is usually not feasible to exhaustively a
dress all computational issues simultaneously, and bec
there are few accurate gas-phase experimental results
comparison.

Two attractive simplifications for tetrahedral (Td) CX4

molecules are that the tensorb has only one independen
componentbxyz, and calculation of a single bond leng
determines the equilibrium geometry. Since the dipole m
ment is zero, HRS is the only experimental technique s
able for measuringb for these molecules. HRS has recen
become one of the principal methods for measuring the n
linear optical properties of molecules in solution,5,6 but very
few measurements have been made in the gas phase
first gas in which HRS was observed was CH4, at l
5694.3 nm by Maker in 1966.7,8 However, his experimenta
value forb is uncertain by a factor of 3,7 and no other mea
surement for CH4 exists. The only other gas-phase measu
ment of b for one of these molecules is the recent expe
mental result for CCl4 at l51064 nm,2 which disagrees with

a!Electronic mail: shelton@physics.unlv.edu
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theab initio calculation of Bishopet al.1 by about a factor of
2. The main goal of the present work is to obtain reliab
experimental measurements ofb for CH4, CD4, CF4, and
CCl4 in the gas phase for comparison withab initio calcula-
tions. HRS measurements were also made for liquid C4,
CD4, CF4, and CCl4 to investigate the effects of intermolecu
lar interactions on the nonlinear optical properties of the
molecules in the condensed phase.

II. HRS EXPERIMENT

The experimental apparatus and methods used in
work have been previously described,2,9 and a detailed de-
scription of the present experiment can be found in Ref.
The beam from a pulsed Nd:YAG laser operating atl
51064 nm was focused into a liquid or gas sample contai
in a 1 cmfused silica fluorimeter cuvette, and the scatter
light nearu590° andl5532 nm was collected with an f/1.8
lens and analyzed by a grating spectrometer with calibra
spectral response. The incident beam in the sample ha
waist diameter'15 mm, and the pulses typically had a 1
kHz repetition rate,'100 ns duration and'0.7 mJ energy.
A visible-blocking glass filter~Schott RG-850! placed just
before the laser focusing lens prevented second-harm
light generated along the beam path from entering the sam
region. The polarization of the incident laser beam was c
trolled using a prism polarizer and a Soleil–Babinet comp
sator, while the polarization of the collected light was an
lyzed using a sheet polarizer followed by a quartz wed
polarization scrambler. The polarization geometry was V
with both the incident and the detected scattered polariza
perpendicular to the scattering plane, except for two g
phase measurements in which the analyzer was remove
increase the signal by measuring VV1VH.9 The spectrom-
eter slits were opened as large as possible~25 cm21 spectral
slit width! to maximize the HRS signal and to minimize th
sensitivity to shifts in alignment. Gated photon counting d
tection was used, giving a typical gated photomultiplier da
countrate of 231024 counts/s~cps!. The peak HRS signals
were '100 cps for the room temperature liquid sample
'0.1 cps for the cryogenic liquids, and'231023 cps for
gas-phase samples. Dead-time corrections9,11 were signifi-
8 © 2001 American Institute of Physics
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cant only for the room temperature liquid HRS signa
Alignment of the sample cell and optics was done with
room temperature liquid in the cuvette, and when the sam
was changed the dependence of image position on sa
refractive index was compensated by precalculated displ
ments of the focusing and collection lenses.9 Multiple scans
over the selected spectral region were made for each m
surement. Intensity was recorded at'1 cm21 intervals, al-
though the data is displayed using bins as coarse as 12 c21.

Several different sample cells were used. For CH3CN
and CCl4 vapor samples a standard Teflon-stoppered cuv
was used. The cuvette was filled with 1 cm3 of reagent-grade
liquid passed through a 0.2mm micropore filter, and placed
in a thermostatic enclosure heated to 50–75 °C to give a
mixture composed of air and 380–730 Torr of vapor abo
the liquid surface. The major constituents of air have
dipole-allowed SHG, and the presence of air as a buffer
is thought to suppress some types of background proble
The pressure and density of the vapor were determined f
the measured liquid temperature.12,13For CH4, CD4, and CF4
gas samples a cuvette with a graded-seal glass stem
nected to a gas shut-off valve was used. The cuvette
cleaned, connected to a gas-handling manifold, evacu
and outgassed, filled with ultrahigh purity gas through a
mm sintered metal dust filter to a typical pressure of 30
Torr ~4 atm!, and then sealed and removed from the ma
fold. The gas density was determined from the measured
pressure and temperature13 ~there was no significant unce
tainty in the gas density during the HRS measurements
to leaks!. Liquid CCl4 at room temperature~22 °C! in a stan-
dard stoppered cuvette was the intensity reference for the
and vapor HRS measurements.

Cryogenic liquid CH4, CD4, and CF4 samples were held
in a different graded-seal cuvette. This cuvette was s
pended inside a top-loading optical cryostat by its glass st
and remained connected to the manifold during the H
measurements. To prepare the sample, sample gas was
densed into a Pyrex glass reservoir tube on the manifold
then vacuum distilled into the cuvette which was typica
held at 100 K. The vapor pressure and temperature of
sample were continuously monitored and were used to de
mine the density of the liquid.12,14–20The intensity reference
for the cryogenic liquid HRS measurements was liqu
CH3CN at 295 K in the same cuvette~liquid CCl4 was the
reference for a single measurement!. To prepare the refer
ence, liquid CH3CN in a second reservoir tube on the ma
fold was degassed by freeze/pump/thaw cycles and
vacuum distilled into the cuvette. Each time CH3CN was
removed from the cell, prolonged pumping was required
desorb solvent vapor absorbed by the rubber O-ring seal
the connection to the sample cell. An advantage of filling
cell by vacuum distillation was that disturbances of t
sample cell position between sample and reference mea
ments were minimized.

The gated random background was easily and accura
measured and was much smaller than the peak HRS s
even for the gas phase measurements. More problematic
background due to sources synchronized in time with
laser pulses. Synchronous background sources observe
Downloaded 09 Feb 2009 to 131.216.14.1. Redistribution subject to AIP
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the gas-phase measurements included incandescent dus
ticles and two-photon fluorescence. The signal from a d
particle, incinerated as it passes through the laser beam
cus, is a short burst with a flat spectrum. This backgrou
was reduced by carefully cleaning the sample cell, filter
the gas, pressurizing the sample cell slowly, and allow
time for dust to settle before starting the measurement.
two-photon fluorescence signal from contaminants on
cell surface was also spectrally flat over the 600 cm21 region
probed, but steady in time. This background was elimina
by careful cleaning and handling of the sample cell. A ty
of background observed only for CCl4 vapor and not fully
understood, was sporadic bursts with no discernable spe
dependence, which were brighter and more persistent
the bursts for dust. A possible explanation is two-phot
fluorescence from products of a gas-phase chemical reac
initiated by incineration of a dust particle; the signal fades
the reaction products are removed by dissolving into the
ervoir of liquid CCl4. Careful cleaning of the cuvette elimi
nated this background.

Several methods were used to assess the synchro
background, and any measurement with a large synchron
background was discarded. Synchronous background ca
distinguished from HRS by observations made far from l
center, or by filling the sample cell with N2 gas for which
there is no dipole-allowed HRS. Synchronous backgrou
contributions from dust could also be identified by time d
pendence of the signal or by statistically improbable fluct
tions in the signal. No single method was used for ev
measurement or gave conclusive results alone. Every run
sometimes even single scans were separately inspecte
synchronous background contributions. The synchron
background contribution for the measurements used in
final analysis was 4%–9% of the integrated intensity for
gases and 0% for the liquids.

III. THERMAL LENS

Absorption of the 1064 nm laser beam by molecular
bration overtones causes localized heating and a decrea
the refractive index of the liquid along the beam path. T
result is a negative lens distributed along the laser beam
in the liquid, which modifies the propagation of the las
beam~the effect is negligibly weak in the gases studied!. The
effects of the thermal lens are an increase in the focal s
size and a decrease in the HRS signal, and these depen
the sample composition and laser power. To extract mole
lar properties form the HRS signals, it is necessary to cor
the observed intensities to those that would be seen in
absence of the thermal lens. A simple empirical method
determine the thermal lens correction is to measureI HRS/P2

as a function of average powerP and extrapolate toP50, as
previously demonstrated.9 This method could not be used fo
the cryogenic liquids since the HRS signals were too wea
low power to give reliable results. Instead, separate meas
ments of the thermal lens coefficient of each liquid we
made, and the HRS thermal lens correction was calcula
This procedure was tested by comparing the calculated
sults with direct HRS measurements for liquid CH3CN.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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Observations of far-field beam profiles were introduc
by Sheik-Bahaeet al. as a sensitive method for measurin
nonlinear optical interactions.21 Their method, referred to a
a ‘‘z-scan,’’ has been adapted here to measure thermal
strengths in liquids. A focused laser beam passes through
sample cell and falls on a small centered aperture place
the far field. The central intensity of the beam is measured
a detector placed behind this aperture. As the sampl
moved along the beam in the direction of beam propagat
the far-field beam divergence and spot size first reach a m
mum as the sample approaches the beam waist, and
reach a maximum as the sample passes the beam waist
detector signal shows a maximum followed by a minimum
the sample is moved through the focus of the beam. The r
of maximum to minimum signal is easily measured, and
low power obeys the relation,

~ I max/I min!
1/4511AP. ~1!

FIG. 1. ~a! Z-scan measurements for several liquids atl51064 nm. For
each value of the beam powerP, the maximum and minimum values of fa
field intensity are recorded as the sample in a 1 cmcuvette is scanned along
the cw laser beam focused to a confocal parameterz0'5 mm ~beam waist
diameter 70mm in the absence of a thermal lens!. Fitting Eq. ~1! to the
intensity ratio gives the thermal lens coefficientA in Table I.~b! Results for
I HRS/P2 vs P, normalized to 1 atP50, are shown. The calculated HR
intensity reduction due to the thermal lens is shown for CH4, CD4, and
CH3CN by the solid curves. The open circles and the dotted fitted line
the result of experimental measurements for CH3CN under the same condi
tions as in the calculation.
Downloaded 09 Feb 2009 to 131.216.14.1. Redistribution subject to AIP
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Figure 1 and Table I show the results ofz-scan measure
ments made for several liquids with a cw laser beam al
51064 nm.

The analysis of thez-scan measurements is based on
expression from Gordonet al.22 for the steady state therma
lens under conditions of conductive heat transport,

f 215
bPDz

kpr 2 S 1

n

dn

dTD , ~2!

where f is the focal length of the thermal lens induced in
liquid layer of small thicknessDz by a Gaussian laser beam
with radiusr and powerP. The relevant material paramete
of the liquid are the absorption coefficientb, the thermal
conductivityk, and the relative refractive index temperatu
coefficientn21dn/dT. The thermal lens controlled by con
duction is governed by the combination (b/nk)dn/dT. The
solution for the beam inside the liquid and in the far fie
was obtained by numerically propagating a Gaussian be
through the sample considered as a series of thin lenses
strength given by Eq.~2!. The beam solution calculated us
ing the measured input laser beam parameters is a functio
(b/nk)dn/dT, so the absorption coefficientb can be deter-
mined by fitting the beam propagation calculation to t
z-scan measurements and using tabulated material pa
eters, as shown in Table II for CH4, CD4, and CH3CN. A

e

TABLE I. Thermal lens coefficientA in Eq. ~1! measured byz-scan atl
51064 nm for liquids atT528 °C ~CH4 and CD4 at T5100 K!. Data for
five of the liquids are shown in Fig. 1. The error bars reflect the accurac
relative comparisons and do not include calibration uncertainties for b
power and focusing. Thermal lens strength is reduced 1–203 by deutera-
tion.

Liquid A ~W21!

CH3OH 40610
CH3OD 1161
H2O 761
CH3CN 2.0760.03
CH4 1.1960.01
CD4 1.1260.02
CD3CN 0.4860.01
D2O 0.3360.01
CF4 ,1022

CCl4 ,1023
s
TABLE II. Thermal parameters for liquid CH4, CD4, and CH3CN used in calculating HRS thermal len
corrections. The estimated uncertainty in the absorption coefficientb is 30%. Values in parentheses for CD4

assumek andrcp are the same as for CH4.

Liquid
T

~K!
dn/dT

(1024 K21)
ka

(1023 W cm21)
r

~g cm23!
cp

a

~J g21 K21!
b

(1023 cm21)

CH4 100 29.6b 2.081 0.439c 3.373 0.70
CD4 100 29.7d ~2.08! 0.556d ~2.66! 0.65
CH3CN 295 24.5e 1.877 0.782e 2.227 1.91

aReference 12.
bReferences 16, 18, 20.
cReferences 12, 14, 16, 18–20.
dReference 16.
eReference 15.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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noteworthy and surprising result is that the measured abs
tion and thermal lens coefficients are almost the same
CH4 and CD4 at l51064 nm.

The HRS measurements use a pulsed laser beam, w
complicates the thermal lens calculation. In the cw limit t
temperature distribution is controlled byk, whereas in the
limiting case of a single pulse, much shorter than the ther
diffusion time across the beam, the heat capacityrcp con-
trols the temperature.23 The actual situation is intermediat
between these two limits. The radial temperature profile
the effective thermal lens at the peak of the laser pulse w
obtained from a self-consistent numerical solution of the d
fusion equation in cylindrical coordinates with period
pulsed heat input from the Gaussian beam. The solution
the beam propagating in the presence of the thermal lens
the integral ofI 2 over the sample volume~proportional to the
HRS signal!, were then calculated as a function of bea
power. Figure 1 shows the calculated HRS thermal lens
rections as a function of beam power for CH4, CD4, and
CH3CN, as well as experimental results for CH3CN under
the same conditions. The observed deviation between ca
lated and experimental results for CH3CN at high power is
consistent with the onset of convection,24 which was ne-
glected in the calculation. For CH4 and CD4 the calculated
results are expected to be more accurate since the the
lens for a given input power is only half as strong as
CH3CN, and because convective effects at the same
sorbed power will be diminished due to the 83 larger kine-
matic viscosity of CH4 and CD4. The thermal lens correc
tions for CH4 and CD4 were based on the calculated curv
in Fig. 1, while the corrections for CH3CN were based on
empirical extrapolation of experimental measurements
I HRS/P2. The typical HRS intensity reduction due to th
thermal lens in these experiments was 20% for CH4 and
CD4, and 40% for CH3CN. The uncertainty in the HRS in
tensity due to the thermal lens correction was 5% for th
three molecules. No correction was needed for CF4 or CCl4.

IV. ANALYSIS AND CALIBRATION

The HRS signal is related to the effective molecular h
perpolarizabilityb by

S2v}rGb2, ~3!

whereS2v is the HRS signal integrated over the entire sp
tral band after applying dead time, background, thermal le
polarization, and spectral response corrections,r is the mo-
lecular number density, andG accounts for other sampl
dependent factors, and is given by2,9

G5Lv
4 L2v

2 Tv
2 T2vnv /n2v

2 . ~4!

In this expressionn is the sample refractive index,

L5~n212!/3 ~5!

is the Lorentz local field factor, andT512(n2nfs)
2/(n

1nfs)
2 is the Fresnel transmission factor for the samp

fused silica~fs! interface. Table III showsr and G for the
sample materials studied in this work. Relative values ob
Downloaded 09 Feb 2009 to 131.216.14.1. Redistribution subject to AIP
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are obtained by comparing HRS measurements
(S2v/rG)1/2 from different samples in the same appara
under nearly identical conditions.

Absolute values ofb were obtained using liquid CCl4 as
the intensity standard for the gas measurements, and u
liquid CH3CN as the intensity standard for the liquid me
surements. The calibration of these intensity standard
based on the gas-phaseb measured for CH3CN at l
51064 nm in a previous electric-field-induced second h
monic generation~ESHG! experiment.2 The calibration chain
for the liquid CCl4 intensity standard is

bESHG
CH3CN~g!⇒bHRS

CH3CN~g!⇒bHRS
CCl4~ l ! . ~6!

The first link of the chain relies onab initio results for ratios
of b tensor components.2,25 The second link relies on a direc
comparison of HRS intensities for CH3CN gas and CCl4 liq-
uid. One may consider effectiveb for liquid CCl4 as just a
convenient way of expressing the HRS scattering cross
tion measured for the liquid. A final direct comparison
HRS intensities for CH3CN and CCl4 liquids also calibrates
liquid CH3CN as an intensity standard. A previous result f
bHRS

CCl4( l ) was obtained using several chains of comparis
involving gas- and liquid-phase measurements for seven
ferent molecules,2 and the present and previous results a
compared in Table IV. The present result for CCl4 is consid-
ered more reliable~and was used in the subsequent analys!
because the signal to noise ratio is better and the sync
nous background contributions are more adequately asse
in the present gas-phase HRS measurements.

TABLE III. Material property data used to determiner and G in Eqs.~3!
and ~4!.

Material T ~K! r~mol/l! nv n2v G

CH4( l ) 100 27.4a 1.276b 1.288b 2.42
CD4( l ) 100 27.7b 1.272b 1.284b 2.38
CF4( l ) 100 20.7c 1.224d 1.233d 2.01
CCl4( l ) 295 10.4e 1.4500f 1.4630f 4.51
CH3CN(l ) 295 19.0e 1.3376f 1.3456f 3.02
Gases 1.000 1.000 0.905
Fused silica 295 1.450 1.461

aReferences 12, 14, 16, 18–20.
bReference 16.
cReferences 12, 14, 17, 19, 20.
dReferences 17 and 20.
eReferences 12, 14, 15.
fReference 15.

TABLE IV. Calibration chain for the liquid CCl4 HRS intensity standard
@Eq. ~6!#. HRS results are for VV polarization andb is in atomic units.a

Quantity Present Previous

bESHG
CH3CN(g) 17.961.1b

bHRS
CH3CN(g) 10.8560.68b

bHRS
CCl4( l ) 20.961.4 18.660.7b

ab51 a.u.51 e3a0
3Eh

2253.206 36310253 C3 m3 J2258.6392310233 esu,
wheree is the electron charge,a0 is the Bohr radius, andEh is the Hartree
energy.

bReference 2.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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All experimental HRS results are reported for VV pola
ization geometry. Two gas-phase CF4 measurements with
liquid CCl4 as the intensity standard were done in t
VV1VH polarization geometry. ForTd molecules in the gas
phase the HRS depolarization ratio isSVH /SVV52/3 by sym-
metry, while for liquid CCl4 the measured integrated inte
sity depolarization ratio wasSVH /SVV50.435. The VV HRS
intensity ratioSCF4(g)/SCCl4(l ) was obtained in this case b
multiplying the VV1VH intensity ratio by (110.435)/(1
12/3).

The HRS signal given by Eq.~3! in the VV polarization
geometry is proportional tôbZZZ

2 &, wherebZZZ is the space-
fixed ZZZ component of theb tensor and̂ * & denotes the
classical average over all molecular orientations.26 The
space-fixed components of the orientation-averaged tensb
can be expressed in terms of the tensor components ofb in
the molecule-fixed frame. For molecules ofTd symmetry
bxyz is the only independent component ofb, and isotropic
averaging for an isolated molecule gives26

^bZZZ
2 &5 12

35 bxyz
2 . ~7!

The HRS signal intensity from a sample of independent, r
domly orientedTd molecules is proportional to the quanti
in Eq. ~7!, but the HRS signal from each individual molecu
in the sample fluctuates due to its motion. Orientation dif
sion of the molecules results in a Lorentzian HRS band, w
spectral width inversely proportional to the orientation diff
sion time.27 The integrated intensity of the HRS band is i
dependent of the dynamics, but it is changed by intermole
lar interactions and orientation correlations such as th
which may exist in a dense liquid. In the gas phase at
density the molecules are independent and freely rotatin

The quantum mechanical view of gas-phase HRS is
process where two incident photons are absorbed, a
monic photon is scattered and a molecule undergoes a
sition between rotational states. The HRS spectrum for a
of Td molecules composed of distinguishable atoms cons
of seven overlapping branches with line intensities and
lection rules given by7,28

I VV
2v uJ→J8}bxyz

2 ~2J11!~2J811!exp@2BJ~J11!/kT#,
~8a!

DJ50,61,62,63, ~8b!

J1J8>3, ~8c!

where B0 is the rotational constant for the molecule a
B0J(J11) is the energy of theJ rotational level. The spec
trum calculation is more complicated and the spectral dis
bution is less regular in the case of CX4 molecules with
indistinguishable X atoms.29–34 To correctly account for
nuclear spin statistics and symmetry the molecular states
come linear combinations of spherical top rotational wa
functions. The partition function is given by Wilson,30 and
expressions for the transition matrix elements are given
Ozier and Fox31,32 with corrections by Rosenberget al.33,34

The full calculation based on symmetry adapted wave fu
tions was used to calculate the HRS spectrum for CH4, CD4,
and CF4, but Eq.~8! was used for CCl4 where isotopic mix-
ing breaks the symmetry. The molecular parameters1,35,36
Downloaded 09 Feb 2009 to 131.216.14.1. Redistribution subject to AIP
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used in the spectral calculations are shown in Table V. T
calculated line spectrum was convolved with the 25 cm21

wide spectrometer spectral response function to obtain
theoretical spectrum, which can be directly compared w
the measured HRS spectrum. The effect of nuclear spin
tistics on the calculated spectral distribution is significa
only for CH4 and CD4, and the quantum corrections to th
integrated intensities are negligible for all the molecules. T
quantum calculation gives an integrated intensity larger t
that obtained using the classical orientation average in
~7!, but it agrees with Eq.~7! in the classical limit~largeT or
small B0!. The calculated quantum corrections are shown
Table V. Theoretical gas-phase HRS spectra were calcul
for comparison with each of the measured spectra.

V. RESULTS AND DISCUSSION

The results of the gas-phase HRS measurements
shown in Fig. 2 and Table VI. CH4 was the first gas studied
and also the most difficult case because its HRS signal
the weakest. The CH4 spectrum shown in Fig. 2 is the sum o
9 measurements with a total of 590 counts above ba
ground. The integrated intensity ratio for CH4 in Table VI is
based on the four measurements with the smallest un
tainty in the synchronous background. The synchron
background estimate was 969% of the CH4 integrated in-
tensity. The envelope of the calculated spectrum agrees
the measured spectral distribution, but not all the peaks in
calculated spectrum appear in the data. The spectrum ca
lated instead with Eq.~8!, ignoring nuclear spin statistica
effects, has essentially the same envelope, but is smoo
and is a better match to the observed spectrum. The pe
bations due to collisions in the CH4 gas at 4 atm pressur
may break the symmetry of the four indistinguishable H
oms, and modify the calculated intensity distribution sho
in Fig. 2. Table VI shows that theab initio result forbxyz of
CH4 is 30% larger than the experimental result, well outs
the 613% experimental error bar. The stated theoretical
sult was obtained by interpolating the tabulated results
Bishop et al.,1 and includes the electronic (be528.7522),
zero-point vibrational averaging (bZPVA521.2055) and
pure vibrational (bv510.7541) contributions at the exper
mental laser frequency (9395 cm2150.042 81 a.u.).

TABLE V. Parameters for the pure-rotation HRS spectrum calculation,
the calculated quantum corrections to the integrated intensities aT
5100 K ~295 K!. The quantum correction is due to the J dependence of
transition matrix elements. In the absence of nuclear spin statistical ef
the quantum correction for CH4 would increase to 2.0%~1.0%! at 100 K
~295 K!.

Molecule Nuclear spin B0 ~cm21! Quant. corr.~%!

CH4 1/2 5.2410a 0.23~0.27!
CD4 1 2.6326b 0.94~0.57!
CF4 1/2 0.185c 0.16~0.06!
CCl4 3/2 0.057d 0.06~0.02!

aReference 35.
bReference 36.
cBased on bond length 0.1320 nm from Ref. 1.
dBased on bond length 0.1767 nm from Ref. 1.
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The results for CD4 in Fig. 2 and Table VI are from a
single good measurement with synchronous backgroun
64% of the integrated intensity. There is good agreem
between the calculated and measured spectra over the
sured frequency range, and the calculated spectrum was

FIG. 2. HRS spectral intensities for CH4, CD4, CF4, and CCl4 in the gas-
phase are plotted vs frequency differenceDv from the laser second har
monic frequency 2v0518 790 cm21. The filled circles are the experimenta
results and the curve is the calculated gas-phase HRS spectrum norm
to match the measured integrated intensity above background.
(random1synchronous) background which was subtracted from the t
measured intensity was (3.911.2), (1.910.3), (3.010.2), and (2.111.0)
counts/point, giving 590, 174, 173, and 501 counts above background
CH4, CD4, CF4, and CCl4, respectively. The calculated and measured sp
tral profiles agree within the statistical uncertainties~6N1/2 for each point
whereN is the signal1background count!, except for CH4 where not all the
predicted spectral peaks appear in the data.

TABLE VI. Summary of gas-phase HRS intensity measured with VV p
larization, and a comparison of measured and calculatedbxyz in atomic
units.

Molecule

SSrD
CX4~g!Y S S

r D CCl4~ l !

(1023)
Measuredubxyzu

~a.u.!
ab initio bxyz

~a.u.!

CH4 8.060.9 7.160.9 29.20a

CD4 7.860.8 7.060.9 29.10b

CF4 4.760.4 5.460.6 4.34a

CCl4 2262 11.060.9 8.7–13.6a

aFrom Ref. 1.
bScaled fromb for CH4 from Ref. 1.
Downloaded 09 Feb 2009 to 131.216.14.1. Redistribution subject to AIP
4
nt
ea-
sed

to estimate the contribution to the integrated intensity
CD4 due to the clipped tails of the measured spectrum~7%!.
Table VI shows that theab initio result for bxyz of CD4 is
30% larger than the experimental result, well outside
613% experimental error bar. The theoretical result for C4

in Table VI was obtained from the CH4 results,1 using the
same electronic contribution and scaling the vibrational c
tributions to b. The assumed scaling isbZPVA}m21/2, bv

}v0 /(v22v0
2) and v0}m21/2, where v053100 cm21 for

CH4 was obtained from a fit to the calculated frequency d
pendence ofbv. The scale factors used are 0.707 forbZPVA

and 0.669 forbv.
The experimental value ofbxyz is 30% smaller than the

ab initio value for both CH4 and CD4. This is surprising, as
the experimental error bars are613% and the accuracy o
the calculation is thought to be even better. Maroulis th
oughly investigated basis set and correlation effects forbe in
the static limit for CH4 at the equilibrium geometry,37 as well

zed
he
l

or
-

FIG. 3. HRS spectral intensities for CH4, CD4, CF4, and CCl4 in the liquid-
phase are plotted vs frequency differenceDv from the laser second har
monic frequency 2v0518 790 cm21. The filled circles are the experimenta
results and the curve is the calculated gas-phase HRS spectrum at the
temperature, normalized to match the measured integrated intensity a
background. The spectra shown are the sum of two measurements for4

and CF4, and single measurements for CD4 and CCl4. The measured spectr
for CH4 and CD4 have the same overall width and shape as the calcula
gas-phase spectra but are missing the narrow peaks and valleys. The
sured spectra for CF4 and CCl4 differ in shape and width from the calculate
gas-phase spectra. The experimental spectra have a narrow central pe
low broad wings. When spectrally resolved, the central peak in the liq
CCl4 spectrum is a Lorentzian with 11.7 cm21 full width at half maximum
intensity ~Ref. 42!.

-
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Downloaded 09 Fe
TABLE VII. Summary of liquid-phase HRS intensity and effectiveb measurements with VV polarization. Th
quantityw( l )/w(g) compares the HRS spectral width measured for the liquid with the calculated width in th
phase.

Molecule

SSrD
CX4~ l !Y S S

r D CH3CN~ l !

(1022) SSrD
CX4~ l !Y S S

r D CH3CN~g!

w( l )/w(g)
b ( l )

~a.u.! b ( l )/b (g)

CH4 1.5260.03 0.2560.02 1.160.1a 3.360.3 0.7960.09
CD4 1.6360.05 0.2860.02 1.160.1a 3.460.3 0.8460.09
CF4 0.7460.02 0.12260.007 0.460.1b 2.560.2 0.8060.09
CCl4 9063 18.460.8 0.2960.03c 20.961.4 3.060.1

aRoot-mean-square width~RMS!.
bFull width at half maximum height~FWHM! after deconvolution of the instrumental width.
cFWHM of the Lorentzian component of the resolved liquid spectrum from Ref. 42 compared with the c
lated resolved gas spectrum.
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as the sensitivity to bond length. Comparing staticbe

528.31 a.u. from Maroulis’ work37 and 28.09 a.u. from
Bishop et al.1 suggests thatbe at the laser frequency from
Bishop et al. has converged within 0.3 a.u. ThebZPVA and
bv terms should be comparably accurate, so one expect
curacy near 4% forab initio b for CH4 ~and CD4!. A pos-
sible explanation for the discrepancy between theory and
periment is that thebv calculation includes only the
fundamental vibrations, and relatively low order overto
and combination vibration bands of CH4 and CD4 that fall
near the laser frequency have been ignored. Such vibra
bands close to the laser frequency are seen in the gas-ph38

and solid-phase39,40absorption spectra for CH4 and CD4. The
effect of near-resonant overtone and combination bands
low the laser frequency will be to reduce the magnitude
calculatedb and decrease the discrepancy between the
and experiment. The required overtone vibration contribut
to bv is 2 a.u., larger than the fundamental contribution.
the transition matrix elements are'303 smaller than for the
fundamentals, the transition frequencies would have to
within '300 cm21 of the laser frequency to have the desir
effect. Since the downward shifts in the vibration frequenc
between CH4 and CD4 are large, it might seem unlikely tha
the same large resonant contribution tobv would exist for
both molecules. For the same reason one expects the ab
tion coefficient to be much smaller for CD4 than for CH4.
However, the observed fact is that the absorption coefficie
are almost the same for CH4 and CD4 at the laser frequency
and the same accident may have occurred forbv. This issue
could be resolved theoretically by calculating the overto
and combination band contributions tobv, or experimentally
by measuringb at visible wavelengths where all contribu
tions tobv are far from resonance.

The results for CF4 and CCl4 in Fig. 2 and Table VI
combine five and four measurements, with synchron
background contributions 565% and 969% of the inte-
grated intensity, respectively. There is good agreement
tween the measured and calculated spectra in Fig. 2. Thab
initio result shown in Table VI forbxyz of CF4 is 1.1 a.u.
smaller than the experimental result. However, compari
of the results from Bishopet al.1 with the staticab initio
results from Maroulis41 suggests that extending the basis
and level of correlation treatment could increaseab initio b
b 2009 to 131.216.14.1. Redistribution subject to AIP
ac-

x-

on
se

e-
f
ry
n
f

ie

s

rp-

ts

e

s

e-

n

t

in Table VI for CF4 by 1.6 a.u. Thus, the experimental valu
5.460.6 a.u. forbxyz of CF4 falls within the range of the bes
ab initio estimates, 4.3–5.9 a.u. Similarly for CCl4, the lower
ab initio value given in Table VI is calculated using a un
form basis set and correlation treatment for all contributio
to b, while the higher value includes estimates of the effe
of extending the basis set and level of correlation treatm
The range of the bestab initio results for bxyz for CCl4
includes the experimental value from this work. The pres
experimental result forbxyz of CCl4 in the gas phase is
smaller by almost a factor of 2 than the previously repor
result.2 The most likely source of the discrepancy is an u
recognized synchronous background contribution in the p
vious measurements. In this regard one may note that
largest synchronous background contributions have been
served for CCl4 vapor, and for this reason special care h
been taken in the present work to assess and minimize
background.

The results of the liquid-phase HRS measurements
shown in Fig. 3 and Table VII. The background in the liqu
spectra was usually,1% of the integrated intensity. Theb ( l )

results for liquid CH4, CD4, and CF4 in Table VII are based
on four, one, and two measurements, respectively, calibr
against liquid CH3CN. The b ( l ) result for liquid CCl4 in
Tables IV and VII is based on seven measurements c
brated directly against CH3CN gas. Figure 3 shows that th
pronounced rotational structure of the gas-phase CH4 and

TABLE VIII. Parameters for estimating intermolecular interaction effec
in atomic units.

Molecule
Va

~a.u.!
gb

(103 a.u.)
(gV/b)2

(106 a.u.)
V2

~a.u.!

CH4 12.41c 3.324d 1.3 5.8
CF4 24.66e 1.54f 1.8 21.7
CCl4 22.3g 19.7h 1600 497

aV51 a.u.51 ea0
352.374 182310250 C m3.

bg51 a.u.51 e4a0
4Eh

2356.235 378310265 C4 m4 J23.
cReference 37.
dStaticg from Ref. 43.
eReference 41.
fKerr effectg at l5632.8 nm from Ref. 44.
gReference 45.
hKerr effectg at l5632.8 nm from Ref. 46.
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CD4 HRS spectra calculated at the temperature of the c
genic liquids, is absent from the experimental liquid HR
spectra. The measured width of the liquid spectrum for C4

and CD4, however, is not significantly different from th
width of the calculated gas-phase spectrum, as shown in
3 and Table VII. This indicates that the intermolecular int
actions in liquid CH4 and CD4 only weakly perturb the rota
tional motion. In contrast, the CF4 and CCl4 liquid HRS
spectra are significantly narrowed compared to the calcul
gas-phase spectra at the same temperature, as shown in
and Table VII. Theory predicts that the free rotor HRS sp
trum collapses to a narrow Lorentzian profile as the ro
tional motion becomes strongly hindered.27 The large HRS
intensity in the case of CCl4 allows high resolution
measurements42 which show that the liquid HRS spectrum
3 times narrower than the gas-phase spectrum, indica
strongly hindered rotation in liquid CCl4.

The ratiob ( l )/b (g) in Table VII is a measure of the ef
fect of intermolecular interactions onb. Both molecular dis-
tortion and orientation correlation will change the value
effective b ( l ) that is measured. Only CCl4 shows a large
deviation fromb ( l )/b (g)51. This can be understood by con
sidering the multipolar interactions for these molecules. T
octupole momentV is the first nonzero multipole momen
for these molecules. The octupolar electric field of a m
ecule,}VR25, will distort any nearby molecule, inducing
time-varying incrementDb(R)}gVR25 during a collision.
The intermolecular field fluctuates on the collisional tim
scale'0.3 ps, so the relevantg is the static value~which
contains a large vibrational contribution!. Collision-induced
distortion results in the addition of broad exponential win
to the HRS spectrum, with added integrated intens
}g2V2. These collision-induced exponential wings ha
been previously studied, contribute 40% of the integra
intensity for CCl4,

42 and are clearly visible in the liquid
CCl4 HRS spectrum shown in Fig. 3. Theory predicts th
the relative collision-induced HRS contribution
}(gV/b)2. The value of (gV/b)2 estimated using the mo
lecular parameters37,41–46 given in Table VIII is 10003
larger for CCl4 than for the other molecules, consistent w
observation of significant collision-induced HRS only f
liquid CCl4. The second effect ofV is to exert intermolecu-
lar torques}V2R25 during collisions, which hinder free ro
tation of the molecules and induce orientation correlati
The results are a narrowing of the rotational HRS spectr
and a change in the measured effectiveb ( l ). Table VIII
shows thatV2 is at least 203 times larger for CCl4 than for
the other molecules, consistent with observation of strong
spectral narrowing due to hindered rotation for liquid CC4,
and suggesting that orientation correlation effects will
most significant for CCl4. Orientation correlation may ac
count for the small deviation fromb ( l )/b (g)51 observed for
CH4, CD4, and CF4.

VI. CONCLUSION

Contrary to expectations, the agreement between exp
mental and calculated results forb is poor for CH4 and CD4.
The discrepancy may be due tobv contributions from near-
Downloaded 09 Feb 2009 to 131.216.14.1. Redistribution subject to AIP
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resonant overtone vibrations. For CF4 and CCl4 the gas-
phase experimental results forb fall within the range of the
bestab initio results. The results forb measured in liquid
CH4, CD4, and CF4 are consistent with weak intermolecula
interactions.
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