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Collective molecular rotation in D ,0

David P. Shelton
Department of Physics, University of Nevada, Las Vegas, Las Vegas, Nevada 89154-4002

(Received 10 June 2002; accepted 26 August 2002

The hyper-Rayleigh scatterifglRS) spectrum of liquid DO was measured at 90° scattering angle
with linearly polarized light(VV, HV, VH, and HH polarization geometrigsThe VV and HV
spectral profiles are similar, but the HV and VH spectral profiles are very different. This can be
accounted for by scattering from nonlocal modes of molecular reorientation. The local mode and the
transverse nonlocal mode both result in Lorentzian spectral components with width increasing from
1.1 cm tatT=23°C to 3.3 cm! at 80 °C. The spectrum due to the longitudinal nonlocal mode has
width <0.3 cm L. A relatively weak and very broad collision-induced spectral component is also
observed. The relative integrated intensities of the local, transverse and longitudinal components of
the VH HRS spectrum are 21%, 45%, and 34%, indicating that molecular reorientation in water is
predominantly a collective effect. @002 American Institute of Physics.

[DOI: 10.1063/1.1514976

I. INTRODUCTION II. HRS EXPERIMENT

Light scattering has been used as a tool to investigate the The experimental apparatus and methods used in this
motion of molecules in liquids for almost a centdfy. The ~ work have been previously describ®d! The beam from a
orientational and translational motions of the molecules repulsed Nd:YAG laser operating at=1064 nm was focused
sult in spectral features at small frequency shifts, typicallyinto the liquid sample contained ia 1 cmfused silica fluo-
<100 cm't. The most prominent feature of the polarized rimeter cuvette placed in a thermostatic enclosure, and the
scattered light spectrum is the Rayleigh—Brillouin triplet duescattered light neap=90° andA=532 nm was collected
to diffusive and propagatingongitudinal acousticdensity  with an /1.8 lens and analyzed by a grating spectrometer
fluctuations of the fluid. The depolarized scattered light specwith calibrated spectral response. The incident beam in the
trum for a fluid of anisotropic molecules typically has a cen-sample had a waist diameter of 1&n, and the pulses typi-
tral Lorentzian peak ascribed to rotational diffusion of thecally had a 1 kHz repetition rate, 100 ns duration, and 1 mJ
molecules, riding on broad exponential wings due to fluctuaenergy. A Vvisible-blocking glass filte(Schott RG-85D
tions induced by intermolecular interactions during colli- placed just before the laser focusing lens prevented second-
sions. A characteristic central d{Rytov dip) can occur due harmonic light generated along the beam path from entering
to coupling between molecular orientation and shear flow irthe sample region. The sample was reagent graf®(B9.9
the liquid. at% D) filtered through a 0.2«m micropore filter. The po-

Nonlinear light scattering experiments are interestinglarization of the incident laser beam was controlled using a
since they can reveal modes of motion that are invisible tgrism polarizer and an electronically controlled liquid crystal
linear light scattering. In particular, transverse and longitudi-~variable wave platéLCVWP), while the polarization of the
nal polar modes of collective molecular motion producecollected light was analyzed using a sheet polarizer mounted
hyper-Rayleigh scatterinddiRS) spectra with distinctive po- so that the polarization axis could be rotated rapidly by 90°.
larization dependence.” HRS is allowed for both optic and The polarization geometry was either VV, HV, VH, or
acoustic modes provided the modes are polar. Since thdH, where V(H) denotes the polarization direction perpen-
acoustic phonons responsible for the Brillouin doublet aredicular (paralle) to the horizontal scattering plane, and the
scalar density waves they do not contribute to the HRS spedirst (secondl letter refers to the incideritietected scattered
trum. HRS with the polarization dependence characteristic opolarization. An electrical command pulse switches the ap-
a transverse polar collective mode has recently been reportgraratus rapidly(0.1 9 from one polarization geometry to
for acetonitrile® The aim of the present experiments is to another. Since accurate polarization ratios are critical to the
better understand such collective modes of molecular reorianalysis and interpretation of this work, spectra were ac-
entation in liquids. quired in matched pairs, for example, VV and HV, or HV and

Water is a particularly interesting and important liquid, VH. The selected spectral region was scanned multiple
with a very extensive literature on its structure andtimes, alternating the polarization geometry on each succes-
propertie® Accurateab initio calculations of the nonlinear sive scan, for 100—1000 scaftgpically 4 min per scan In
optical properties of this molecule are also available to aidhis way, spectra with different polarization geometry were
the analysis and interpretation of HRS measurements. Thisbtained under otherwise identical conditions.
makes water a natural choice for further study of collective  The plan is to distinguish the HRS spectral components
reorientation modes. due to local or collective modes by their different polariza-
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TABLE |. Polarization dependence of HRS intensities at 90° scatteringyedge polarization scrambler was not used since the strong,
angle for local and collective modes. coarse polarization modulation it introduces can result in
large systematic errors in this experiment. The aperture stop

Mode lwy lhy Ve I . .

_ — . for the detection system is a rectangular aperture at the po-
Rotational diffusion P ! 1 1 sition of the relay mirror coupling the tandem monochroma-
Collision-induced Q 1 1 1 f the Jobin-Y R U 1000 t t Th
Transverse R2 1 12 12 tors 0 the Jobin-Yvon Ramanor spectrometer. The
Longitudinal 0 0 1/2 12 physical aperture stop in the spectrometer define§ldn4

Xf/17.5 rectangular acceptance cone at the entrance slit,
which is imaged to a rectangular collection aperture inside
the sample with angular siz& = +9.9° parallel andA
+6.6° perpendicular to the scattering plane, respectively.
large collection aperture is necessary due to the weakness
of the HRS, but collection of light over this large angular
modes or 0 for longitudinal polar modes. The parameter§ange gffectively mjxes polariz_ation components of the scat-
P2, Q2, andR? depend on molecular structure, but the re_tered light. Corrections for finite collection angle are calcu-

lations between the HV. VH. and HH intensities for eachlated using the results in Ref. 7, and were tested using mea-
mode do not ' ’ surements of the strongly polarized Rayleigh scatter from

The peak HRS signal was typically 20 count&gs for liquid CCl,. The spectrometer polarization response was
WV polarization and <1 cps for VH (dead-time calibrated using unpolarized light from a tungsten lamp and
correction$®*? were <1%). D,O was chosen as the sample integrating sphere, and also using two photon fluorescence
liquid instead of HO because thermal defocusiig® of the (2PB from Rhodamine 590 dye solution with an H polarized
1064 nm laser beam reduced the signal frogdHby a factor laser beam incident. Experimental tests for biases in the po-
of 3. Gated photon counting detection was used, giving Aarization response of the LCVWP. and the analyzing polar-
typical gated photomultiplier dark count rate 0k20™* cps izer, and deviations from the nominal scattering angles and
which was negligible even for the weakest HRS spectrapOIar'Zat'ons’ were made using tungsten lamp, 2PF and Ray-

There was no detectable contribution to the HRS signal du[ee'gh scattering light sources.
to scattering from the residual dust in the samples. Most o
the spectra were acquired with 1.25 cthspectral resolution I”' RESULTS AND ANALYSIS
[full width at half maximum intensitf FWHM)]. The spec- The HRS measurements for liquid,® over a 10 cm?
tral response function of the instrument was the convolutiorspectral range at temperatures between 22.8 and 80.0 °C are
of the spectrometer functiof0.80 cmi* FWHM triangle  shown in Fig. 1. HRS spectra measured faOHthis work,
and the laser spectruri®.95 cm* FWHM Gaussiah The  not shown are similar. The data have been corrected for
spectral response function was measured by scanning tliad time and spectrometer polarization response, and the
spectrum of the laser beam after it had been frequencyV, HV, and VH spectra at each temperature have been
doubled with a KTP crystal and reflected from a scatter platgolaced on a common intensity scale using the HV spectrum
at the sample position. as the reference. Intensity is plotted as a function of fre-
The directions and polarizations of the incident and scatguency shift from the second harmonic frequency of the laser
tered beams were aligned along mutually orthogonal axesthe Stokes side of the spectrum corresponds to negative fre-
and the center of the scattered beam was placed on the optjuency shift. The error bars on the data points include only
cal axis of the spectrometer, constructing the nominal scateounting statistics and are largest for the VH spectra. Al-
tering geometry with angular errors0.2°. The linear polar- though the VV intensity is much higher, the VV and HV
ization ratio for the laser beam after the LCVWP~$000:1  spectra at each temperature are similar in shape and width,
for both zero and half-wave settings, and the transmitted laand to a good first approximation can be represented by
ser intensity differed<0.1% for the two settings. The extinc- simple Lorentzian functions with width about 2 ¢h
tion ratio of the analyzing polarizer is>810 °. The wave- FWHM. HRS from uncorrelated orientational fluctuations of
front deflection and distortion by the plane parallel polarizerthe molecules is expected to produce identical HV and VH
surfaces is<1/30 wave, such that the beam deflection whenspectra, but this is evidently not the case. The VH spectrum
the polarizer is flipped from V to H polarization is negligible. is narrower than the HV spectrum at all temperatures, and
Since the spectrometer slits are narrow to achieve high restvas higher peak intensity.
lution, small displacements of the image of the source across The relative intensities and shapes of the spectra for dif-
the slit due to a wedge in the polarizer would result in sysferent polarizations can be compared in more detail by ex-
tematic errors in the measured polarization ratiogldh  amining the intensity ratios. Figure 2 shows the ratio of in-
fringes from the plane parallel polarizer are not a problenmtensities for the VV and HV spectra. The ratio decreases
because the polarizer is placed in the convergent beam f@away from line center, particularly at low temperature where
cused on the entrance slit of the spectrometer. The spectrorthe central peak is narrow, indicating that there is an addi-
eter response ratio for V and H polarized light is about 4.6 ational broad, more weakly polarized contribution to the HRS
A=532 nm. This reduces the VH signal compared to VV andspectrum. Figure 3 shows the ratio of intensities for the HV
HV, so that the VH data is usually the limiting factor in the and VH spectra. At every temperature the HV/VH intensity
signal to noise ratio for the overall measurement. A quartzatio is significantly different from the constant value equal

tion dependence, as proposed in Ref. 6. This polarization
dependence is illustrated in Table | which shows that th
ratio 14, /lyy=1 for local modes, 2 for transverse polar
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FIG. 1. HRS spectral intensities measured in the(givcles, HV (squarel FIG. 2. Polarization ratiok, /1, obtained from the HRS spectral intensity
and VH (triangles polarization geometries for liquid f at five tempera-  data in Fig. 1 for DO at five temperatures. The solid curves are the ratios of
tures. Note that,/5 is plotted to facilitate comparison witly, andly,,.  the fitted VV and HV spectral intensities from Fig. 1.

The solid curves are obtained by a weighted least squares fit to thésdata

text). The spectral resolution is 1.25 cMFWHM.

nearly flat background in the higher resolution spectra

in Fig. 1.
to 1 expected for local modes, and the nonmonotonic varia- The fitted curves shown in Figs. 1-4 are the sum of
tion of the ratio as the frequency shifts away from line centerseveral overlapping spectral components. The narrow peaks
suggests that at least three spectral components with differewtsible in Fig. 1 are assumed to be the sum of three Lorent-
polarization dependence and width are present. zians with distinct polarization dependen@mponents 1,

The HRS spectrum was scanned over a wider frequencg, and 3. The broad background underlying the peaks in Fig.

range at lower spectral resolution to investigate the nature df and visible Fig. 4 is represented as the sum of a centered
the background underlying the narrow peaks in Fig. 1. Theorentzian (& (v/v,)?)~' and an exponential profile
spectrum obtained with 24 cm spectral slit width at exp(—|v/v¢) (components 4 and)5and a pair of Lorentzian
T=60°C is shown in Fig. 4. One sees an instrumentallypeaks at=175 cm * with width 230 cm* FWHM (compo-
broadened central peak on top of broad exponential wingsient §. The adjustable parameters are the intensity, width,
The VH spectrum nearly coincides with the HV spectrum atand polarization ratio for each component. Information from
low frequency, but lies above it in the wings. The VV/HV other sources suggests the form of the fit function, and is
polarization ratio switches from about 7.4 at line center toused to constrain the values of some of the parameters. The
about 2.7 in the wings. The HV/VH polarization ratio is calculated spectrum is multiplied by a Boltzmann factor
about 1.03 at line center and decreases in the wings due &xp(—hcyv/2kT) to account for the Stokes/anti-Stokes asym-
the excess VH intensity there. The broad exponential wingsnetry, convolved with the instrument spectral response func-
seen in the low resolution spectra in Fig. 4 will appear as dion, and adjusted for finite collection angle effects. This syn-
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FIG. 4. (a) HRS spectral intensities measured in the V&ircles, HV
(squares and VH (triangles polarization geometries for liquid J® at

60 °C. The solid curves are obtained by a weighted least squares fit to the
data(see text The spectral resolution is 24 cthFWHM. (b) Polarization

ratio ly /1 4y obtained from the HRS spectral intensity datdan The solid
curve is the ratio of the fitted VV and HV spectral intensitiés. Polariza-

tion ratiol 4y /1y obtained from the HRS spectral intensity datdan The

solid curve is the ratio of the fitted HV and VH spectral intensities.

T 1T T T T 7171
54321012 where a=Ay?/3=4.34x10 3, b=A#?/3=9.93<10 3,
frequency shift (cm’™) and R>~9 is assumed. The four spectral functidhswith
FIG. 3. Polarization ratiok,y /1 obtained from the HRS spectral intensity dIStIn.Ct polarization depgndenues are constructed. from
data in Fig. 1 for DO at five temperatures. The solid curves are the ratios ofthe SIx components described above, and are normalized to
the fitted HV and VH spectral intensities from Fig. 1. unit intensity aty=0. The polarization dependence fBy
andF, corresponds to local modes, while that oy andF4
corresponds to transverse and longitudinal polar modes, re-
) ) ) spectively. These expressions are applied, with
thetic spectrum can be directly compared with the measuregz, R?, Q2 A, andy, (in the functionsF,) as adjustable

spect_ru_m. . . _ . parameters, to fit the VV, HV, and VH spectra simulta-
Finite angle corrections are included at the curve f'tt'ngneously

stage since the correction terms are a function of the spectral 11,4 \veak broad HRS background in Fig. 1 is assumed
components in the fit. Expressions for the measured intensi, e cojjision-induced light scattering due to the dipole-
ties including finite angle effects dre induced dipole(DID) mechanism, with the same spectral

w -
g
(e}

lw=[1—(1—P2)a]P?A,F,+[1-2.28]R?A,F, profiIeMas observed for the depolarizgd R_aman spectrum of
water:” The fit to the data aT=60°C in Fig. 4 is used to
+[12a]AsF3 determine the polarization ratio for the HRS background. A
—(1—-0-2 2 simplified fitting procedure was used. The three narrow com-
FI1=(1=Q7)alQ% AR, @ ponents were treated as a single Lorentzian with width 2.4
ly=[1+(P?2—1)a]A,F,+[1+7.5a]A,F, cm !, the broad Lorentzian width was set tovg
) =17.6 cm?, the peak intensity ratio for the exponential
+[12a]AzF3+[1+(Q°—1)a]A4F,, (2)  and broad Lorentzian components was setgf ,=0.30,
the instrument function was approximated as a 24 twide
lvh=A1F1+[1+a](1/2)AzF+ AzF 3+ AsF,, 3

rectangle, and the VV, HV, and VH spectra were fit sepa-
lou=[1+(P2— 1)bIAF«+T1+a+8b1(1/2)A.E rately. The ratio of VV a_nd _HV intensitieGssuming local
=1 JPIAF+ 172725 mode finite angle correctiohss 8.46 for the narrow compo-
+[1+8b]AsF3+[1+(Q?—1)b]A,F,, (4) nents and 2.32 for the broad components. The exponential
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TABLE II. Parameters obtained by a weighted least squares fit of @gs(4) to the VV, HV, and VH HRS
spectra in Fig. 1. The Lorentzian functioms(v,v;)=(1+(v/v;)?) "1, specified by the width parameters

vy, vy, andvg, are convolved with the instrument response function and normalized to generate the functions
F,, F,, andF3. The convolved, normalized DID profilE, is described in the text and specified by the
parameters in Table Ill. The parametéss, A,, A;, andA, are the intensities of the local, transverse, and
longitudinal, and DID contributions to the HRS spectrum, respectively. The common vafse8.3, R?

=8.5, andQ?=2.32 are used for all five fits. The formal error bars on the widths<edel cni ™.

T 2vy 2v, 2v;3 A A, Az A,
(°0) (cm™) (cm™) (cm™) (count$ (counts (counts (counts
22.8 1.2 1.0 0.0 119.4 822.5 431.2 22.1
30.1 1.1 1.3 0.0 198.3 562.5 378.1 19.4
40.0 1.2 1.7 0.0 82.8 210.3 238.4 7.0
60.0 2.0 2.4 0.0 123.0 531.4 641.9 14.7
80.0 3.3 3.1 0.0 24.6 140.5 191.2 4.6

width parameter is:s=70 cm ! (constrained to be the same tive mode contribution&.’ The observed difference between
for all three spectra Only the VH fit includes the Lorentzian the HV and VH spectra for water is the principal result of
peaks at +175 cml. The relative intensities atv  this work.
=0 cm ! are 88% and 12% for the narrow and wide com-  The present results are consistent with the few previous
ponents scanned with 24 crhspectral slit width, but the observations. Maker measured the width and polarization of
contribution of the wide component will fall to about 3% the hyper-Rayleigh peak for water in his pioneering work on
when the resolution is 1 cnt. the HRS spectra of liquids. He observed a Lorentzian pro-
The fitted curves shown in Fig. 1 are linear combinationdfile for the VV spectrum of HO, and his values for the
of four spectral functions=; with polarization dependence deconvolved widthtFWHM) are 1.2-0.1 cm ! at 25 °C and
given by Egs(1)—(4). The first three functions are Lorentz- 2.8+0.5 cm ! at 60 °C, in close agreement with the results
ians convolved with the instrument function, amig, is  given in Table Il for BO. His value 8.6:0.6 at 25 °C for the
the DID spectral profile of the forn{l,/(1+ (v/v4)?) polarization ratio is consistent with the results in Fig. 2 for
+ 15 exp(—|v/vg) X exp(—hcr/2kT), with v5=70 cm*and D,O. Deviations froml,/l,y=1 for water can have es-
polarization ratioQ?=2.32, convolved with the instrument caped notice in Maker’s work since the room temperature
function. The curves shown in Figs. 2 and 3 are ratios of thevalue of the ratio is close to 1 when observedvat0 cm *
fitted intensity functions shown in Fig. 1. The parameterswith spectral resolution about 1 ¢rh This occurs because
obtained from simultaneous fits to the VV, HV, and VH spec-the true spectral width of the HV spectrum decreases to
tra at each temperature are given in Table I, and the paranabout 1 cm? at 20 °C so that the instrumentally broadened
eters describing the DID spectral profile at each temperaturelV spectrum is only slightly wider than the instrumentally
are given in Table Ill. The values of the polarization param-broadened VH spectrum; and since the HV integrated inten-
etersP?, R?, andQ? are constrained to be the same at allsity is also slightly larger than the VH integrated intensity the
temperatures. Normalized relative peak and integrated intempeak intensities end up nearly the same. The observed polar-
sities of four spectral functions at each temperature are giveization ratiol .4 /1,4 at v=0 cm ! would be close to 0 at all
in Table IV. The fitted functions adequately represent theemperatures if all spectra were fully resolved. Conversely,
data at all temperatures, and the vajfe= 1656 obtained for  this ratio will be close to 1 at all temperatures when observed
the simultaneous fit to all the data in Fig.(dith error bars at low spectral resolution, since the integrated intensity of
determined by counting statistics algngin agreement with  the rotational HRS spectrum at all temperatures is about 10%
x%>=1711+58 expected for a good fit to 1748 data pointslarger for HV as compared to Vkkee Table IV and Fig.)4
with 37 adjustable parameters. As a further check, the HH'he only other measurements of the HRS polarization ratios
and VH spectra were measured Bt60 °C to obtain the reported for water are also consistent with the present results
spectral intensity ratio data shown in Fig. 5. The curve is thésystematic errors as large as 20% due to the polarization
prediction based on the fits to the VV, HV, and VH spectra atscrambler are now believed to have occurred in that Work
the same temperature. There are no adjustable parameters

and the predicted curve is in good agreement with the data1’ABLE Ill. Parameters describing the DID HRS spectrum, based on Ref.

14.
T 2v,

IV. DISCUSSION AND CONCLUSION ©0) (cm™Y) I/l

Collective modes of molecular reorientation indare 22.8 10.0 0.17

clearly indicated by the deviations from the HRS polariza- 30.1 11.4 0.19

tion ratio Iy, /lyy=1 shown in Fig. 3. The ratidyy /Iy 28'8 13"61 g'gg

=1, 2 or O for pure local, transverse, or longitudinal modes, 80.0 018 0.37

respectively, so deviations from 1 are the signature of collec
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TABLE IV. Normalized relative peak and integrated intensities of spectral compomentsA, /(A;+A,) and similarly forB} , whereA, comes from Table
Il 'and B,, are the integrated intensities for the corresponding spectral componenté,, Madues vary with spectral resolution, bBf, are independent of
resolution used.

T(°0) A A A3 A BI B3 B3 B3
22.8 0.13 0.87 0.46 0.023 0.14 0.86 0.26 5.3
30.1 0.26 0.74 0.50 0.025 0.25 0.76 0.25 5.8
40.0 0.28 0.72 0.70 0.024 0.25 0.76 0.36 5.5
60.0 0.19 0.81 0.98 0.022 0.17 0.83 0.34 5.0
80.0 0.15 0.85 1.16 0.028 0.16 0.85 0.33 6.0

Average 0.20 0.80 0.76 0.024 0.19 0.81 0.31 55
+S.D. +0.06 +0.06 +0.27 +0.002 +0.05 +0.05 +0.05 +0.4

The local and transverse mode spectra obtained from thiag Cartesiat’ or irreducible spherical*®-?‘tensor calcula-
fit to the data in Fig. 1 have almost the same width, so theions. For the water molecule, which h&s, symmetry, the
values of the paramete®” and R? are strongly correlated expressions afé!®
and a plot ofy? as a function ofP? and R? shows a long,

narrow valley. The contour extending fromP%, R?) (B2,,)=(15x 35 [ 7(3A+B+C)?

=(5.8, 9.2) to(13, 7.4 enclosesy? values in the expected

range for a good fit ¥>=1711+58), and the global mini- +3(2A—-B—C)*+5(B-C)?], 6)
mum is y>=1656 at P?, R?=(8.3, 8.5). The fit to the

data is consistent with a wide range for the paramegrs (B72)=(9% 15X 35)"[7(3A+B+C)>?

andR?, so additional information has been used to select the ) )

best estimates. The first constraint is that the valueRor +182A-B-C)°+30(B—C)

must be close to the limiting valuB?=9 that is required —353A+B+C)(D+E)

when Kleinman symmetry holdskleinman symmetry is the

invariance of the hyperpolarizability tensor under permuta- +5A(D+E)*+ 2D ~E)?], (6)

tion of the spatial indices, which is exact in the static limit,
and is a good approximation when all field frequencies aravhere A= B335, B=281131+ B311, C=2B23+ B3z, D
far from resonancé® The deviations from Kleinman symme- =2(B115— 8311), and E=2(Bas Bs»). The index
try are expected to be small since the applied field frequen3 (=z) refers to the molecular two-fold axis, (Zy) is the
cies are far from resonance. The second constraint is that thexis perpendicular to the molecular plane, an@=X) is the
value forP? must be consistent with the values of the com-axis perpendicular to the other twéThe expression for
ponents of the first hyperpolarizability tensgs,g,, ob- <:3§<zz> in Appendix B of Bersohret al!” has the parenthe-
tained fromab initio quantum chemical calculations and ses missing from the term 2/1083(+s3,), and the entry for
nonlinear optical experiments. zzzand[ss3] in Table Il of Maker® should have a+ sign,
The parameterP?= I\, /Vyy=(B35,2)/(B%z7, Where as previously noted in Refs. 18 and 18hen Kleinman
Bzz7 is the space-fixedZZ component of the3 tensor and symmetry holdsB115= 8311, B223= B30, D=E=0, and
() denotes the ensemble average. In the case that molecule P?=3/2, but when Kleinman symmetry is broke??
orientations are uncorrelated and molecular interactions are9 can occur through the term35(3A+B+C)(D+E).
negligible, the ensemble average reduces to the isotropic av- The ab initio results used to determirfe? for water are
erage for a single molecule, arf can be expressed in shown in Table V. The3 values which pertain to the experi-
terms of the molecule-fixed components of {Biéensor us- ment are obtained by adding dispersion and vibration correc-
tions to the static, pure electronjg® (nuclei fixed at the
equilibrium positions The calculation of Maroulf€ most
thoroughly investigates the effects of basis set and electron

1.5 correlation, and his result has been taken as the best static

N 1 il estimate of3°. As an indication of the degree of agreement

2 . b of recent calculation$?~2° one may compare the calculated

z il values of B;=1/5 %; (Baii+ Bizi+ Biiz)=(3A+B+C)/5,

B . ! the mean value o8 in the direction of the molecular dipole
o5l moment. Multiconfiguration self-consistent-fieldl1CSCH

calculations give stati@} values(in atomic unit$ ranging
from —15.25 a.u(Ref. 23 to —19.4 a.u2*with correspond-
frequency shift (cm™) ing P? values 7.4 and 7.6, whereas the highest level coupled
FIG. 5. Polarization ratid 4/l obtained from HRS spectral intensity cluster calculationéCCSOT)) give statlgfﬁ_values ranging
data for DO at 60 °C with 1.25 cm? resolution. The solid curve is pre- 10mM —17.51 a.u(Ref. 22 to —18.0 a.u:;”> with correspond-
dicted from the fits to the VV, HV, and VH spectra. ing P2 values 7.7 and 7.6. The? values depend on ratios of

I
5432101223435
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TABLE V. Ab initio results forg and P? of gas-phase water ai=0.0428 a.u(corresponding to laser wave-
lengthA=1064 nm. All values are given in atomic unit@.u).

B7PYA(0;0,0¥ B(—2w;w,0)° B(—2w;w,w)
B%(0;0,0p ApeP H,O D,0 H,0 D,0 H,0 D,0
Bz -9.80 —-050 —1.069 —0.756 —0.435 —0.291 —-11.80 —11.35
Bs11 -9.80 —-056 —1.069 -0.756 —0.575 —0.384 —12.00 —11.50
Bazs -561  —116 +0.145 +0.103 —0.038 -0.025 -6.63 —6.69
Bazo -561  —0.28 +0.145 +0.103 —0.008 —0.005 —575 —5.79
Baas -1377 -101 -0.655 —0.463 -0.365 —0.244 —1580 —15.49
By —-17.51 —-20.42 —19.97
(B2, 105.68 142.87  136.04
(B2z2) 13.69 20.22 19.11
p? 7.72 7.06 7.12

®Reference 22.
PReferences 23 and 24.
‘Reference 26.

B components and appear to be more reliable than the absa- classical molecular dynamics simulation to estimate the
lute size of theB components. mean field and field gradient at the position of a water mol-
The dispersion correction to stat#® was obtained by ecule, and then uses ab initio finite field calculation to
scaling AB=[B%(—2w;w,w)— B%(0;0,0)] calculated at obtain multipole moments, polarizabilities, hyperpolariz-
0=0.0656 a.u. taw=0.0428 a.u. assuming? dependence. abilities, and field gradient polarizabilities for a single water
The results from the two MCSCF calculatiGhé*were av-  molecule with the mean field and field gradient of liquid
eraged(note that the choice of axes varies from one calculawater applied as the background field. This calculation

tion to the next Deviations from Kleinman symmetry at shows that the intense local fiekl at the site of a water
0=0.0656 a.u. are such th&>9 for B The zero point molecule increaseg by an incrementyF which is twice as
vibration averagingZPVA) and pure vibrationv) correc- large as the magnitude ¢ for the isolated molecule. The
tions come from calculations at the MP2 level of electronstatic value ofg, calculated at the MP4-SDTQ level goes
correlation by Bishopet al?® The B#?°P\A result for DO is  from —19.3 a.u. in the gas phase #28.9 a.u. in the liquid,
obtained from the kD result assumintyl ~ 2 scaling, where and the value oP? goes from 8.2 to 8.8% The change iP?
M is the reduced mass of the vibrating atoms. The pure vifor a water molecule moved from gas to liquid is sensitive to
bration contributionB’ at ©=0.0428 a.u. is obtained from the calculated value of the local field distorting the water
the result at 0.070 a.u. assuming/(v>— Vg) frequency de- molecule in the liquid, and for example, using the local field
pendence, where,<M ~ 2 and v,=3000 cm* for H,O.  and gradient corresponding to ice give$=5.6 instead of
The final results foB, in Table V are in fair agreement with 8.532 Based on these calculations our estimate of the change
—19.2+0.9 and—17.8+1.2 a.u. measured for® and O in the value ofP? from gas to liquid to 0.6:0.53132
by gas-phase electric-field-induced second harmonic genera- Orientation correlation of neighboring molecules di-
tion experiments at this wavelengthand the final results rectly influences the intensity and polarization of the HRS.
for P2 are expected to be more accurate than the resulffo estimate this effect for water it is most convenient to
for By . express the hyperpolarizability tensor as the sum of irreduc-
The valueP?=7.1 for D,O in Table V neglects short ible spherical tensors. In the static limit one hgs g
range orientation correlations and interactions. The effects of ®), where |g™)|2=(5/3)(8,)? and |3®)|?>=(1/10)(2A
condensation o8 are not small. A recent calculation at the —B—C)?+(1/6)(B—C)?, and for water |3]?/|g®)|?
CCsOT) level by Marouli€® finds that static, changes ~5. The transformation oY) under rotations is the same
from —17.51 a.u. for the monomer,B to —6.5 a.u. for the as for the molecular dipole. One can show that the effect of
dimer (H,O),. Experimentally it is determined tha@, for  short range orientation correlation on the first rank contribu-
water changes sign going from the gas phase to théon of the HRS intensity is to multiplyy3™)|? by Kirk-
liquid.2”?° Calculations can account for this sign changewood’s correlation parametey=1+3;N;(cosy;), wherey
when nearest neighbor molecules are explicitly inclutfeld.  is the angle between the axis of a neighboring molecule and
An estimate forP? of liquid water can be obtained from a that of the central molecule, ard; is the number of mol-
recent calculatioft which treatsg for a single solute water ecules in thejth coordination sheff. Ignoring the effect
molecule by MCSCF, in the presence of 127 surroundingdf orientation correlation on the smaller third rank contribu-
water molecules which are treated by molecular mechanicgion, one has P?=9(7g|8®|?+2|8®)|?)/(79|BM)|?
and whose positions are determined by a molecular dynam+ 12/ 8¢®)|?). Takingg~2.5 for liquid watef one calculates
ics simulation. The calculated static value @f goes from  an increase from 7.1 to 8.1 f&?. Adding the effects of the
—14.4 a.u. in the gas phase tl4.2 a.u. in the liquid, and liquid environment and orientation correlation to the gas
the value of P> goes from 7.2 to 6.7* An alternative phase value give®?=7.1+0.0+1.0=8.1, insignificantly
approacf? to the calculation of3 in liquid water starts with  different from the value 8.3 for the experimental best fit.
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Since the experimentally determined best fit parame®érs +6 GHz (the Rayleigh line is weak in waterThe source of
=8.3 andR?=8.5 are consistent with the theoretically ex- this spectrum is density fluctuations, principally sound
pected value foP? andR?, the experimental best fit param- waves. The Rayleigh—Brillouin triplet is absent from the
eter values have been used for the curves fitted to the specttdRS spectrum. Instead the VV and HV HRS spectra show a
peaks in Fig. 1. relatively wide Lorentzian peak due to orientation fluctua-
The broad underlying spectral component in Fig. 1, withtions of the molecules, and the VH HRS spectrum shows an
polarization ratioQ?, is analogous to a component previ- instrumentally broadened peak. The polarization dependence
ously observed in the depolarized RantanRayleigh spec-  of these two contributions to the HRS spectrum indicates that
trum of water. The depolarized Raman spectrum measured #tey are due to polar TA and LA orientation modes, respec-
high resolutioh® shows no component narrower than 10 tively. Contributions from these collective modes are forbid-
cm %, and is consistent with collision-induced light scatter-den in the linear Raman spectrum. No information about
ing (CILS) mediated by the dipole-induced dipol®ID)  molecular rotation is contained in the low frequency Raman
mechanism, with no significant contribution from the al- spectrum of liquid water since even the allowed local
lowed rotational spectrum. There will be a DID HRS spec-orientation-diffusion Raman spectrum of water is too weak
trum with the same profile as the DID Raman spectrum. Theéo observe because of the nearly isotropicensor for the
depolarized Raman spectrum in Ref. 14 was represented lwater molecule.
the sum of two Lorentzian peaks centered at 0 mand The novel features in the HRS spectra are the collective
while the relative intensity of the two components at 0 ém polar orientation modes. The spectrally resolved TA mode
is well determined, the spectral range of the data is too narshows only a single peak centered at 0 ¢pindicating that
row (=50 cmY) to exclude an exponential rather than athe mode is highly damped. The spatial correlation length
Lorentzian profile for the broadest component of the depocannot be unambiguously determined from the HRS spec-
larized spectrum. Since the spectral wing observed irirum at a single scattering angle, but decay of the excitation
collision-induced light scattering is typically exponential, we within a fraction of a cycle of oscillation suggests that the
have expressed the DID spectrum as the sum of the narroeorrelation length is also small. The dependence of the HRS
Lorentzian given in Ref. 14, and an exponential with peakintensity on direction of the recoil momentunAK/27, as
intensity the same as the wide Lorentzian in Ref. 14 and wittwell as the polarization of the incident and scattered fields,
slope given by the fit to the data in Fig. 4. The polarizationdifferentiates this mode from a point excitation of a single
ratio of the binary DID HRS spectrum can be calculatedmolecule followed by orientation diffusion. Momentum con-
using the expressions derived by Keiligh al>* Ab initio  servation for HRS by a single water molecule requires 3
values for the tensor componentsefand 8 for D,O inthe X 10 ® cm™?! recoil energy, which is negligible compared to
gas phase were used to evaluate Eq26) and (D1)—(D7)  the rotational energy scale, so recoil and reorientation can be
of Ref. 33(neglecting the very small anisotropy aj. Note  essentially uncoupled. For a wavelike excitation the energy
that the right-hand side of EqD6) in Ref. 33 should be per unit of momentum carried is much lager { ¥Qarger for
multiplied by a minus sign so that it gives results consistenfan acoustic phongrbecause of the coordinated motion of
with Eq. (69) in Ref. 33. The calculated polarization ratio is the molecules, and the recoil direction and the reorientation
Iy /lpy=2.34, in close agreement with the observed valudlirection will be strongly coupled. The molecular motion for
2.32, supporting the identification of the HRS background ashe polar TA mode may be coupled reorientation and shear
DID CILS. Note that the integrated intensity of the weak butflow. Such coupling between shear flow and molecular ori-
very broad DID spectrum is actually larger than that ofentation gives rise to line shape distortions seen in the depo-
the allowed HRS molecular reorientation spectrysee larized Rayleigh scattering spectrdmt:>°
Table 1V). The LA mode is spectrally unresolved. The deconvolved
Previous lower resolution Raman spectroscopic meawidth is consistent with zero, but a width as large as 0.3
surements of the polarized and depolarized Raman spectra ofn™* also gives a fit withy? within the expected range qf
water over a wide frequency range identify three features atalues for a good fit. The HRS spectrum must be resolved to
frequencies below 300 cm.**~3" Those investigations determine the nature of this mode. One possibility is that the
found two peaks resting on a broad sloping background exXYH HRS peak is a doublet with the same splitting as the
tending several hundred ¢rh The sloping background is Brillouin doublet, and a possible interpretation would be that
the DID CILS spectrum. The peaks in liquid water, at 55there is a coupling between density fluctuations in the sound
cm 1 with width 60 cnit FWHM, and at 175 cm! with  wave and longitudinal polarization of the liquid. Coupling
width 230 cmi’* FWHM, correspond to the TA shear and LA between translation and orientation is required since density
dilation phonon modes at about the same frequency if‘ice. fluctuations of an otherwise static random orientation distri-
No peak at 55 cm! appears in the HRS spectra of Fig. 4, but bution would not give rise to longitudinal polarization. Cou-
the VH spectrum shows a contribution consistent with apling of reorientation and translation has been observed in
broad peak at 175 cnt. As expected for a LA mode, there is experiments  studying flow and acoustic induced
no corresponding contribution to the VV or HV spectra. birefringence?*%4* Another possibility is that there is a
The strongest components of the HRS spectrum have nsingle, narrow, centered peak, and that a collective relaxation
counterpart in the Raman spectrum, and vice versa. The poather than a propagating mode is responsible for the VH
larized Raman spectrum measured at high resoltftiis ~ spectrum. In either case, determination of the correlation
dominated by the Brillouin doublet, a pair of narrow peaks atlength of the excitation will require measurement of the an-
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