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The first and second hyperpolarizabilitigdand y) of eight molecules at a fundamental wavelength

of 1064 were measured by gas-phase electric-field-induced second-harmonic gerEfigH),
gas-phase hyper-Rayleigh scatteriigRS), and liquid-phase HRS experiments. The EFISH
measurements give accurate valuegaind y for these molecules in the gas phase, and the HRS
measurements show that the effectigeof these molecules in the liquid is enhanced over the
gas-phase value by a factor which varies frerf.4 to 2.0, over and above the Lorentz local field
factors. Combining all of the measurements provides an accurate, absolute determination of the
effective 8 for HRS in the liquid phase. The results for GCéuitable as reference standards, are
(/5’\2,\)1’2: 18.6=0.7 au in the liquid phase ari,,,= 20.7+ 1.6 au in the gas phase. Comparison of
measurements between hydrogenated and deuterated molecules indicates that vibrational
contributions tog are small. ©1998 American Institute of Physid$$0021-960608)03203-4

I. INTRODUCTION In the following, the results of this program of experimental
_ o measurements for several molecules are presented, critically
Hyper-RayleighHRS) or second-harmonic light scatter- assessed, and compared with previous measurements and

ing measurements have become an important method fqfith theoreticalab initio calculations of molecular hyperpo-
measuring first hyperpolarizabilities 8 of organic |arizabilities.

chromophores=2 This technique is more flexible and much

simpler than electric-field-induced second-harmonic genera-

tion (EFISH), which is the principal alternative method for

determiningB. However, unresolved difficulties with the ab- Il. THEORY

solute calibration of solution EFISH measurements have not The theory of the gas-phase EFISH measurement has

been avoided, but only compounded, because uncertaingaan discussed many times, see, e.q., Wilktes* or Shel-

EFISH values are typically used to calibrate the HRS meag,, 50 Ric&and references therein. As experimentalists and
surements, and because different combinations of tens@fqqrists sometimes differ in the definition of the measured
components are measured in the two experiments. Furthefy,antities, we briefly describe the conventions adopted in

more, HRS signals from molecular liquids can include largeyhis work. The EFISH experiment provides a measure of the
intermolecular contributions, which have usually been i9-nid-order nonlinear susceptibility, y&(— 2w; », ,0)

nored, although in fact they may dominate the nonlinear lighty hich is directly related to the thermally averaged micro-
sqqtterlng mtepsﬂf}. These §ystemat|c problemg impede scopic second hyperpolarizabilit;
critical comparison of experimentally and theoretically deter-
mined molecular hyperpolarizabilities. Y3 (- 20;0,0,0)= %‘/onVprF (1)

To address these issues, we have made gas-phase
EFISH, gas-phase HRS, and liquid-phase HRS measurevhere ¥, is the Lorentz local field factor at frequenay,
ments of3 for several molecules, all at a fundamental wave-and p is the molecular number density. In the case of a di-
length\ ,= 1064 nm. Gas-phase EFISH measurements are olar molecule in the presence of static and optical electric
well-established means for determining accurate absolutields with parallel polarizationd, is described by the fol-
molecular hyperpolarizabilities. Combining such gas-phaséowing expression:
EFISH hyperpolarizabilities with supplementary information
about tensor component ratios, one obtains accurate gas- [ _ +Mo_,3u
phase HRS hyperpolarizabilities. Then, using the gas-phase =~ YT Bk
HRS g for calibration, the effective liquid-phase HR®Bcan
be determined from measurements of the relative intensity ovherey is the scalar component of the second hyperpolariz-
HRS from gas- and liquid-phase samples. This procedurdbility, uo is the static dipole momenk is Boltzmann's
gives the effectives of a molecule in the liquid phase, based constantT is the temperature, angj denotes the component

on an absolute gas-phase calibration for the same moleculgf B in the direction of the dipole moment and can be written
in terms of the components @ as

@
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850 Kaatz, Donley, and Shelton: Molecular hyperpolarizabilities

Some experimentalists ugg, in Eq. (2), in which case the R N A L
numerical factor is 5 rather than 3. Other conventions are I ]
also used in the EFISH experiment for the definitions of the 150
molecular hyperpolarizabilitie’. I
HRS differs from EFISH in that the observed signal is
the result of the incoherent addition of second-harmonic light
scattered from regions of molecular dimensions, whereas the
EFISH signal is coherent forward scattering due to macro-
scopic order induced by the static electric field in the entire . .
sample. HRS is more widely applicable for determination of r 155 ]
B since macroscopic order in the sample is not required. °'5_ [ 17
Hewever, HRS i_s sensitive to mi_croscopic order since _orien- - 1.80 Lt bt i L '6.-10
tational correlations can result in the coherent addition of I
scattered light from a group of molecules. The measured P /4 T T T T D D P
HRS intensity is related to an effective molecular hyperpo- 100 -075  -050 025 000 025 05 075 1.00
larizability by 12“«F B2, where F accounts for the other Boo! Bazz
sample-dependent factors and is giveﬁ by FIG. 1. The hyperpolarizability ratiq3, / Burs. as calculated from Eqs3)
p%A Y2 T2T. n a_md(G) for HRS measurements in théV polarization geometry, as a func-
F=r @ "sz o' 200 _ (4) tion of the value ofR= B,,,/B,,, for C., symmetry. The inset shows the
n2w

relation between the hyperpolarizability rafg/Byrs and values oR in an
expanded scale ne&=0.

1.65

1.60 F

B/ Brrs

In this equatiorp is the molecular number density,is the
sample refractive indexy is the Lorentz local field factor,

andT is the Fresnel transmission factor. . . o
. . . zene we have used dilute solution HRS polarization
Relative values ofg are obtained by comparing HRS . .
measurementsto determine the ratio of the largest tensor

measurements ofl {“/F)*? obtained from different samples components in order to eval /8 For methanol and
in the same apparatus. Combining HRS intensity measure—"P Peirs/ B -

ments for vapor and liquid samples determines the rati(51!tromethane,ab initio calculations were not available and

. . - dilute solution HRS polarization measurements were not
/B, where is the effective hyperpolarizability of ; T .
ﬁLolchules i tthquuid ohase. ang i)epthg hyperpolayriz— possible, so we have used the approximation valid for the

ability of the same molecules in the gas phase. The rati&asiOfc‘”‘F1 sy;nr?ert]ry,ﬁu/EHRS=(§C\t/7/5~1|.59. btained b
BL!/Bg is a direct measure of the influence of the liquid s a check of the accuracy of ti values o ained by
environment on the value . the above procedure, we can use egghvalue to calibrate

Absolute values of3, for molecules in the liquid are an independent HRS determination g for CCl,. To do

obtained from HRS relative intensity measurements comzh's’ the 5, value for each moleculX is combined with

bined with gas-phase EFISH results, using the expression liquid HRS_mtensny ratio measurements for molec¥land
for CCl, using the expression
BL HRS( BHRS) theor

y

112
— (B ETSH. (5) lca, F
Bo B g G BEC|4: B 4 Fx
Equation(5) also requires an independent assessment of the o
ratio of the hyperpolarizabilities,rs/ 8. Whenab inito ~ The independent determinations gf for CCl, should all
calculations for all the tensor elementsfére available, we agree. As a further tesg,, of CCl, in the gas phase can be
can use the theoretical results to evaluate the expliciéetermined using the expression

o

™ )

Fcal, Ix

expressiorts® for this ratio for molecules ofC,, and Cs, 35 [ B\ RS
symmetry. The ratig8,rs/ B, is adequately known frorab ﬁfycz"'z \ﬁz —G) CCl )
initio  calculations for chloroform? acetonitrile!! and 1218

ccl,
water? When less complete information is available, ghd
is dominated byB,,,, it is a good approximation to use the
expression for the case @, symmetry. In this case, and
for HRS measurements in the VV polarization geometry,

Burs IS given by

The value so obtained fgs,,, of CCl, in the gas phase may
be compared with the result previously obtained by an analy-
sis of the liquid CCJ HRS spectrum.

1
Blrs= (B = 52 (582, 12B,u o 24820, (6) " e
The molecules investigated in this work are listed in
Figure 1 shows3,/Burs plotted as a function of,,,/B,,,  Tables I-Ill. Hydrogenated compounds were obtained from
using Eqs(3) and(6) for the case ofC.., symmetry. If only  Aldrich Chemical (spectroscopic gradle except for para-
B,,7#0, then /BH/,BHRS=3\/7/5% 1.59 for C,,, Cg,, and nitroaniline (pNA) which was obtained from Chromophore
C.., symmetry. For para-nitroanilingpNA) and nitroben- Inc., and for the deuterated molecules which were obtained
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TABLE |. EFISH data for phase-match densities and hyperpolarizabilities alTABLE 1l. Results from gas-phase EFISH measurements calibrated with

\,=1064 nm. Typical

phase-match densities of, Mere about p
~86 mol/n’=1.93 Loschmidts No./cfa The mixed gas samples contained
approximately mole fractioX of vapor. The reference value for the second

hyperpolarizability of N at 1064 nm isy=964.5+ 3 au (Ref. 13.

respect to the reference value for the second hyperpolarizability,cdtN
1064 nm,y=964.5+ 3 au(Ref. 13. The hyperpolarizabilities are given in
atomic  units  where: B=1au=3.206 3610 5 C3m®J 2 =8.6392
% 10733 esu andy=1 au=6.235 37K 10 %°C* m* J 3=5.0367x 10 *° esu.

Molecule X (%) T (°0) P, Px T/, Molecule w(D)* ¥ N, B (@u
ccl, 2.7 94.2 9.4%+0.06 12.82:0.21 ccl, 0 12.8+0.2 0
2.6 199.7 9.440.09 12.72:0.17 CDCly 1.04 12.6-0.6 +1.0£4.2
CH,CN 3.92 4.410.58 +17.9+1.1
CDCl, 3.2 25.7 8.0%0.05 12.19-0.10 CD,.CN 3.92 4.97-0.31 +17.7+0.8
3.2 120.2 8.040.05 12.16:0.18 CH,0D 1.70 3.87-0.20 —31.2+1.6
2.6 199.5 7.820.09 12.210.21 CDyNO, 3.46 4.870.56 —-33.7+1.5
CHCN 33 30.3 3.780.02 14.61-0.10 528 i'gé 1';%8?‘7‘ :ggﬁéé
3.3 39.5 3.72:0.01 13.87:0.02 CZH o 18.4:0.3 o
3.0 78.7 3.7%0.01 13.16:0.04 CGDG 0 18'&0‘2 0
2.8 127.8 3.760.02 11.88-0.18 6-6 e
2.7 195.8 3.76:0.03 10.930.15 CeHsNO, 4.22 20.3:3.9 +197=9
' ' e R pPNA 6.87 60=30° +1072+ 44
CDLCN 3.3 39.2 3.6%0.01 14.55-0.12 _
32 49.4 3.680.01 14.18-0.08 ®Reference 38. If unavailable, values for the deuterated molecules are as-
31 68.9 3.670.02 14.02-0.11 bsRurFed to be the same as the nondeuterated molecules.
3.0 157.4 3.730.07 1192000 ~eEreNC 43,8'
2.8 196.9 3.620.01 11.28:0.12 elerence 49.
CH,0D 2.8 32.6 2.5%0.06 —3.60+0.06
25 88.3 2.5%0.04 —2.52+0.06
2.6 159.6 2.620.04 —1.41+x0.10 was operated at a repetition rate of 1-7 kHz, where it pro-
— + .
2.4 1918 253007 1.05£0.13 duced trains of=150—250 ns, 1 mJ pulses. The EFISH mea-
CD;NO, 1.6 315 5.46:0.09 —11.69+0.28 surements were made by weakly focusing the laser through a
14 90.0 5.3%0.05 —8.99+0.12 periodic electrode arra§61 mm period, 7 repeatsontained
1.7 141.6 5.420.08 —7.55£0.16 in a cylindrical gas celt**3 Periodic phase matching and
2.1 200.0 5.36:0.08 —5.66+0.15 : .
maximum signal occur when the coherence length of the gas
D0 4.0 57.7 1.190.02 —2.47+0.07 in the cell matches the period of the electrode array. This
4.2 88.4 1-2;8-8; —2-1&8-33 condition is achieved by adjusting the gas pressure in the
45 154.4 1.26:0. —1.57+0. o
S 202.7 124002 —119:0.06 cell. Sample densities were calculated from the measured
H,0 2.9 58.7 1.3%0.02 —2.73+0.05
4.1 73.5 1.36:0.02 —2.64+0.07 TABLE IIl. Molecular hyperpolarizabilities obtained from gas-phase
4.8 109.5 1.350.04 —2.19+0.03 EFISH measurements in this work compared with previous gas-phase
5.0 131.7 1.330.01 —1.88+0.08 EFISH results.
4.7 161.6 1.3%0.02 —1.72+0.05
5.3 202.8 1.350.01 —1.35+0.04 Molecule Wavelengttinm) v (au) B (av
CeHs 21 154.1 15.270.21 18.34-0.31 ccl, 1064 12 35@¢-19C°
694.3 16 48a-240°
CeDs 2.0 200.0 15.520.14 18.44-0.19
CHCl, 694.3 13 476-360° 1.2+2.6
CeHsNO, 0.26 84.4 23.880.20 121.6:1.1
0.50 98.3 24.040.13 118.%+1.0 CDCly 1064 11 576580 1.0+4.2
0.43 157.2 24.190.18 104.4-0.8
0.40 1962  24.080.10 97.3-0.7 H0 1064 180&¢:150"  —19.2£0.9
694.3 2316126¢  —22.0+0.F
pNA? 0.075 196.9 4241.4 73719
D,O 1064 16662200 —17.8+1.2
“Para-nitroaniline. CH,OH 694.3 4596:13¢  —35.0:2.1°
CH,0D 1064 373619  —31.2+1.6
from Cambridge Isotope Laboratories. All molecules were CeHs 1064 17 75&-190*
used as received except for pNA which was purified three 694.3 23 816:460°
694.3 24 786 60C°

times by recrystallization in methanol.
The experimental apparatus used in this work for bottThis work.
the EFISH and HRS measurements has been described Treference 15.

detail in previous publications!'!® An acousto-optically
Q-switched Nd:YAG laserQuantronix 116 provided the

‘Reference 17.
dReferences 18, 19, and this work, interpolated from the dispersion curve,
see Fig. 5.

incident radiation at 1064 nm for both experiments. The lasefReference 16.
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pressures and temperatures using the virial equation of 100 F ' T T ]
state'?!* The hyperpolarizability of the sample gas was de- oA Vapor
termined by comparing the harmonic signal for a mixture of - ., :
sample vapor and Nouffer gas with the harmonic signal for S0F  ShitWidh ) . 1
N, reference gas, for which an absolute value of the hyper- T . ]
polarizability is availablé® Reference measurements were g . ..
performed before and after each sample measurement and g 1%7'2'5 T vy Ty P T I
typically three to five sample measurements were made at § '
each temperature. The ratio of the phase match densities for g T 5 L e
N, gas and pure sample vapopy(/px) were also deter- 750} L Liquid
mined. o0l ]
Improvements to the previously reported EFISH 'S“‘_W““““ * :
appparatus include better temperature stabilization and 301 i . ]
temperature uniformity of the sample cell in the enclosing o—,-—-,-} L ———
oven, better sample preparation and mixing, and the use of 18725 18750 18775 18800 18825 18850 18875
an alternating voltage supply for the electrode array. The Wavenumber [ em !}

prepgrati_on Of sample mixtures Wit.h _aCCUl’ateW known COm+g. 2. comparison of the HRS spectra of nitrobenzene ifAhejas phase
position is critically important but difficult. The phase match and (B) liquid phase, observed in théV polarization geometry. The gas
density ratio is a useful diagnostic for mixture reproducibil- phase spectrum was collected at 3®°C, with the spectrometer spectral

i i it width set at 25 cm’. The rotational line and branch structure is unre-
ity, but does not provide an absolute assay. In the cases églved, but the band is only slightly instrumentally broadened. The liquid

the dilute vapor mixtures of PNA and nitrobenzene, Wherephase spectrum was collected at 22 °C with 25 tepectral slit width. The
the mixing problem is most acute, the mixture compositiongas-phase rotational structure collapses to a narrow band with weak broad
was assayed bin situ UV absorption measurements cali- wings in the liquid(bandwidth<2 cm ™).
brated against similar measurements of the pure vapor. This
assay was used to develop and test an adequate mixing preempared. Care was taken to correct for the effects of beam
cedure for the other gases. An alternating electrode arragbsorption and thermal lensing for the liquid HRS measure-
voltage is preferred over a constant voltage, since then thments. Figure 2 shows the gas- and liquid-phase HRS spectra
second-harmonic generatig8HG) signal generated in the for nitrobenzene. Low signal levels and the consequently
sample and that generated elsewhere in the apparatus addvitde spectral slit width prevented any detailed resolution of
guadrature. This eliminates a potential systematic error in théhe features of the gas-phase spectrum. The second-harmonic
measurements due to interference between unwanted SHsgattered light was detected by a cooled photon counting
light and the SHG signal from the sample. The dead timgphotomultiplier tube(Hamamatsu R943and data collection
correction expression is slightly more complicated in thewas accomplished with a multichannel scal@fucleus
case of a sinusoidally varying electrode voltage than was thBCA). The effective value oB is then simply obtained from
previous expression for the case of constant electrodthe integrated intensity of the second-harmonic signal. Typi-
voltage!® Typically, the voltage applied to the EFISH cell cally 10*~1C counts from second-harmonic photons were
was set so that the second-harmonic signahwaiB8 kHz laser obtained in the liquid-phase measurements, whereas only
pulse repetition rate was about 600 counts/s at the phasdbout 200—1000 counts were obtained in the gas-phase mea-
match density. surements.

In the HRS measurements, the second-harmonic scat-
tered light was collected at 90° in the VV polarization geom-'V- RESULTS AND DISCUSSION
etry with f/2.1 optics and focused into a spectrometer The gas-phase EFISH results for the molecules investi-
(Jobin—Yvon Ramanor U 1000with polarization selection gated in this work are presented in Tables | and Il and Figs.
by a sheet polaroil The measurements were made by plac-3—5. The hyperpolarizability ratios plotted in Figs. 3 and 4
ing ~1 cn for the filtered(0.2 um) sample liquid in a stan- show the linear variation with T/ predicted by Eq(2). The
dard 1 cm spectroscopic cuvette. The scattering from theelative first and second hyperpolarizabilities of each mol-
liquid and from the vapor can be compared by simply shift-ecule are obtained from the slope and intercept of the least-
ing the cuvette vertically a few millimeters so that the lasersquares fit of a straight line to the valuesloplotted vs 1T.
beam passes either through the liquid or just above the liqui@he absolute values of the hyperpolarizabilities are extracted
surface. The liquid-phase intensity was measured at 22 °Grom the measured ratios using the previously determined
but the sample cell was heated to raise the vapor pressure foalue y=964.5+ 3 au at\ = 1064 nm for N.*3 The accuracy
the gas-phase measurement. A valid comparison of liquidf thel’ measurements is typically about 1%, but the limited
and vapor scattering intensities requires that the scatteringmperature range of the measurements results in magnified
and collection geometry be correctly set for both samples, asncertainties for the slope and intercept of the fitted lines.
previously describedThe spectrometer slits were opened upWith the exception of chloroform, typical statistical uncer-
to a spectral slit width of 25 cit when the HRS intensities tainties are about-5% for 8, and =5%—15% fory. For
of liquid- and gas-phase samples were being compared, bstveral of the molecules, both normal and deuterated ver-
narrower slits were employed when liquid samples weresions were measured. Figure 3 shows a clear upward shift
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= el i ® Ward and Elliott (1978)
Shelton (1985} and This Work

e}
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Dl
CD;CN
CH;NO,
CHyON
CH,0D
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D,0

25+

y[10*au)
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"0 % 0 ® e O ¢

y=A[1+Bv2+CvY
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FIG. 5. Dispersion of the second hyperpolarizability of benzene from gas-
phase EFISH measurements. A weighted least-squares fit of the function
y=A[1+Bv?+Cv*] to the previous results of Refs. 18 and 19, and the
present datum at 1064 nm, gives values Af13980 au, B=2.81
x107° cn?, andC=2.77x10 8 cnf'. The results of Ref. 16 at 694.3 nm

0 1 2 3 are about 4% higher than the interpolated result from our dispersion curve.
1/ Temperature [ 103K 1]

FIG. 3. A plot of the hyperpolarizability ratioExlyNz vs the inverse tem-

perature. The relative first and second hyperpolarizabilities of each molecule . .
are obtained from the slope and intercept of the least-squares fit of a straight 1able Ill provides a comparison of the present results

line. The absolute values of the hyperpolarizabilities are extracted from thavith the results of previous EFISH measurements by Ward
measured ratios using the previously determined valug\pf(964.5 au at et al. for some of the same molecul®s1’ A detailed com-
1064 nm (Rgf. 13. The molecules are listed in decreasing order of the parison of the present results with the results of Wetrdl.
value of the intercept ol“X/yN2 for each molecule. . .
is warranted because those results have been so widely
adopted. The results of the two experiments disagree by
more than the combined error bars, but this could be simply
of I" for acetonitrile and water upon deuteration, but the dif-due to the measurements being made at different wave-
ferences between the fitted values@fandy for the normal  lengths. The effect of frequency dispersion can be assessed
and deuterated molecules are, at most, marginally significarih the case of benzene by combining the results of this work
(e.g.,—1.4=1.5 au forB, of water, and— 540+ 630 au fory ~ with data at several additional wavelengths, as shown in Fig.
of acetonitrilg. 5. The additional data were previously obtained by
Sheltort®'°with an apparatus and techniques similar to that
used in the present measurements. The result for benzene
from Wardet al.falls 4% above the fitted dispersion curve in
Fig. 5; this curve indicates thatfor benzene at 694.3 nm is
34% higher than at 1064 nm. The value foof CCl, at 1064
in Table Il can also be reconciled with the measured value
of y at 694.3 nm if one assumes the sam@4% dispersion
as for benzene. Similar results are obtained for the dipolar
molecules. Foty the values at 694.3 nm are 1.16—1.40 times
larger than those at 1064 nm, while f@; the values are
1.07-1.14 times larger. These differences can probably also
. be accounted for by the frequency dependence of the hyper-
P ensene polarizabilities.
Py ] Table IV shows the results obtained from HRS measure-
ments for several molecules. The direct HRS measurements
in columns 4 and 5 have been combined with the EFISH
results in Table IlI, using Eq4$4), (5), and(7) to obtain the
B values in the final two columns of Table IV. The multiple
independent determinations gf for CCl, shown in the sec-
ond to last column of Table IV test the consistency of the
0 1 2 3 experimental results. All of these values Bf for CCl,,
1/ Temperatwre [ 107Kt ] except for the one obtained from the chloroform data, agree
FIG. 4. A plot of the hyperpolarizability ratioBy / yy, vs the inverse tem- t[O well within their error .bars. The good agreement Of_ these
perature for the molecules pNA, nitrobenzene, and benzene, as in Fig. ndependent determinations shows that all the experimental
The intercept for pNA is from a dilute solution THG measurem&ef. 40. results are consistent, and rules out significant sample-

800

600

200
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TABLE IV. Results of liquid- and gas-phase HRS measurements in the VV polarization geometry at
=1064 nm. The liquid measurements were done at 22C. The agreement of the values in the second to last
column is a measure of the consistency of the experimental results for the various madleeeld® text The
final column contains the begy value determined for each molecule based on the HRS intensityl faftigc),

and the weighted average of the values;ﬁf_ff"‘.

Molecule  F(M)*  §/Bgrs BilBs Ix/lea, B (au Bl (au
CCl, 46.8 0 1.530.10 1.00 18.60.6°
CDCl, 53.6 0.96-0.3C° 1.70+0.10 0.82:0.02 2+12 15.7#0.7
CH;CN 57.8 1.650.02 1.90+0.10 1.65-0.05 17.8:1.4 21.4:0.9
CDsCN 57.8 1.65-0.02 2.00+£0.10 1.7G:0.05 18.31.3 21.8:0.9
CH;OD 70.4 1.5%-0.05 0.41+0.04 0.25-0.02 19.5:2.7 7.5-0.4

CD3NO, 63.7 1.58:0.05 0.52£0.05 0.38£0.03 20.8£2.7 9.8:0.5
D,O 160.4 1.76:0.02 0.81+0.08 0.59-0.03 20.5-2.6 7.70.4

CegHsNO, 58.1 1.63-0.08 1.30+0.10 95-5 18.0+1.7 162+8
pNA 1.58+0.0%

¥Calculated from Eq(4) using data from Ref. 41.

bCalculated based on the weighted average of the results given in the previous colys{ififpexcluding the
result from CDC}.

Calculated from Ref. 10.

dCalculated from Ref. 11.

Calculated assuming onlg,,,#0, see Fig. 1.

fCalculated from Ref. 12.

Y9Calculated from dilute solution HRS polarization measurements.

specific systematic errors. The results shown in the last colaries from 0.4 to 2.0. The molecules with negatju®,
umn of Table IV are our best estimates@f for each mol- haveB <Bg. Our previous study of CGIHRS spectra has
ecule. The result for C¢lis obtained using the weighted identified two main intermolecular interaction effects which
average of the3, values for CCJ in the second to last col- modify g in the liquid® They are:(1) orientational correla-
umn; this effectively combines all the gas-phase EFI&H tions between neighboring molecules &2 distortion of a
measurements to improve the accuracy of the calibratiormolecule by the permanent multipolar fields of its neighbors.
This B, value for CC}, is then used in E(7) as the common For CCl,, the unimolecular, orientational correlation, and
reference standard for the liquid HRS measurements. Thiswultipolar contributions to the liquid HRS intensity are all
gives HRSpB, values most accurately calibrated in terms of comparable(approximately 40%, 20%, 40%, respectively
gas-phase EFISI#, measurements. A final check of the ac- The interaction effects are even larger for some of the other
curacy of the present experimental results is obtained whesmall molecules in Table IV, but the relative importance of
Eq. (8) is used to obtairB,,, for CCl, from the best estimate the orientational correlations as compared to the multipolar
of the value of 3 for CCl,. The result isg,,,=20.7 fields for these molecules is at present unknown. Further
*1.6au, which is in reasonable agreement wijgh,, study is needed to disentangle the effects. If the multipolar
=19 au obtained previously in a less direct way from anfield contributions were ignorable, then the increasg iior
analysis of CCJ liquid- and vapor-phase HRS spectra. acetonitrile molecules in the liquid would indicate net paral-
Thus, all indications are that the present experimental resuligl orientational correlations between neighbors, while the
are consistent and accurate to within the stated error bars.decrease in3 for methanol would indicate net antiparallel
The values ofB, /Bg given in the fourth column of orientational correlations. Because EFISH measurements are
Table IV show that the effectivg of these molecules in the insensitive to short-range orientational correlations, liquid
liquid is enhanced over the gas-phase value by a factor whicBFISH and HRS results may be expected to differ when

TABLE V. First hyperpolarizabilitys, values of CHCJ from various experimental measurements and theoret-
ical calculations.

Wavelength(nm) B (au Method Reference

1064 +1.0=4.2 Gas-phase EFISH This Work
694.3 +1.2+2.6 Gas-phase EFISH 15
694.3 +92 Gas-phase EFISH 42

1064 —68+7 Liquid-phase EFISH il
694.3 +90 EFISH+TWM 15
632.8 —156+125 Kerr effect 43
694.3 -10.2 CHF 10
694.3 -1.4 MP2 44

3Calibration requireg(® of quartz andy® of fused silica and CHGI
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TABLE VI. First hyperpolarizabilityB, values of HO from various experimental measurements and theoretical

calculations.
Wavelength(nm) By (au Method Reference
1064 —19.2+0.9 Gas-phase EFISH This work
694.3 —22.0£0.9 Gas-phase EFISH 17
1064 +19.2 Liquid-phase EFISH 45
Static —-11.0 SCF 33
Static -17.3 MP2 33
Static -16.8 SDQ MP4 33
Static —24.8 DFT LDA 46
1064 -13.1 MCSCF 34
694.3 —20.8 MCSCF 35
694.3 —-19.6 DFT LDA 47
694.3 —-21.1 CcCcsoTm) 12

3Calibration requireg(® of quartz andy(® of fused silica and kD.

orientational correlations contribute significantly to the HRSlated value of3.33 Inclusion of electron correlation results in
signal. B values which are more widely scattered, but which tend to
The results given in Tables Il and IV should be usefulfall near the experimental result obtained in this w&t&>
for accurately calibrating experimental measurements an¥ibrational contributions are not included in any of the cal-
testing theoretical calculations. Many of the available refer-culated values given in Table VI. Luet al3® estimate that
ence standards are in need of improvement. Chloroform hazero point vibrational averaging contributions at optical fre-
frequently°~?® been used as a HRS reference standard imuencies are about 10% of the value @f, while Bishop
which the liquid-phase EFISH value measured by Kajzaret al® conclude that pure vibrational contributions are less
et al?® is used to calibrate the HRS signals. This EFISHthan 2% of the total value. The difference between the ex-
value for B,, however, is dependent on the values of theperimental values of3; for H,O and BO gives a rough
nonlinear susceptibilities of quartz and glass, which are novindication of the size of the vibrational contribution; the dif-
believed®3'to be lower than the values used by Kajeaml.  ference is 8% 12%, consistent with these theoretical esti-
In Table V we compare values of the first hyperpolarizability mates. Such comparisons with the available experimental
B, of chloroform from various experimental measurementsmeasurements indicate that present algorithms used to calcu-
and theoretical calculations. It is evident that there are widdate ab initio hyperpolarizability values of small polyatomic
discrepancies between the various published values, muaholecules give results which are at about the 10% level of
larger than can be attributed to frequency dependence, vibraccuracy®’
tional contributions, isotopic substitution, or intermolecular
interactions. Even given an accurate EFISH valuggpfor
chloroform, the liquid HRS calibration based gpmay still  \, concLUSIONS
be inaccurate because of the large effect of molecular inter-
actions ong values obtained by HRS. Note that chloroform One motivation for the present study was a need for
is the only dipolar molecule in the present study for whichreference standards for HRS measurements, and so appropri-
the EFISH measurement does not give a reliable calibratioate molecular hyperpolarizability valugswere determined
of the HRS B for the same moleculésee Table 1IY. An  for several molecules. We conclude that €lwell suited
additional technical consideration bearing on the use of puréor a reference standard, although for routine used pNA will
solvents for HRS calibration is that they can be particularlyprobably be preferred, due to the higher HRS signals avail-
susceptible to parasitic HRS from incompletely filteredable. Our own preference is to calibrate the HRS signal from
samples, leading to an overestimation of the correspondingNA with respect to CGland then use solutions of pNA as
first hyperpolarizabilities? though this has not been a prob- a secondary referenéeA second objective of this study was
lem with our apparatus. to measure and compagzein the liquid and gas phases. It is
A comparison of experimental measurements and thediound that the effective HR$B is increased or decreased by
retical calculations of the first hyperpolarizabiligj of H,O  as much as a factor of 2 due to intermolecular interactions
is presented in Table VI. The water molecule is an especialljand orientational correlations between neighboring mol-
interesting case because it is small enough that accurate theeules in the liquid phase. A third objective was to probe
oretical results should be feasible and many calculationsibrational contributions to the hyperpolarizabilities by com-
have been performed. The resultsaif initio calculations at  paring results for hydrogenated and deuterated molecules.
the self-consistent fieldSCH level are consistently below The effect of deuteration is small fg8(<5%) but some-
the experimental values fgs. This is probably due to elec- what larger fory(<10%).
tron correlation effects since the largest basis sets used ap- Note added in proofRecent work® calls into question
pear adequate to have reached the SCF limit for the calcuhe usual local field factors for nonlinear optics experiments,
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and the hyperpolarizabilities of molecules in the liquid phase and L. W. Jenneskens, Chem. Phys. L245 297 (1995.

may need re-examination.
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