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The solvent effect on the molecular first hyperpolarizabilityof p-nitroaniline pNA) has been investigated.
Using the hyper-Rayleigh scattering technique, we have also deterghioigoNA in DMSO using 1064 nm

laser radiation. Thig value has not been previously reported. With the help of Onsager’s theory, we have
arrived at a correction factor to account for the solvent dependence of the values of the intrinsic
hyperpolarizability3,. The Onsager model significantly removes the strong solvent dependeficergo)

on the dielectric constant.

Introduction

The essence of second-order organic nonlinear optical (NLO)
materials are chromophores that exhibit large first hyperpolar-
izabilities, 8, usually through an electronic doreacceptor
arrangement with an extended conjugation sequence in between.
In order to make intelligent choices of the chromophores for
devices based on the NLO response, it is necessary to be abl
to accurately characterize them. Until recently, electric field
induced second-harmonic (EFISH) generatibhas been the
standard technique to determifievia the measurement of
in a solvent of negligiblegs, whereu is the amplitude of the
ground state dipole moment of the chromophore. The EFISH

method thus requires one to make an independent measuremerft

of u in order to obtain3. Moreover, to obtainy3, one needs
to make assumptions regarding local field factors, both at zero
frequency and at optical frequencies, in addition to assumptions
about the molecular second hyperpolarizabijity Since it is
difficult to obtain precise values for these quantities, error is
easily introduced into the determinationffthis is most likely
the cause of the inconsistencies finvalues reported in the
literature3

Another source of inconsistency in reporig¢dalues is due
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to the solvent effect. The solvent dependency arises from a

number of sources. One of them is the chromophore dipole-
induced reaction field which modifies the local field experienced
by the NLO chromophores. Another source is the effects of
intermolecular interactions on the transition dipole associated

with the charge transfer transition band. Clays and Perdoons

ave suggested that the solvent effeci{fofan be accounted

or by using an empirical linear relationship betwegrand
(e — 1)/(2¢ + 1), wheree is the static dielectric constant of the
solvent used in the measurement @f Due to complex
dependencies of the transition dipole, the resonance frequency
of the charge transfer band, and the permanent dipole moment
f the chromophore on the solvent, it is surprising that such a
simple solvent dielectric constant dependencéfshould exist.
In this Letter, we show the inadequacy of the Clays and Persoons
model and suggest another correction factor that can be used
to account for the solvent dependence. We have chosef the
data ofp-nitroaniline pNA) for this study, sinc@NA has been
extensively studied in a number of solvents. To include the
result of high dielectric constant solvents, we have also carried
out the measurement of thé value of pNA in dimethyl
sulfoxide (DMSO) using the technigque of hyper-Rayleigh
scattering (HRS). To the best of our knowledge, fhealue
of pNA in DMSO has not previously been available in the
literature.
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Figure 1. Molar absorptivity spectra fquNA dissolved in CHG (solid Figure 2. Hyper-Rayleigh scattering intensity, ratioed by the square
line) and DMSO (dashed line). Note that there is no detectable of the fundamental intensity, y\®NA number density in CHGl(circles)
absorption present at the second-harmonic wavelength, 532 nm.  and in DMSO (triangles); corrected for local field factors. The solid

] . lines indicate a least-squares fit through the experimental data.
Experimental Section

To ascertain th@ value measurement @NA in DMSO by second-order effects, such as two-photon f'Iuor.escéﬁdeat
HRS, we have also carried out the HRS measuremepha¢ may plague the HRS method in the determinatiog should
in chloroform for comparison.pNA (Aldrich, 99+% purity) be absent here, and the intensity _detectgd at 532 nm should
was used as received without further purification. Both solvents accurately represent the HRS intensity A in these solvents.
used were reagent grade. Solutions were prepared by dissolving 19uré 2 shows the HRS concentration dependence data
pNA in chloroform and DMSO to form concentrated stock collected f_or pNA_m CHC!3 and in DMS.O’ n th_|s dilute
solutions. Samples with different concentrations were obtained COncentration regime. Using the data given in Figure 2 and
from these stock solutions via successive dilution. Al diluted Standard procedures using the internal reference method (IRM),
solutions were filtered with 0.am filters (Whatman) to remove W€ Q)ave obtained th@ value ofpNA in CHClI; to be 23.4x
any undissolved particulates or dust. The experimental setuplo— esu,s(ljn ex‘;;e”e”F agreement with the literature value of
used for the HRS measurements has been described elséwhere?3 X 1,0_ esu: Using the pNA/CHCI3 result, we has\ée
with one modification: A beam splitter that directed a small determined thes value ofpNA in DMSO to be 28.8x 10
fraction of the incident beam toward a fast photodiode (ET2000, &34 Using a modified version of the external reference method
Electro-Optics Technology) was added along the fundamental (ERM).2 Since we are comparing HRS intensities from different
beam path to facilitate the point-by-point monitoring of the laser SQ'Ve“tS (CHQJ and DM,SO)’ one needs to correct for the
intensity during the HRS experiment. This addition allows the differentlocal fields experienced by tipblA molecules in each
direct measurement of the quantity.{l.,%) while eliminating solvent. It_ should be npted that if we us_esothe IRM to calculate
the measurement of fluctuations in laser intensity that contribute 2 for PNA in DMSO, using = 2619x 10-*°esu for DMSO;
to a variation in the measured HRS intensity. The output of a W€ Obtain a value of 28.& 10" esu. This value is in good
Nd:YAG (Spectra-Physics, GCR-11, 1064 nm, 10 Hz) was agreement_wnh thg value obtained with the ERM given above.
filtered through two low-pass filters and focused into a 3.5-mL  AS mentioned above, to account for the solvent effect, Clays
glass sample cell. The scattered radiation &tv@8s collected and Persoorfshave proposed an empirical Ilnea_r relagonsh|p
with a camera lens, focused with a biconvex lef ), filtered between th¢g value of the chromophore ar!d the dielectric factor
through a band-pass filter centered at 532 nm with a 10-nm D = (€ = 1)/(2¢ + 1) of the solvent. In Figure 3, we plot the
bandwidth, and focused onto a photomultiplier tube. Refractive £ Valués ofpNA in various solvents v®. Values forf ande
index measurements were carried out on a Reichert Abbe Mark " pI;IOA In various sol\_/ents are taken from the paper binlia
Il refractometer at the sodium D line (589.3 nm). It was et alt®and are given in Table'l. The results show rather poor
calibrated using distilled wateng = 1.3327 at 23.4C). Molar agreement betweefi and D, in contrast to what has been
absorptivity measurements were carried out on a Hewlett- Proposed in ref 4. For theNA/DMSO system, the value

Packard 8452A diode array UV/visible spectrophotometer. clearly lies well below the line proposed by Clays and Perséons.
Since the major contribution {®is due to the charge transfer

Results and Discussion band, we adopt a classical two-state model expressioi for
iven b
Figure 1 shows the molar absorptivity plotted as a function g Y
of wavelength forpNA dissolved in both chloroform and Bo
DMSO. One notes a large red shift of about 40 nmpi§A in p= e o (2)
DMSO relative to chloroform: Ama{CHClL) = 350 nm, (1 = 0lwe)(1 — dolwgy)

Ama{DMSO) = 390 nm. Since both the fundamental frequency
(1064 nm) and the second harmonic (532 nm) of the HRS wherefy is the intrinsic molecular hyperpolarizability, is the
experiment are far from resonance in both solvents, additional excitation frequency of the fundamental beamyy is the
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TABLE 1:
Dielectric Constants Are Also Given)
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Intrinsic Hyperpolarizability ( o) Data for pNA Dissolved in Various Solvents (Whose Refractive Indices and

ﬁo
n+2 2€+1]

nP+2 2+1 3 2¢ +n?
solvent e nP 3 2 4+ ? B (x 10730 esu) Bo? (x 107 esu) (x 10730 esu)
1,4-dioxane 2.21 1.422 1.128 16.3 8.1 7.18
chloroform 481 1.446 1.237 16.8 8.6 6.95
tetrahydropyran 5.61 1.4211 1.237 22.5 10.8 8.73
ethyl acetate 6.02 1.372 1.212 22.6 11.0 9.08
tetrahydrofuran 7.58 1.407 1.251 21.4 10.2 8.16
2-methoxyethyl ether 7.63 1.4097 1.253 23.8 11.0 8.78
dichloromethane 7.77 1.424 1.264 16.9 8.5 6.72
acetone 20.7 1.359 1.257 25.9 11.9 9.47
N-methylpyrrolidone 32.0 1.488 1.379 38.4 15.8 115
methanol 32.63 1.328 1.240 32.0 145 11.7
dimethylformamide 36.71 1.43 1.330 30.0 12.6 9.48
acetonitrile 37.5 1.344 1.256 29.2 13.6 10.8

aFrom ref 10.P From ref 12.
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Figure 3. S (solid symbols) ang, (open symbols) vse(— 1)/(2¢ +
1). The solid circle data and the solid line are from ref 4, measured
by using HRS; the open circle data dgvalues calculated usintnax

values from ref 4. The solid and open square data are from Table 1,

dipole as well aspermanent dipole) cancel each other out in
these two systems. However 4§ values obtained from other
solvents are plotted VB, as also shown in Figure 3, there is
also a significant scatter of data. FWNA/DMSO, thef, value
also lies below the line of thg vs D plot.

As originally shown by Onsagét,a polar molecule which
is placed in an evacuated spherical cavity of radiasd which
is then immersed in a dielectric continuum composed of polar
solvent molecules and subjected to a static electric el
experience two electric fields in response to the continuum: a
cavity field G = [3¢/(2¢ + 1)]E caused by the accumulation of
surface charge around the spherical cavity of the solute and a
reaction fieldR = [2(e — 1)/(2¢ + 1)]u/a® caused by the
response of the solvent molecules to the dipole moment of the
solute molecule. Hererepresents the static dielectric constant
of the mediumy is the intrinsic (i.e., gas-phase) ground-state
dipole moment of the solvent molecule, and bold lettering
indicates vector quantities. One can then combine the relations
for G andR and make use of the Clausitudossotti relation
to obtain an expression fom, the dipole moment of the
molecule immersed in the solvent (the “liquid moment”) as

422 +1
m=—— ——

2
3 2€+n2” @

measured by using EFISH. The solid and open triangle data representiwheren is the refractive index of the solution measured far from
new experimental data measured by HRS. The dashed line is drawnresgnance. The coefficient farin eq 2 can be considered to

from the solid line after removing the dispersion factor.

be a “correction factor” in describing the effects of the

transition frequency associated with the charge transfer band,nvironment on the intrinsic dipole moment of the molecule.
and the quantity in the denominator represents the dispersion'Ve have analyzed th# data presented in Table 1 and divided

effect. Sincefo is equal to B2 Au/(hw.y)’, Wherepueg is the
transition dipole moment amtiu Is the change in the permanent
dipole moment of the ground and excited states, the solven
induced effect o may arise from the induced shift in the

eachfy value by this factor; the results are also presented in
Table 1. Clearly, after dividingy by this correction factor,

t.the variation info is no longer as sensitive to the solvent

polarity, despite a consistent upward increasing trend with

absorption maximum that changes the resonance frequency ofncreasing dielectric constant. This upward increase is possibly

the charge transfer band and the change of the dipole matrix

elementgigg, 1ee anduegthat enter into the hyperpolarizability
expression. One can remove the effect due to the red shit (
= 27¢/Amay i DMSO relative to CHG by using the frequency
dispersion factor and then comparing fhevalues ofpNA in
these solvents. Using eq 1, we obtaigd= (11.5+ 1.5) x
10730 and (11.84+ 1.5) x 1073 esu forpNA in DMSO and
CHCIs, respectively. The agreement in thgvalues obtained

related to the effect of the solvent dielectric constant on the
transition dipole moment, which we have not yet considered.

Conclusion

We have studied the solvent dependence of the hyperpolar-
izability of pNA. Using an external reference method, we obtain
af value of 28.8x 10720 esu forpNA in DMSO, which has
not been available in the literature. By removing the solvent

in these solvents is within the experimental uncertainty. The effect on the frequency dispersion factor involving a two-state
fact thatfo is not sensitive to the solvent perturbation in the model, we have obtained an intrinsic molecular hyperpolariz-
case of CHGJ and DMSO suggests that the solvent effects on ability S, that appears to be largely insensitive to the solvent
the resonance frequency and dipole matrix elements (transitionperturbation for the cases of DMSO and CHICIThe major
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