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Third-order polarizabilities are measured in the gas phase using de electric-field induced optical second
harmonic generation and are found to be positive in each case. 

We report measurements of third-order nonlinear 
electric polarizabilities (hyperpolarizabilities) for eth
ylene, 1,3-butadiene, 1,3, 5-hexatriene and benzene 
molecules in the gas phase using dc electric-field in
duced optical second-harmonic generation. 1,2 The hy
perpolarizabilities of conjugated molecules have been of 
interest for some time. 3-6 Because of the delocalized 
7T electrons these hyperpolarizabilities are quite large, 
and increase faster than the size of the molecule. Re
cent theoretical work7- 10 makes these measurements 
timely. We were also intrigued to investigate three of 
these molecules, ethylene, butadiene, and hexatriene, 
for which there is evidence that the third-order hyper
polarizability might be negative. 9-11 

The dc electric-field induced optical second-harmonic 
generation experiments reported here are similar in 
method to those described previously. 1 Optical second 
harmonic generated by a focused 694.3 nm ruby laser 
beam in a vapor-phase sample subjected to a dc electric 
field is measured to determine the effective third-order 
hyperpolarizability X". This hyperpolarizability can be 
measured with dc and fundamental optical electric fields 
parallel X~ or perpendicular xf. In general, two pro
cesses contribute to the effective hyperpolarizability: 
the intrinsic third-order process; and, in the case of 
dipolar molecules, harmonic generation rendered ob
servable by the temperature-dependent partial alignment 
of the molecules by the dc electric field: 

(1) 

x~,~l and x~,~l all represent averages over molecular ori
entations and are, therefore, well defined linear com
binations of molecular hyperpolarizabilities. Detailed 
definitions of these hyperpolarizabilities are given in 
Ref. 12. Butadiene and hexatriene each include cis
and trans-isomers in poorly known proportions. The 
temperature dependence of xf, for these gases, shown 
in Fig. 1, yields an average over the isomeric mixture 
for XI~2) which is small and of little interest here, and 
for X~3) which we assume is similar for both isomers. 
Ethylene and benzene are nondipolar and were studied 
at one temperature only. Absolute magnitudes for co
efficients, shown in Table I, are established by com
paring harmonic generation in pairs of gases and using 
a calculated value for X~3) (helium). 13 To deduce X' 
from harmonic generation observations it is necessary 
to know the wave vector mismatch t:.ko (quoted here at 
a density of Loschmidt's number cm-3) 

a) Supported in part by the US Air Force Office of Scientific Re
search under Grant number 77-3225. 

t:.ko =2k'" _ ~w • 

t:.ko is measured as in previous experiments. 14 The ru
by laser beam passes in succession through a quartz 
plate, air, a cell containing the gas under observation 
and a second quartz plate. The dependence of interfer
ence between second harmonic generated in each of the 
quartz plates as a function of gas density in the cell 
yields values for I t:.kol (see Table I). A technique to 
determine the sign of t:.ko was introduced here: if in
creasing the air path length (by increasing the quartz 
crystal separation) has the same effect on the harmonic 
interference signal as increasing the cell gas density 
then the sign of t:.ko for the gas is the same as that for 
air, namely negative. This was found to be the case for 
all four gases studied here. The relative sign for xf, 
for two species is established by measuring harmonic 
generation in binary mixtures as a function of propor
tion. Data for hexatriene/nitrogen mixtures shown in 
Fig. 2 together with curves calculated for both positive 
and negative relative Xe's indicate unambiguously that 
the two Xe,s have the same sign. Knowledge of the sign 
of t:.ko is helpful in this respect since it eliminates two 
further possibilities which would otherwise have to be 
considered. Signs are put on an absolute basis by bi
nary comparisons linked to helium2 for which the calcu
lated sign of X~3) is positive13 or equivalently to argon 
where the same positive sign can be inferred as has 
been established for the Kerr hyperpolarizability. 15 

Signs, other results, and data on experimental condi-
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FIG, l. Temperature dependence of the effective hyperpolariz
ability for butadiene (.) and hexatriene (e). Each point repre
sents an average of at least 200 laser shots. The standard 
deviation in the case of butadiene is smaller than the size of 
the triangle, X(3) is given by the l/T=O intercept (_), 
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T ABLE I. Experimental parameters and hyperpolarizabilities. 

1036 lim)(~ 
M EO T - t!.k o 

T-I_O 10 36 axfr/ aT-I 
(D) (esu cm- I ) (OK) poa (cm-I) (esu) (esuOK) R(3) 

Ethylene 0 9 295 0.483 10.3±0.1 0.758±0.017 2.83±0.20 

1,3-Butadiene cis <l%f 8.5 295-465 0.140 35.6±0.3 2.30±0.13 54±45 2.84±0.37 
trans 99+% 0 

1,3,5-Hexatriene cis 40-10% r 7 295-353 0.0499 100±2.5 7. 53±0. 70 315 ± 225 2.91±0.14 
trans 60-90% 0 

Benzene 0 9 334 0.144 34.6 ± 0.1 2.06±0.05 3.03±0.17 

"Optimum density given in Loschmidt's number cm-3• Virial data taken from the following sources: Ethylene and benzene; J. H. 
Dymond and E. B. Smith, The Vinal Coefficients of Gases (Clarendon, Oxford, 1969). Butadiene; R. ~. Scott, C. H. Meyers, 
R. D. Rands, Jr., F. G. Brickwedde, and N. Bekkedahl, J. Res. Natl. Bur. Stand. 35, 39 (1945). Hexatriene; no correction 
applied, virial data not available. Correction would be expected to increase Ako and X by not more than a few per cent. 

bD. R. Lide, Jr., J. Chern. Phys. 37, 2074 (1962) and Reference LI0 of M. B. Robin, Higher Excited States of Polyatomic 
Molecules (Academic, New York, 1975), Vol. II. 

cD. E. Post, Jr., W. M. Hetherington III, and B. Hudson, Chern. Phys. Lett. 35, 259 (1975); and R. M. Gavin, Jr., S. Risen
berg, and S. A. Rice, J. Chern. Phys. 58, 3160 (1973). 

tions are summarized in Table I. It may be noted that 
intermolecular interactions and differences between lo
cal and applied fields are negligible in these gas-phase 
experiments whereas additional uncertainties are in
troduced in extracting molecular hyperpolarizabilities 
from liquid-phase measurements. 

The measured ratios R(3) =X~3)/X~3) are shown in Ta
ble I to differ insignificantly from 3. This is true for 
all molecules for which data is currently available and 
may be interpreted to imply that in this process the 

TABLE II. Third-order polarizabilities x 1036 esu. 

Ethylene 

Butadiene 

Hexatriene 

Benzene 

X
(3) a 

" exptl 

+0.758±0.017 

+2.30±0.13 

+7.53±0.70 

+2.06±0.05 

x,P) 
exptl 

-0.05±0.34b 
+ O. 88 ± O. 22c 

+ 1. 1 ± O. 5d 

+2. 34± O. 35" 
+2.2f 
+2.4±0.72' 

X
(3) h 

" calc 

+1.4 

+ 10 

molecule does not draw a significant distinction between 
optical and dc fields (see Ref. 16 for a detailed discus
sion). Further discussion here will be limited to X~ and 
we omit the II subscript for brevity. 

Table II, in addition to our measured values, shows 
various other experimental and calculated hyperpolar
izabilities for these four molecules. In comparing 
third-order polarizabilities for different processes in
volving different frequencies there is no reason to be
lieve that these quantities should be identical. Howev-

x,P) (u)1 

calc 

+ O. 5 

+1.0 

+1.6 

+1.7 

X
(3) 

" calc 

apresent work. dc induced second-harmonic generation, 694 nm, gas phase. 
bRef. 11. Kerr effect, 633 nm, gas phase. 
cRef. 18. Third-harmonic generation, 694 nm, gas phase. 
dRef. 17. Kerr effect, 633 nm, gas phase. 
eRef. 19. dc induced second-harmonic .generation, 1. 06 Mm, liqUid phase. 
fRef. 20 as reported in Ref. 19. Three wave mixing, liquid phase. 
'Ref. 21 as reported in Ref. 19. Third-harmonic generati-on, 1. 89 Mm, liquid phase. 
"Ref. 5. dc hyperpolarizability, calculated using free electron model. The number quoted here 
is 'Yra:. from this reference multiplied by the factor 16/45. 

iu-electron contributions based on bond additivity using data from Refs. 1, 6, 11, 19. 
IRef. 9. dc hyperpolarizability calculated using Hiickel wavefunctions. 
tRef. 8. CNDO calculation, dc hyperpolarizability, u-electron contributions included. 
IRef. 10. SCF calculation, dc hyperpolarizability. 
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N2 PRESSURE (psi) 
FIG. 2. The dependence of Xe on the proportions of a mixture 
of hexatriene and nitrogen. The upper and lower curves are 
calculated plots for positive and negative relative Xe's, re
spectively, fitted to the first data point. The unambiguous 
conclusion is that Xe for hexatriene and for nitrogen are of the 
same sign. 

er, in the absence of resonances, we would be surprised 
if differences of more than 2~ were to arise from dis
persion. 

The uncertainties in results presented here are sub
stantially smaller than those of previous measurements 
for ethylene and benzene. Uncertainties in Kerr effect 
results are large because X(3) has to be determined in 
the presence of a large contribution arising from linear 
polarizability anisotropy. These results ll,17 differ from 
ours by about two standard deviations. A result for X,~3) 
for ethylene from third-harmonic generation in the gas18 

is consistent with our value. There is good agreement 
between the value presented here for X(3) in benzene and 
that measured by dc electric-field induced second-har
monic generation in the liquid19 at 1. 06 /J.m. X (3) in 
benzene has also been measured by three-wave mixing20 
and third-harmonic generation. 21 Levine and Bethea 
have adjusted these results for dispersion and shown 
them to be in good agreement also. 19 

Most of the theoretical results presented in Table II 
are for the 7T-electron contribution to X(3). We therefore 
include estimates of the cr-electron contribution derived 
from experimental X(3) for a number of alkanes. 1,6,11,19 

It is assumed that this contribution for a given bond 
(carbon-carbon or carbon-hydrogen) is equivalent to 
X( 3) for the same bond in an alkane and that bond addi
tivity applies. The estimated cr contribution is not 
negligibly small compared to the measured X(3) for any 
of these molecules. Although Hameka has cast some 
doubt on the additivity of 7T and cr contributions,8 it is of 
interest to compare X(3) - X(3)(cr) with the calculated 7T 
contributions. Looked at from this viewpoint the modi
fied free electron results for butadiene and hexatriene 

are close5 whereas the results based on Hiickel wave
functions are of the wrong sign and quite smalL 9,10 

(However, Hameka and McIntyre note the possibility of 
considerable uncertainty in an overall multiplicative 
factor.) In the case of benzene the author of both theo
retical results regards the smaller as the preferred 
value, and as he remarks the result for "benzene 
seems much too small. ,,10 We conclude that the theory 
for small conjugated molecules is not yet adequate. 

Previous evidence which indicated that X(3) was nega
tive for ethylene, butadiene, and hexatriene was weak, 
depending on an experimental result with low signifi
cancell or on conflicting theoretical calculations. 5,9,10 

The X(3) measured are, however, unambiguously posi
tive for all these molecules. It may be noted that this 
result does not depend on the choice of molecular coor
dinate system, Whereas we know of no fundamental 
reason why this polarizability must be positive, there 
is no known case of measured negative low frequency 
third-order polarizability, 

It is a pleasure to thank W. M. McClain, C. K. 
Miller, and A. V. Smith for helpful discussion and 
H. F. Hameka for both helpful discussion and communi
cation of results prior to publication. 
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