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The independent components of the «, B, ¥, A, and B tensors were computed for the ground
states of N,, HCN, acetylene, and diacetylene molecules from electric moments induced in a
perturbing static electric field. The results are used to comment on trends in nonlinear

susceptibilities of polyacetylenes and polydiacetylenes.

INTRODUCTION

Third-order nonlinear optical properties of organic ma-
terials offer great promise for various applications. Electro-

magnetic fields can be altered in phase, frequency, ampli- -

tude, or other propagation characteristics by passage
through such media." The polarization induced in a medium
by an external electric field is given by

P =X(1)F +X(2)FF +X(3)F.FF + oy

where y‘™ defines the nth order susceptibility tensor of the
medium. The third-order nonlinear susceptibility ¥ of ma-
terials in which these effects occur is of interest since high
values of y® are desirable in applications involving degener-
ate four-wave mixing.> Device operating conditions place
additional severe demands on the stability, ease of prepara-
tion, and mechanical properties of the materials. Therefore,
although a large number of substances have been tested,
there is a need to extend the list of candidates for various
applications. Theory can help here by providing a descrip-
tion that relates ¥ to the electronic structure, thus enabling
the design of materials with high y'.

The macroscopic susceptibility y® is related to the sec-
ond hyperpolarizability of a molecule 7,5, ( — @4
,,0,,0,), Where @, @,, and o, are the frequencies of the
incident optical fields and w, is the frequency of the induced
dipole moment.> The molecular contributions to y'> are
weighted by a frequency-dependent factor that takes into
account the effects of internal fields.

Organic molecules with delocalized 7 systems have
anomalously large ¥ susceptibilities, which can exceed the
best values for inorganic dielectrics and semiconductors.* It
has been observed® that in linear conjugated molecules y**
increases dramatically with chain length, much faster than
for the isoelectronic saturated molecules. This is attributed
to the mobility of the 7 electrons in the delocalized molecu-
lar orbitals extending along the chain, giving rise to large
components of ¥ in this direction.

For a molecule in an external electric field the induced
electric dipole moment is®

He =iu;0) + aaBFﬂ + %'BaBVFﬁFr
+ 3 Yopys Fp I, Fs
+ iAa.B‘rFBr + %Baﬂ,rﬁFﬁFr&s + e
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where « is the dipole polarizability, B and vy are first and
second hyperpolarizabilities, A is the dipole~quadrupole po-
larizability, and B is a mixed dipole~quadrupole hyperpolar-
izability. Greek subscripts denote vector or tensor compo-
nents in the molecular axis system and take values x, y, orz; a
repeated subscript denotes summation over all three Carte-
sian directions. The quadrupole moment may likewise be
expanded in terms of the electric fieldS:

eaﬁ = et(z%) + Ar,aﬂFy + %Br&aﬂFrFG
+ (','049’?,‘s Fya + o,

where C is the quadrupole polarizability. «, B, and y are
independent of origin for any molecule whereas A and C
depend on origin. B is independent of origin for a neutral,
nonpolar molecule.® For centrosymmetric molecules (with
origin at that center) p'%, B, and A vanish by symmetry. In
general, the nonvanishing tensor components are linear
combinations of a smaller set of independent quantities; the
relations between nonvanishing components may be deter-
mined by group theory.’

For D_ , molecules o has two independent components,
v has three and B has four’:

Ap; Oy =0Q,,

Vazzzs  Vaxzz = Vypzzs Vs = Vigy = 3 Vexyys
Bzz,zz = - 2Bzz,xx = - 2Bzz,yy; sz,xz = yz,yz;
Bxx,zz =Byy,zz = - (Bxx,xx + Bxx,yy);

Bxy,xy = % (Bxx,xx - Bxx,yy )
C,, molecules have in addition two independent compo-
nents of B and two of A:

ﬂzzz; ﬂxxz =ﬂyyz’
A, = —24,,,. = —24

z,2z Z,XX Ax,xz = A wyz*

2,)y ;

The present paper is concerned only with the szatic polariza-
bilities and hyperpolarizabilities (w; = 0). The frequency-
dependent properties generally have a larger number of non-
Zero components.

v is sensitive to the details of the outer regions of the
electron cloud and therefore calculations of ¥ require large
basis sets. Ab initio values of y have been reported for
atoms,>? diatomic molecules,'®'* and a very few polyato-
mics.'® On the other hand, the materials of interest for their
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values of y® are generally large aromatic molecules or quasi-

one-dimensional polyacetylenes and polydiacetylenes.* For
these cases parametrized models rather than ab initio calcu-
lations are appropriate. Models should, however, be based
on a correct physical description and thus need to be cali-
brated against high quality ab initio results. In this paper we
report ab initio SCF calculations of v for molecules which
are small enough for accurate treatment but which retain
some physical features of the typical large organic molecules
of practical interest. It has been observed that: (a) compo-
nents of y along the chain (y,,,,) are much larger than the
Cross components ¥,... and ¥,,,.; (b) ¥,,.. is about three
orders of magnitude larger for the polymer than for the mon-
omer; (c¢) in polyphenylacetylene polymers where the side
groups attached to the carbon backbone are not identical,
carbon atoms in the chain acquire heteroatomic character.
The values of the susceptibility components depend on the
degree of “heteroatomicity” (i.e., the presence of different
atoms on the chain or of different side groups on the chain
reduces 7).' We investigate some of these aspects with a set
of small molecules with triple bonds: N=N, HC=N,
HC=CH, and HC=C-C=CH. This is the first ab initic
calculation of y for these molecules. The first three members
of the set are related by progressive substitution of a heteroa-
tom with a CH group. Comparison of acetylene and diacety-
lene will show the effect of increasing chain length. Further-
more, diacetylene is itself of interest as a monomeric unit of
the polydiacetylene which has one of the largest known val-

ues of Y4

CALCULATIONS AND RESULTS

The properties of interest in this paper describe the re-
sponse of a molecule in its electronic ground state to pertur-
bation by an electric field. In calculating them it is necessary
to represent both the unperturbed wave function (¢°) and
the changes induced in it to first [#'(F, ) ] and second order
[#*(F,F,)]. For 7 systems consisting of first-row atoms a
large spdf basis is expected to achieve this, thereby giving
accurate energies, polarizabilities, and hyperpolarizabilities
at the SCF level. In the case of diacetylene it was not feasible
to include f functions in the basis; this deficiency is assessed
later in the present section.

3433

All calculations used contracted Gaussian basis sets and
were carried out using the CADPAC program.'” Each first
row atom carries a [ 5s4p2d 1] set of GTOs: for N this con-
sisted of a Dunning [ 5s3p] set'® plus an STO-2G 3d function
(Slater exponent { = 2.33a5° ') and p, d, and f GTO primi-
tives (exponents 0.08, 0.11, and 0.10a," 2, respectively); for
CaDunning [5s4p] set'® was used with an STO-3G 3d func-
tion (§ = 2.15a45 ') and uncontracted d and f GTOs (expo-
nent 0.08 and 0.10a; %, respectively). The H basis was a
[352p] set consisting of the Dunning [3s] set'®
(¢ =1.25a5 1), an STO-2G 2p set (§ =,1.5a," ') and a p set
with exponent 0.08a; 2. Cartesian d and f'sets were used. In
the calculations on C,H, the f functions on carbon were de-
leted.

Bond lengths were taken from experiment. They are: for
N, 7(NN) = 1.0976 A;" for HCN r(HC) = 1.0655 A,
r(CN) = 1.1532 A%, for C,H, r(HC)=1.0606 A,
r(CC) =12032 A?; for C,H, r(HC)=10935 A,
r(C=C) = 1.2176 A, r(C-C) = 1.3831 A%

There are three well-established methods for calculation
of polarizability and hyperpolarizability from an SCF wave
function. The most elegant is by analytical differentiation of
the wave function with respect to the field, the coupled Har-
tree~Fock (CHF) method. The most widely used is the fin-
ite field method, in which the interaction with a uniform
static electric field is added directly to the Hamiltonian in an
SCF calculation. Useful for properties involving field gradi-
ents is the point charge method, in which arrays of distant
point charges are used as sources of field, field gradient, etc.,
at the molecule. The CHF procedure is now routine for ¢,
and programs capable of CHF calculation of A, B, C,'” and
B?? exist, but for y one of the finite perturbation methods is
generally used. Results from all three methods are exactly
equivalent. In this work the finite field method was used
throughout.

In finite field calculations the property tensors are ob-
tained by numerical differentiation of the energy, dipole, and
quadrupole moments with respect to the perturbing electric
field. The magnitude of the applied field is chosen as a com-
promise between numerical accuracy and contamination
from higher order polarizabilities. Bishop and Solunac?*
have pointed out the dangers inherent in using very large
perturbing fields. We used fields of magnitude 0.0005 to

TABLE 1. Dipole polarizabilities and hyperpélarizabilities of triple-bonded systems. All quantities are in atomic units. For a | au==e’d3E, !
=0.164 88107 C*m?J ™}, for B | au=e’alE, "*=0.32063X 10732 C?* m* J =2, for y 1 a.u.=e*a} £, ~>=0.623 60X 10~% C* m® T3, The best
results for HCCH are given in the third row. The resuits in the fourth row are for a test calculation to assess the effect of £ functions in the basis (see the text).

azz axx a yZZZZ }’x.xxx Yxxzz 7 B 2z B xXZ
N, 14.944* 9.648" 11.413 775 662 240 700
HCN 22.389° 13.736° 16.620 1533 1840 564 1740 — 6.386 —3.434
HCCH 31.341° 19.000° 23.114 2917 5100 1460 4471
HCCH(without f) 31.295 18.891 23.026 2786 3360 1439 3500
HC=C-C=CH 86.042 30.534 49.037 19486 5539 3616 9744

a=(a,+a,+a,)/3

V=4 Waxex + Vogy + Varzr + 2Vnpp + 20000 + 2¥ 350 )

*Experimental a( — w; @) at 632.8 nm = 15.09 and 10.34 a.u. (Ref. 39). Many theoretical calculations have been reported (Refs. 23, 25, 40, and 41).

b For other calculations see Ref, 26.

°Experimental a( —~ w; ) at 632.8 nm = 31.91 and 19.34 a.u. (Ref. 39), other calculations (Refs. 23, 27, and 28).
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TABLE II. Mixed dipole—quadrupole polarizabilities of triple-bonded sys-
tems. All quantities are in atomic units: for4 1a.u.=e’ayE, ~' = 0.872 49
1073 C*m* )Y, for B 1 au=€’a}E, ?=1.696 71X 105 C®*m*J 2.
The best results for C,H, are given in the third row. Those in the fourth row
are for a test calculation to assess the effect of f functions in the basis (see the
text).

TABLE III. Mixed second moment-dipole hyperpolarizabilities # for N,
and HC=CH. # has the same units as B but is a traced quantity. See the
text for a description of the relationship between B and . The values in
Table VI of Ref. 23 for C,H, are inconsistent in sign with those for N, both
have been given our sign convention.

N, HCCH
B B, B B,

= = = e This work  Dykstra®  Thiswork  Dykstra*

N, —174 67 ~102 —86
HEN —a19 162 204 12 B e —2150  —21261  —6557  —665.73
HCCH —497 406 _416  —399 B —43.1 —4206  —1569  —173.28
B rn — 1495  —13432  —6929  —648.32
HCCH(without f) —496 365 —411 —292 B s —237 —2833 ~225 —38.24
HC=C-C=CH —2122 504 —1272  —442 B,y —34.1 —4479  —1614  —239.16
A A B ez — 682 —70.23 —277.5 —275.71
HCN 10.96 1.90 B - 577 —4476  —2658  —204.58

2 Reference 23.

0.0025 a.u. along and perpendicular to the internuclear axis.
Crossed fields are needed for some components suchas ¥, ., .
a and vy (and B for HCN) are derived by a fit to the induced
dipole moment. B (and A for HCN) is derived by a fit to the
induced quadrupole moment. Fitting to the induction ener-
gy gives a useful check on these values but is less accurate [y
occurs in the dipole expansion as (1/6)7 4,5 Fg F, Fs but as
(1/24)¥ 5,5 F, F F, Fs in the energy].

In all four molecules the occupied orbitals are of o or 7
symmetry, i.e., the component of angular momentum about
the figure axis is m =0 (o) or m = + 1 (#) for each MO.
The ground state wave function can therefore be described
by atomic s and p functions and a sufficiently large sp basis
can recover the Hartree—-Fock limiting energy. Now a per-
turbation by an axial field conserves m, so that ' (F,, ) is still
a mixture of o and 7. On the other hand, a field perpendicu-
lar to the axis mixes in other symmetries according to the
selection rule Am = + 1. Therefore ¢! (F, ) is a mixture of
o, 7, and & functions, requiring d atomic orbitals. The Har-
tree~Fock limit for a,, can be achieved in an sp basis but a,,
requires an spd basis. Similar reasoning based on the pertur-
bation theory expression® for ¥ shows that y,,., requires sp
functions, 7,,., needs 4 in addition, and 7,,,, needs the ¢
symmetry introduced by f polarization functions. Some
components of B, e.g., B, ., also require / functions.

Tables I and II show the results for all four molecules
and these are now discussed in turn. For N, the calculated
SCF energy is — 108.983 65 E,, and the permanent quadru-
pole moment is ©’ = — 0.8763ea?. The results for E, 0©,
and a are all close to those found by Amos®® using the pres-
ent basis minus f functions. The polarizability c is anisotrop-
ic, with the molecule being more polarizable along its length
than across the bonds. By contrast v is nearly isotropic [re-
call that for an atom ¥,,, = ¥,ux = 3Vxe: and B,

= - ZBxx,zz = (4/3)sz,xz]

For HCN the calculi.ted SCF energyis — 92.908 00 E,,

the dipole is 1.2966ea, (HCN), and the quadrupole moment
with respect to the center of mass is 2.1273ea}. « is aniso-
tropic with a,, > a,, as for N,. Our values for E and a are a
little better than those reported by Gready et al.?® for a basis
without f functions. v is still nearly isotropic but now with
Vexxx > Vezz- Note that B is negative with this choice of axis

system (H at positive z) and thus acts to reduce the dipole
when the field is parallel to the permanent moment.

For C,H, the calculated SCF energy is — 76.848 57 E,
and the permanent quadrupole moment is O
= 5.4666¢a?. Our results for a are comparable with those
obtained using electric-field-dependent basis functions by
Sadlej,?” and by Amos and Williams?® in a basis without f
functions. As for N, and HCN, the polarizability is aniso-
tropic with a,, about 50% larger than a,,. ¥, ., iS NOW
significantly larger than 7,,,,.

For N, and HCCH the present results for B may be
compared with a CHF-type calculation by Dykstra.”> We
have used a definition of B in which the change in the qua-
drupole moment

eaB = <¢Iziqi(%riariﬂ -1 5aﬂ’iy’iy)'¢>
induced by a uniform field has a leading term®:
AGaﬂ = % BT&UBFVFa .
Bis then traceless, B,g,, = 0. Dykstra adopts a definition of
a tensor 4 for which the change of the second moment
Qs = <¢|2i4i’iarwl¢>
induced by a uniform field has a leading term:
AQaﬂ = % Q'y&,aﬁFyFs .

4 has a trace related to the spherically averaged expansion
of the electron cloud in a uniform field. Since

etxﬂ =30 — 1} ‘SaﬁQﬂ"
We can recover B from % by

Boprs =3 B opys — 4 B apecOys
By fitting the second moments rather than quadrupoles we
have derived values of #Z for N, and HCCH. In Table 111
these are compared with Dykstra’s results. The two sets are
broadly similar, the main differences probably being due to
the lack of f functions in Dykstra’s basis.

As noted above, the full basis with / functions is not
feasible for an SCF calculation of the properties of C,H, in a
field. The effects of this deficiency have been discussed in
general terms and Tables I and II give a concrete example for
C,H,. Removal of f functions has a very small effect on the
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SCF energy ( + 0.0008 E, ), quadrupole moment ( ~0.2%
in©,, ), and polarizability ( — 0.2% inea,,, = 0.6%ina,,).
The major change in v is the drop of 34% in 7., as expect-
ed from the total loss of m = -+ 3 functions from the basis.
Smaller changes in ¥,,,, (4.5%)and ¥,,,, (1.4%) indicate
that the spd basis is not quite saturated and is improved by
the o, 7, and & functions in a set of ten Cartesian f functions.
Note that ¥, remains larger then y,.... The major effect on
B occurs for the xy,xy component as expected.

With these results in mind it is possible to assess the
diacetylene results. The calculated SCF energy for C,H, is
— 152.542 87 E,, and the permanent quadrupole moment is
O = 11.1859%aq3. The polarizability shows a much more
marked anisotropy with «_, about three times larger than
... Iny the anistropy is reversed with respect to HC==CH,
with ¥,,,, now about four times larger than y, ... Even al-
lowing for the underestimation of ¥, by perhaps 40% due
to omission of / functions, 7,.,, is clearly dominant. In B the
B,, ., component is much larger in magnitude than B, .,
reversing the situation found in C,H,,.

From this admittedly limited comparison it appears
that anisotropy of a single C==C bond is in the direction
Vxxxx > Vzzzz DUt that on conjugation the highly nonlinear
increase in y,,,, for the delocalized # cloud reverses this an-

iSOtropy to give ¥, »¥sxxx-

CONCLUSIONS

For the acetylenes with 2V carbon atoms, both @ and ¥
along the molecular axis show a more than linear increase
with ¥V but y increases much faster than a. For an idealized
chain of 2N carbon atoms separated by equal bond lengths,
the Hiickel approximation gives y ~N /83, where B is the
“resonance integral” parameter.”® The same behavior is also
obtained within the free electron model.>® The two models
are designed only for very long chains and neglect electron
repulsion. We have in HC=CH and HC=C-C=CH a real
N = 1,2 system. It is interesting to see how closely the ratio
approaches the idealized limit of 2°. Actually the ratio we
find is only about 2°.

Model calculations of y which include only 7 electrons
attribute the other components (¥,..xs ¥axzz ) 10 the o elec-
trons, and assume that the contributions to ¥ from o elec-
trons are negligible or in any case may be represented by
means of bond additivity schemes.**! Sum-over-states cal-
culations of ¥,,,, and ¥,,,, for conjugated hydrocarbon
chains give nonsensical negative results,”® y, ... increasing in
magnitude nearly as fast as y,,,, with increasing chain
length. In this work we note that 7, in acetylene and its
dimer is roughly additive, i.e., 3360 a.u. vs 5539 a.u., respec-
tivley, and sois y,,,,, with 1439 a.u. vs 3616 a.u. The dramat-
ic nonadditive increase of ¥,.,, over the other components
(Yxxzz and ¥, ) in going from acetylene to diacetylene is
particularly striking and supports the known close relation-
Sl(lip between 7-electron delocalization and high values of
®.

The static value calculated here is related to y for var-
jous processes as

}’2(0; 0,0,0) = lim '}/( "“ma; (1)1,(02,(93)-
alloo 0

3435

The following measurements have been reported for N,:
Third harmonic genétation:

Y{ — 3w; v,0,w) = 1300 + 200 au?
Four-wave mixing:

Y( ~ @3 ©1,0,, — @) = 1250 + 170 a.u.>?
Three-wave mixing:

Y(—w —~ A; 0,0, — 0 + A) = 1240 a.n.34*
dc Field-induced second harmonic generation:

¥( ~ 20; 0,0, —w) = 1030 + 10 a.u.*
Kerr effect: ¥( —o; 0,0,0) = 1440 + 160 a.u.>®

The values for the three-wave mixing and the third harmonic
generation measurements have been normalized to ¥
(dcSHG) for Ar and the theoretical value for He, respec-
tively. Measurement of the Kerr effect in HC==CH yields
¥Y( — @; 0,0,0) = (2.04 +- 0.5) X 10* a.u.3¢

Our calculated electronic static values of ¥ are, respec-
tively, 60% and 20% of the experimental dynamic values
reported for N, and HC=CH. The difference between the
measured third-order nonlinear susceptibilities and the stat-
ic electronic ¥ includes the following:

(a) Cooperative effects. The experimental values cited
above have been obtained by measurements of the macro-
scopic susceptibilities characteristic of the bulk medium.
However, cooperative effects are expected to be small in the
gas phase.

(b) Frequency dispersion and vibrational contribu-
tions. Experimental third-order polarizabilities for different
processes in the same molecule differ due to a combination of
dispersion and vibrational contributions, roughly in the or-
der

Y(THG) > y(FWM) > y(dcSHG) > y(Kerr) > y(static).

While vibrational contributions have been estimated to be
insignificant (~4%) for some processes for some mole-
cules, the vibrational contribution to ¥ (Kerr) for some mol-
ecules is estimated to be comparable with the experimental
values.®” Vibrational contributions to ¥(FWM) have been
estimated to be 35 a.u. for N, and 350 a.u. for HC=CH.»
The 2, ? dependence in the Kerr effect®” could lead to signif-
icantly larger vibrational contributions to y(Kerr) for
HC==CH which has some low frequency vibrations.

(¢) Vibrational corrections to the static y. We have cal-
culated ¥ for the fixed equilibrium configuration only. Reli-
able estimates of the vibrational correction due to the depen-
dence of ¥ on the internuclear separation can only be
obtained by calculations of derivatives of .

(d) Experimental errors. The first Kerr virial coeffi-
cient is measured as a function of temperature in the range
250-350 K and the extrapolation of these to 7~ ! = 0 yields
an intercept which is reported as y*.>¢ Since the extrapola-
tion extends to 2.5 times the range of T ! values at which
measurements are carried out, relatively small errors in the
data can lead to large uncertainties in y. Absolute determin-
ation from dcSHG and THG measurements are thought to
be good only to a factor of 3 or so although the relative
uncertainties are much smaller. Thus, Ward and co-workers
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have scaled their relative measurements to theoretical He
values.*® The reasonably good agreement between indepen-
dent experimental measurements of ¥ for N, (1200 4 200
a.u.) suggests that the experimental errors are not worse
than 20% for this molecule.

Finally, we should comment on the expected reliability
of the present results. They are calculated entirely within the
SCF framework and thus neglect electron correlation. The
correlation effects on y and « for H, at or near the equilibri-
um bond distance are fairly small: 4% for ¥, 1%-2% for a."!
However, they may be much larger for molecules with triple
bonds, and therefore diffuse 7 clouds. In the extreme case of
the diffuse electron cloud of the F ~ anion, correlation in-
creases y by about 100%.** For neutral molecules the effects
of correlation are less drastic.
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