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Restricted Hartree—Fock 6-31G calculations of electrical and mechanical anharmonicity
contributions to the longitudinal vibrational second hyperpolarizability have been carried out for
eight homologous series of conjugated oligomers—polyacetylene, polyyne, polydiacetylene,
polybutatriene, polycumulene, polysilane, polymethineimine, and polypyrrole. To draw conclusions
about the limiting infinite polymer behavior, chains containing up to 12 heavy atoms along the
conjugated backbone were considered. In general, the vibrational hyperpolarizabilities are
substantial in comparison with their static electronic counterparts for the dc-Kerr and degenerate
four-wave mixing processe®s well as for static fieldsbut not for electric field-induced second
harmonic generation or third harmonic generation. Anharmonicity terms due to nuclear relaxation
are important for the dc-Kerr effe¢and for the static hyperpolarizabiljtyn the o-conjugated
polymer, polysilane, as well as the nonplanarsystems polymethineimine and polypyrrole.
Restricting polypyrrole to be planar, as it is in the crystal phase, causes these anharmonic terms to
become negligible. When the same restriction is applied to polymethineimine the effect is reduced
but remains quantitatively significant due to the first-order contribution. We conclude that
anharmonicity associated with nuclear relaxation can be ignored, for semiquantitative purposes, in
planarzr-conjugated polymers. The role of zero-point vibrational averaging remains to be evaluated.
© 2000 American Institute of Physid$50021-9606800)30602-X]

I. INTRODUCTION andy®), have been limited to th@ouble harmonic level of
) _ ) o approximation. However, the treatment of small molecules
It is now widely recognized that the effect of vibrations

2 . . . ~indicates that electrical and mechanical anharmonicity ef-
on the(hypeppolarizability must be considered in addressingg, i can sometimds*be important and that is the subject

NLO properties-? In contrast with small molecules, the vi- ) . :
of the present paper. In particular, we will examine the sec-

brational contribution will, typically be as important as its ond hvpernolarizability of eiaht different homolodous series
electronic counterpatt for large conjugated organior in- yPerp . y 9 9
of conjugated oligomers.

organig molecules and oligomets'*of interest as NLO ma- _ .
Most previous results for anharmonicity have been ob-

terials. In fact, the static vibrational and electronic hyperpo- . 4 usi h bati h hod of Bish q
larizabilities of such systems are often approximately@ned using the perturbation theory method o Bishop an
equal'>*®although there are also important exceptions. TheKirtman: (It has recently come to light that a very simi-

oretical attempf<~2 to rationalize the near equality have 1ar treatment was developed earlier by Flytzatijs. This
turned out to be flawe#:?2Despite the identification of cer- teéchnique requires explicit evaluation of the derivatives of

tain structural factor&® which account for some of the the electrical properties, with respect to vibrational normal
exception&13??and for trends in the relative size of vibra- coordinates, beyond first order. The vibrational force con-

tional vs electronic hyperpolarizabilities, the situation re-stants must be determined beyond second-order. Because

mains unresolved at this time. such calculations are computationally demanding it is diffi-
For large NLO molecules, virtually all the calculations cult to apply the perturbation method directly to the mol-

which form the basis for understanding the vibrational firstecules of interest here. Fortunately, there is a finite fiEF)

and second hyperpolorizabilities3( and y¥), as well as approach that turns out to be more feasible for our purposes.

their relation to the corresponding electronic quantitig§ ( It is based, first, on determining the change in equilibrium
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geometry induced by a finite static electric field. By calcu-

lating various electronic properties at the original and ret(©)=ud+ 2 apy(—0,;0)E (o)
laxed geometries for several field amplitudes one can obtain, 7
through a fitting procedure, the so-called nuclear relaxation ) _
(NR) vibrational hyperpolarizabilities. The NR hyperpolariz- +5K Eg Bene = 0g;01,02)E (1) E(w2)
abilities contain the lowest-order anharmonicity term of each !

type (to be defined laterthat appears in the complete pertur-

N[

—_k® _ .
bation expression. Very recently, a general FF scliiioe + 6 K %( Yine(— @ 01,02,03)
determining these contributions at an arbitrary optical fre-
quency has been presented. However, we have adopted a XE (0 Efwr)E (w3)+---. 1)

more practical earlier version, due to Bishop, Hasan, angqo o the subscripts;, & and x denote the direction of the
Kirtman (BHK),*® which utilizes the “infinite optical fre- oy w1, wy, and ws denote the frequency; and, = e,

quency” approximation. In this version the electronic prop-, ,, 4, The static, dc-Kerr, electric field-induced second

erties that must be evglua@d t:}':we the digm'e morryeﬁt,as harmonic generatioridc-SHG, third harmonic generation
well as the static polarizability®(0;0)= «® and first hyper- (THG), and degenerate four-wave mixing or intensity-

polarizability, 136(0;9160)5,36_ For a complete treatment Of yonendent refractive indeiDRI) responses are given by
vibrational effect®®*° the zero-point vibrational average %0:0,0,0, Y~ ;0,0,0), Y(—2w:@,0,0), A —3w;w,w,0), and
(ZPVA) of the (hypen polarizabilities would also be re- Y~ w0, —w,0), respectively. Our focus will be on the case

quired. At the present time, in order to evaluate the ZPVA itwhere ¢, 7, & andy all refer to the longitudinal direction,

is necessary to explicitly determine anharmonicity paramy, vich determines the dominant component of gheensor.
eters. We are, therefore, obliged to save that contribution fo
the future, leaving us with the NR term. The merits of the

infinite optical frequency approximation, as applied to that

term, have been demonstrated by Bishop and DafSland, (vibronic) states (SOS expressions for the molecular
subsequently, by Quinet and Champaghé successful (hypeppolarizabilities* The vibrational and electronic con-

implementation of the BHK_r_nethod, including careful treat- i tions are usually separated by applying a canonical or
ment of tlhe Eckart conditions, has very recently beenblamped nucleuéCN) approximatiorf wherein the two dif-
pubhsh.ed‘f , . . , ferent types of motion are treated sequentially rather than
_ Asin previous studies we characterize increasingly 1argg;mitaneously. Thus, the electronibypeppolarizabilities
oligomers in order to access the properties of long “poly-gre calculated with the nuclei clamped in their equilibrium

meric” chains. Eight different series were selected to reF’re'position. Then nuclear motions on the ground state electronic

sent a spectrum of simple polymers that have been targetefiontial energy surface are taken into account. This gives

in the past for their NLO properties. Polyacetylef®A) is  (ise tg the vibrational hyperpolarizability and the ZPVA cor-
the prototypew-conjugated polymer with alternating single ot to the electronic hyperpolarizability. Sometimes the

and double .bonds;_ polyyn€Y) has alternating single and  7py/a correction is considered part of the vibrational hyper-
triple bonds; polydiacetylenéPDA), polybutatriene(PBT), polarizability but, in either event, we ignore the ZPVA here

and polycumulendPC) present different combinations of o5 gtinylated earlier. The difference between the exact SOS

single, double, and triple bonds; polysila(fS) is the pro-  ¢41as and the CN approximation has been anaffzend
totpe o—conjugat.ed polymer; polymethmew.mr(E’Ml) IS an 3 humerical study shows that the error is very small for typi-
analog of PA with an asymmetric unit c_eII, and polypyrrc_)le cal NLO molecules. Therefore, in the present investigation,
(PPy) belongs to the class of polyaromatic compounds. Sincg, o employ the CN approximation.

the ground state geometrical structure of the latter two series The properties required for the BHK procedure a%,

is not planar, we have also investigated the planar conformge 54 ge for gifferent static longitudinal fields, as well as

ers. Although our primary focus is on anharmonic effects, iNe field-free ¥¢. Except for,¢ the values were obtained

some of these cases the double harmonic results are alﬁ?lalytically by the coupled-perturbed Hartree—FOCRPHP
new. This work is organized as follows: Sec. Il summarizes, chem&* 45 e

h hodoloaical and onal it is foll qu implemented in th&AussIAN94program” y; was
the methodological and computational aspects; it Is followeqyg e mineg by numerical differentiation of the field-

by the resu!ts and thgir di;cussion in Sec. lll; and, ﬁna”y'dependentze, which is completely equivalent to an analyti-
our conclusions are given in Sec. IV. cal CPHF calculation of the same quantity. The numerical
differentiation was carried out by the Romberg procetfure
using the fields ®x E, with k=0—-3 andE,=8x10"“*a.u.
The first step in the vibrational hyperpolarizability cal-
II. METHODOLOGICAL AND COMPUTATIONAL culation is to determine the optimized geometry in the pres-
ASPECTS ence of a finite static longitudinal fielg, =E. Particular
care must be exercised to satisfy tlield-free Eckart
The second hyperpolarizability is the third-order re-conditiond’ in order to ensure that the molecule does not
sponse of the dipole moment to an external electric fieldreorient during the optimization. This was done using the
which may have a different magnitude and frequency in eaclprocedure described in Ref. 41. The longitudinal electronic
Cartesian directioff? propertiesu?, of, and 8 are, then, evaluated at the field-

From now on, we simply use a subscriptio indicate this
component.
Perturbation theory provides general sum-over-
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dependent optimum geometry. Ff{(E,Rg) is the property
value obtained in this manner arRf(0,Ry) is the corre-
sponding zero-field result, then it can be shdWwthat the
difference between the two is given by

we(E,Re)— ul(0Ry)=a,E+ b, EE+ 19, EEE+- -,

2
af(E,Re) — af(0,Rg) =b,E+ 30,EE+: ", 3)
Bﬁ(EvRE)_BE(O,Ro):g3E+'", (4)

wheregq, g», g3 contain the vibrational hyperpolarizabili-
ties,

9:=7:(0;0,0,0+/"(0;0,0,0, (5)
9,=75(0;0,0,0 + 9/'"(— 0;,0,0) . , (6)
95=7£(0;0,0,0 + 1" (— 20;w,®,0),, ... )

The superscripfr) on the vibrational hyperpolarizability in

Egs.(5)—(7) indicates that just the nuclear relaxation contri-
bution is included(NR is an alternative notation that has

been usedand the subscripb—oo denotes the infinite opti-
cal frequency approximation.
Values forg,, g,, andgs were obtained by numerical

differentiation. In this case the usual fitting errors are exac
erbated by inaccuracies in the field-dependent geometry op-

Vibrational second hyperpolarizability 1013

We note thaf u2«]' is the lowest-order nonvanishing term
of that type and the same may be said af']".

In addition to the terms in Eq$8)—(10) the total vibra-
tional hyperpolarizability will contain terms from what is
sometimes known as the curvature contribution. These arise
from the effect® of NR on the ZPVA corrections ta?, of,
and B (sometimes the ZPVA itself is included with the
other curvature termsAppropriate formulas may be derived
in exactly the same way as Ed5)—(7) are derived from the
electronic property expressions, i.e., from E@—(4). The
resulting contributions are of exactly the same type as those
already present in Eq$8)—(10) but two orders of perturba-
tion theory higher. For example, the curvature contribution
to W(—20;0,0,0), .. is Bl ,—0. As we have al-
ready noted neither the curvature contribution nor the ZPVA
correction is included in the present treatment.

The vibrational hyperpolarizability y'((— w;w,
—w,w) associated with the IDRI may be considered as a
special case. From the perturbation treatriferf it follows

that
(&af)z
2 &Qa 0
A wiw0,—w0),.=35[a®0 =22 —F—.
a (O
(11

timizations. For this reason it was necessary to lower the

default threshold on the residual atomic forces to @8.u.,
along with a SCF threshold of 16?a.u. This gives an accu-

In the summation on the far rhs, known as the sum-over-
modes(SOM), Q, is a normal coordinate, ana, is the

racy of 10°°~107° in the bond lengths. Despite the very corresponding vibrational circular frequency. By combining

tight geometry optimization, and varying the choicegfin
the Romberg fits, the uncertainty g7 was often fairly large
(see later. As expectedg, is more certain and; even more
Sso.

Taking the limit w—oe in the perturbation treatment of
Bishop and Kirtmaff~3 one can show that the y/(") in
Egs.(5)—(7) can be written as

N(0:00.0=[a®P%, o+ [1BI o+ [12a]l umg

=0 (8)

W= 0;0,0,0), =100 o+ B2 -0
+ e wall -0, ©)
N(-20;0,0,0), .= L uBIY o (10)

Egs. (8)—(10) one can obtain an alternative expressfon
which is valid through the first-order of perturbation theory.
However, we prefer to use the exact relation, i.e., @4).

The split valence 6-31G ba&fshas been employed in
this study. Although such a basis may be insufficient for
small molecules, it becomes more adequiétes the size of
the quasilinear oligomer is increased because deficiencies
due to the limited number of functions on any one atom are
counterbalanced by functions located on neighboring atoms.
Thus, we can anticipate that for the longer oligomers the
6-31G results will be in good agreemdmtithin a few per-
cend with those obtained using extended basis sets contain-
ing diffuse and polarized functions. Although the errors for
the small oligomers are expected to be larger the long chain
length behavior, which is our interest, can be adequately de-
termined using the same basis for the entire homologous

Here the quantity in square brackets identifies the type o§eries.

term (e.g., [#B] involves products of a normal coordinate

Of more serious consequence is the omission of electron

derivative of u multiplied by a normal coordinate derivative correlation. For several of the oligomeric series considered
of B) and the superscript | or Il is the total order of pertur- here it has been founthat the ratio of the correlated to the

bation theory. That is to say, ifn(m) denotes the order
in electrical(n) and mechanicalm) anharmonicity, | denotes
the sum(0,1)+(1,0) while 11=(0,2+(2,00+(1,1). Equations

Hartree—Fock electronic hyperpolarizability can be large, al-
though this ratio converges much more rapidly with chain
length than either the numerator or denominator itself. We

(8)—(10) have also been derived by the property expansiorexpect that the relative importance of the various vibrational

method of Luiset al?®=3" For the staticy¥("”) [cf. Eq. (8)]
terms through order Il are present; fo¥(")(— w; »,0,0) the
highest-order is reduced to [lsee Eq.(9)]; while for

hyperpolarizability terms, with respect to each other and/or
the static electronic hyperpolarizability, will exhibit a similar
behavior as far as the correlated vs Hartree—Fock value is

Y (—2w;w,w,0) there is a further reduction to zeroth- concerned. Thus, our purpose here is twofold. One is to
order[cf. Eq.(10)]. From this pattern it is not surprising that semiquantitatively characterize anharmonicity contributions
/(- 3w;w,w,») vanishes in the infinite frequency limit. to the vibrational second hyperpolarizabilities in a represen-
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tative set of conjugated polymers. The other is to establish &gs.(5)—(7) were determined by the FF method. In order to
baseline for subsequent correlated studies if and when @btain the breakdown into square bracket quantities, the
more quantitative evaluation is desired. At the present timeSOM expression given by Eq(1l) was utilized for

such studies are prohibitively expensive in terms of our[aZ]Ez‘fFo and, then, Eqgs.(8)—(10) were solved for

available computational resources. [B1C8 o, [n2all..—o, and[x*]}., _o. The values in pa-
rentheses give the ratio of the particular quantiultiplied

ll. RESULTS AND DISCUSSION by 100 with respect toy;(0;0,0,0). A separation into elec-

The eight homologous series of oligomers that we havdrical and mechanical anharmonicity contributions was not
examined are displayed in Fig. 1, wheres the longitudinal made since this would require explicit determination of an-
axis. Since PY and PC are linear the choice ofzld@ection ~ harmonicity parameters, which we have assiduously sought
is obvious. For PA, PDA, PBT, and PSi the longitudinal axisto avoid.
is determined by the line connecting the midpoint of the  In passing we note that PC has the largest value of
central bond in the monoméenclosed in square brackets |7:(0;0,0,0) if one compares the longest chain in each se-
with the midpoint of the corresponding bond at the end of theies. This result is not terribly surprising in view of
chain. Finally, we employ the longitudinal principal inertial Morley’s®* semiempirical results. However, it is premature
axis for PMI and PPy, which have eithetrans—cisoictike ~ to conclude that it will remain true for longer oligomers
conformation modified by a glide plane operatig®MI) or  since the value for PBT is also large and grows very rapidly
are helical(PPy. An additional set of calculations was car- with chain length as shown elsewhére.
ried out with PMI and PPy restricted to the plantnans— Except for PBT and, perhaps, PMI the data of Tables
cisoid or all-trans) configuration. I-VIII indicate that semiquantitative conclusions can be

In Tables I-VIII we summarize our results for the oli- drawn about the behavior of the limiting infinite chain ratio
gomers shown in Fig. 1. We have only listed those values fofrom the results throughl,=12. Even for PBT they"(/®
N,=8, whereN, is the number of heavy atom€, N, S)  values reported here are more nearly converged than one
along the conjugated backbone; the results for smaller oligomight be willing to surmise from the numbers in Table IV.
mers are available upon request to the authors.il*,jﬁ@ of  We know this on the basis of SOM calculatidrikat have
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TABLE I. Electronic vs vibrational contributions to the RHF/6-31G longitudinal second hyperpolarizability of polyyne chains of increasingestpearitity
in parentheses is the ratis100 with respect toy?(0;0,0,0). All the values are given in a.(l.0 a.u. of second hyperpolarizabikt$.235 3710 %
C'm*J3=7.0423x10">m® V2=5.0367x 10 *° (esy.

¥£(0;0,0,0) %(0;0,0,0) WO(-0;0,0,0), .. WO(—20;0,0,0), ..
H-(C=C),~H 145511 145% 107 (100) 486x 107 (33) 221(0.2
H—(C=C)s—H 372802 364% 107 (98) 1209 107 (32) 598 (0.2)
H—(C=C)s—H 771259 73% 10° (96) 2469< 107 (32) 1195(0.2)

I [ [1BIS 0 [12a]l:0-0 /7 [
H—(C=C),-H 143122(98) 882 (0.6) 29x 107 (2.0) —14x 107 (- 1.0)
H—(C=C)s—H 357463(96) 2391 (0.6) 33x 107 (0.9) 12x 1% (0.3)
H—(C=C)s—H 731420(95) 478x10 (0.6) 4x10° (0.5) —1x10*(—0.2)

TABLE Il. The same as Table | for polyacetylene chains.

7£(0;0,0,0) 7(0;0,0,0) N~ 0;0,0,0), N(—20;0,0,0), .
H—(CH=CH),—H 2174510 338x 10° (155) 106< 10° (49) —9X 107 (—0.4)
H—(CH=CH)s—H 60035<10 87x 10% (144) 280< 10° (47) —8x10?(—0.1)
H—(CH=CH)s—H 1316810 19x 10° (141) 605< 10° (46) 18< 107 (0.1)
T [ [1B12%=0 [#?a]L;0=0 7
H—(CH=CH),—H 31524x10 (145 —35X 107 (—1.7) 16x10° (7) 1x10* (5)
H—(CH=CH)s—H 8300710 (138 —32x10% (—0.5) 3x10* (5) 1X 10 (2)
H—(CH=CH)s—H 17794810 (135 72X 107 (0.6) 5x 10 (4) 2x10% (1)
TABLE Ill. The same as Table | for polydiacetylene chains.
7:(0;0,0,0) %/17(0;0,0,0) WO (= 0;0,0,0), .. WO (~20;0,0,0), .
H—(CH=CH-C=C),—H 160526 1758 107 (110) 592< 107 (37) 266(0.2)
H—(CH=CH-C=C);—-H 846831 7K 10" (84) 284< 10° (34) 4175(0.5)
[az]E';?uzo [/‘LB]EB‘)ZO [/Lza]:_;w:o [:U‘4]:_I;¢u:0
H—(CH=CH-C=C),—-H 177327(110 1062(0.7) —2X10° (—1) —1X10% (—0.1)
H—(CH=CH-C=C),-H 802853(95) 1670x10 (2.0) 5% 10*(6) —16x 10" (—19)

TABLE IV. The same as Table | for polybutatriene chains.

7£(0;0,0,0) %(0;0,0,0) NO(~ 0;0,0,0), .. WO (-20;0,0,0), .
H—(CH=C=C=CH),—H 83996 581% 107 (692) 1823x10(217) —7191(-8.6)
H—(CH=C=C=—CH),—H 11483%10 4762< 10° (415) 1488 107 (130) —5090x10 (—4.4)

(1200 [1BILS o [#°all;-0 /750 [
H—(CH=C=C=CH),—H 571526(680) —2876x10(—34) 370X 107 (44) 15< 107 (1.8)
H—(CH=C=C=CH),—H 4608413401) —2036x 107 (—18) 327 10° (28) 30x 10° (2.6)
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TABLE V. The same as Table | for polycumulene chains.

Champagne et al.

¥£(0;0,0,0) (9(0;0,0,0) W= 0;0,0,0), .. WO 20;0,0,0), .
H,—(C=C),—H, —257473 2725X10(—106) 880X 107 (—34) —396x10(1.5
H,—(C=C)s—H, —883758 696<10° (—79) 2246< 107 (— 25) —1129x10(1.3)
H,—(C=C)s—H, —2635043 15% 10* (—59) 499x 10° (—19) —2856x10(1.1)
[QZ]E';%:O [I-LB]E';?”:O [I-Lza]:_;w:o [MAJ:_I;,,,:O
H,—(C=C),—H, 290399(—113 —1583x10(6.1) —5X10° (1.9) 3x10° (- 1.2)
H,—(C=C)s—H, 747728(—85) —4515<10 (5.1) —12x10° (1.4) 6x10° (—0.7)
H,—(C=C)s—H, 1682887(—64) —1142x 107 (4.3) —-3x10*(1.1) 1x10* (—0.4)

TABLE VI. The same as Table | for polysilane chains.

7£(0;0,0,0) 7(0;0,0,08 A= 0;0,00),.° NO(—20;0,0,0),
H—(SiH,—SiH,),—H 335709 10& 10* (321) 137 10° (41) —6010x10(—18)
H—(SiH,—SiH,)s—H 620245 16 10° (258) 204< 10° (33) —947x 10 (—15)
H—(SiH,—SiH,)e—H 967513 2X 10° (226) 27K 10° (29) —1313x 107 (— 14)

[az]E';?Fo [Mﬁ]&%:o [Mza]lL;w=oa [#4]“;w:oa
H—(SiH,—SiH,),—H 443940(132 —24039<10(-72) 655x 10° (195) 22< 10" (66)
H—(SiH,—SiH,)s—H 680742110 —3799x 107 (— 61) 1000 10° (161) 3x 10° (48)
H—(SiH,—SiH,)s—H 94061697) —5292x 107 (— 55) 138<10* (142) 4x 10° (41)

aSee Ref. 53.

TABLE VII. The same as Table | for polypyrrole chains.

¥£(0;0,0,0) %/7(0;0,0,0) WO~ 0;0,0,0), .. WO~ 20,0,0,0), .
H—(C,H3N),—H 42631 69X 107 (162) 227 107 (53) —454(—1.1)
H—(C,H;N);—H 17788<10 289x 10° (163) 1048 107 (59) —23x10(—0.1)

[a?129, o [wBI -0 [vall 00 [N =0
H—(C4H;3N),—H 73193(172 —1817(—4.3 —45x 107 (—11) 24x 107 (5.6)
H—(C4H3N);—H 35461x10(199 —91x10(—0.5) — 777X 107 (—44) 13x 10° (7.5)

TABLE VIII. The same as Table | for polymethineimine chains.

¥£(0;0,0,0) %(0;0,0,0) N~ 0;0,0,0),_.. HWO(-20;0,0,0), ..
H—(CH=N),—H 48315 9X 10" (19X 100) 843K 107 (174) 270<10(5.6)
H—(CH=N)s—H 102715 2 10° (19% 100) 175< 10° (170) 50< 107 (4.9)
H—(CH=N)s—H 182714 36 10° (20X 100) 33x 10* (18%x 10) 107X 10?7 (5.9)

[CVZ]E';?»:O [/L,B]E';?,,:o [Mza]:_;m:o [MA]:_I;m:o
H—(CH=N),—H 80476(167 108x 107 (22.4) 312% 10° (646) 51x 10* (11X 100)
H—(CH=N)s—H 168016(164) 201X 107 (19.6) 651X 10° (634) 11X 10° (11X 100)
H—(CH=N)g—H 324272177 428X 107 (23.4) 12< 10° (65X 10) 21x 10° (11X 100)
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TABLE IX. The same as Table | for all-planar polypyrrole chains.

£(0;0,0,0) ¥/0(0;0,0,0) WO (- w;0,0,0), .. WO (-20;0,0,0), .
H—(C4H3N),—H 50057 4% 10° (86) 140< 107 (28) —156(—0.3)
H—(C4H3N);—H 23436110 244x 10° (104) 75¢ 10° (32) 89x10(0.4)

12,0 [1B12%=0 [#?a]L.0-0 /7 [
H—(C,H;3N),—H 40377(81) -622(-1.2 54X 107 (11) —2X10° (—4.3)
H—(C,H3N);—H 209380(89) 356x10(1.5 20X 10° (9.5) 11X 10° (5.3)

been done for the IDRI and dc-SHG properties, which havey!")(— w;w,— w,w), ... is about 0.05. If one writes
only double harmonic contributions. In the case of IDRI, y\((r)(—w;w,o,O)wﬂw in the form([cf. Eq. (9)],

chain lengths up to 28 carbon atoms were previousgn-

sidered. They show a slow decrease ofa2]?’_o/ W'"(-w;0,0,0),

37:(0;0,0,0) from 2.67 aN,=12 to 2.24 at 28 carbons. In 0.0 5 1

the case of dc-SHG a value for the correspondjif§’/y© zf[az]o,o 1+ 3[pBllw-0 1K aliu-0

ratio (X 100) of —3.2 was obtained for 16 carbons compared 3 Lio=0 2 [a®]2%_0 2 [@®12% 0 |

to —4.4 atN,= 12 (cf. Table V). Thus, in the infinite poly- (12)

mer limit, V(") will be substantially more important than the

static electronic property as far as the IDRI process is conthen it is clear that th@#ﬁ](ﬁ%:o term will make a rela-
cerned, whereas exactly the opposite is true for dc-SHG. Asively small contribution to the dc-KenyV(f) (i.e., <20%)
suming similar convergence behavior fgf{")(0;0,0,0) and except, again, for PSi. In the case of PSi there is a high
y‘[(r)(—w;w,0,0)wﬂw, then the former will be considerably degree of cancellation between the first two terms on the rhs
larger thany{(0;0,0,0) in the infinite polymer limit of PBT of Eq. (12) which causes the anharmonic term to predomi-
while the latter will be comparable in size. For PMI the nate. This is consistent with results found earlier by Perpe
yly'vs N, curves wiggle slightly in the regioN, et all*%3

=8-12. This is due to numerical roundoff errors and/or con-  As we have just seen, anharmonicity plays a crucial role
formational effects rather than a harbinger of unusual longn the vibrational dc-Kerr effect of PSi due to the near-
chain behavior? cancellation of two large zeroth-order terms. This situation

Before moving on to discuss anharmonicities a few ob-does not occur in ther-conjugated oligomers. Nonetheless,
servations are in order regarding the tw") that are com-  the role of anharmonicity in the dc-Kerr effect could still be
pletely determined at the doubly harmonic level of approxi-very important. The fractional contribution of the
mation, namely, the IDRI and dc-SHG. For the longest u?a]l.,_, term to /(- ;®,0,0), ... is given by
oligomer in each series the magnitude of 41" contribu- [ u2a], _ /69" (- ;®,0,0),-... For the longest oligo-
tion to the IDRI varies between 43% and 267% of the statiomer (N,=12) in each series the magnitude of this ratio is
electronic term and, therefore, should always be taken int@ess than 0.075 except for P&.87), PMI (0.60, and PPy
account. The largest value occurs for PBT which has th€0.12). Although the PPy value faX,=12 is not very large,
smallest average BLARef. 9 along the backbone with the it is still increasing rapidly with chain length at that point
exception of PC. It is known that the IDRI of PBT is due and, therefore, we cannot assume it will be inconsequential
primarily to intense Raman-active=0 modes which create for longer oligomers. One question of interest is whether the
substantial variations of the bond length alternation pattermelatively large values for PMI and PPy arise as a result of
along the conjugated backbofig?**Other oligomers where  torsional motions. These motions, and the torsional equilib-
the ratio is over 100% are PMI and PPy; their vibrationalrium configuration as well, may be strongly affected by solid
hyperpolarizabilities have not been considered previously. lstate packing forces. In order to determine the answer to the
will be shown further on that, for PMI, the large value is dueabove question we undertook a set of calculations with the
to torsional motions. oligomers restricted ter,, symmetry. Theo, symmetry re-

In contrast with the IDRI, the magnitude of striction preserves planarity and, thereby removes out-of-
W= 2w;w,0,0),_ ... is always less than 14%°S). This  plane torsions. Our results are reported in Tables IX and X.
means that for most purposes the latter is negligible comif the PMI oligomers are forced to be in theans—cisoid
pared to the electronic term. In P${")(—2w;w,»,0),, .., planar  conformation, the ratio [/Lza]:_;wZO/Gy‘((r)
has been attributeld,for the most part, to H-wagging modes (— w;w,0,0),_.. for the longest oligomer decreases from
which induce substantial electron density polarization alon@.60 to 0.39, which is still substantial. For &lans PPy the
the chain. corresponding ratio is reduced to less than 0.05 and, there-

From Egs. (10) and (11) $/)(-2w;w,»,0),_./ fore, the contribution from modes other than torsion is
WO (= w;0,— 0,0).=3[nBIPS /8?70 _o. For negligible.
the longest chain in each oligomer series, other than PSi, Finally, we examine the contribution of anharmonicity to
the maximum value of u817%_o/[a?12°,_, is 0.14, i.e., 4/1(0;0,0,0). In this case there are both first- and second-
the maximum value of y‘((r)(—Zw;w,w,O)wﬂxl order terms. The relative importance of anharmonicity is de-
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TABLE X. The same as Table | for all-planar polymethineimine chains.

7£(0;0,0,0) 7(0;0,0,0) A~ 0;0,00), NO(—20;0,0,0),_
H—(CH=N),—H 81806 164 10° (200) 350 107 (43) —1042x10(—13)
H—(CH=N)s—H 208383 476 10° (226) 100< 10° (48) —2242x10(—11)
H—(CH=N)g—H 424922 116 10* (253) 234< 10° (55) —3820x10(—9)

[012]8';?,,:0 [Mﬂ]E’;(Zu:O [Mza]:_;w:o [M4]:_I;w:o
H—(CH=N),—H 134127(164) —4169<10(—51) 668x 107 (82) 5x 10° (6)
H—(CH=N)s—H 327796(157) —8969x10(—43) 215x 10° (103) 2x10* (9)
H—(CH=N)g—H 660794155 —15320x10(—36) 543 10° (128) 3x10* (7)

termined by the magnitude of the fati{l[,uza]'L;w:o his Research Associate position. J. M. L. thanks the Belgian
+[M4]E_w=0}/},\((r)(0;0,0,0)_ Again it is convenient to look National Interuniversity Research Program on “Sciences of
at the largest oligomer in each series. Then we see that tHgterfacial and Mesoscopic StructuresPAI/IUAP No. P4/
anharmonicity effect is relatively smalinagnitude of ratio 10) and the Generalitat de Catalunya through the CIRIT
<0.16) except for PS{0.80, PMI (0.92, and PPy(—0.22). project No. FI/95/5101 for financially supporting his stay in
For PPy and PSi this is due to the first-order term but forthe CTA lab. The calculations have been performed on the
PMI the second-order term is 40% larger. Once moresthe BM SP2 of the Namur Scientific Computing Facility
symmetry-restricted calculations shed light on the role ofNamur-SCF for which the authors gratefully acknowledge
torsional motions in PMI and PPY. In both oligomers the the financial support of the FNRS-FRFC, the “Loterie Na-
magnitude of the ratio is reduced by almost 50%. For PN”tionaIe” for the convention No. 2.4519.97 and the Belgian
this is due primarily to the fact that the second order termiNational Interuniversity Research Program on “Sciences of
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remains more important than the second-order term buf4/10.
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The[ u?a]l.,-o and[ #*1!.,, results for PSi differ from those reported
in Ref. 14 because in the latter case, the finite field optimization procedure
was carried out by blocking the central Si—Si bond so as to align the
field-free geometry along the longitudinal axis. Blocking the central bond
prevents the Eckart conditions from being satisfied and, therefore, the FF
results do not match the SOM values. Nevertheless, when the chain length
grows this “blocking” approach becomes suitable because the direction
of the field-induced dipole moment coincides with the longitudinal axis
and no Eckart rotation is necessary.

Downloaded 02 Dec 2010 to 84.88.138.106. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



