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The frequency-dependent polarizability, hyperpolarizability, and second hyperpolarizability of a series of
donor-acceptor polyynedl( ) have been calculated by the correction vector approach, using both singly and
doubly excited configurations. The results are compared with those obtained for the corresponding polyenes

(1) and polyphenylsi(). Both the SHG and THG coefficients of the polyynél Y are predicted to be
significantly larger than those of the polyphenylls) (but inferior to those of the polyenek) @t this level of
theory. The inclusion of doubly excited configurations in the evaluation of the hyperpolarizability tensor for
the polyynes increases the absolute value relative to calculations which include singly excited configurations

alone, but the reverse is true for the polyenes where the absolute value decreases with the inclusion of doubly

excited configurations.

Introduction NMe, /

Molecules and materials possessing large nonlinear optical / NO,
(NLO) properties are of interest in materials science and "
technology because of their potential optoelectronic applica- 1
tions! While the ultimate suitability of a molecule or material
can only be decided by actual experiment, the theoretical
calculation and analysis of the desired properties at the NMe, NO,
microscopic level can be a powerful tool for aiding basic design
and may help narrow the area of search when developing a n
material for specific applications. This approach has led to a -
considerable number of theoretical studies on the nonlinear
optical properties of organic molecules, using a variety of
methods?~13

In earlier papers we examined the first hyperpolarizabilities I
of donor/acceptor substituted polyengst( polyphenyls (1 ),
and polyynes I(1 )*> using a singly excited configuration ties, where the sign of the THG coefficients from calculations
interaction treatment. The NLO coefficients were calculated which include the electron correlations are different from those
by the sum-over-states (SOS) metHodusing a large number  which do noti® It is to be expected that the effects of electron

of singly excited configurations generated in order of increasing correlation observed in the unsubstituted systems will also be
energy with the ground state represented by a CNDO Hatrtree present in the substituted molecules.

Fock determinant. This level of the_ory has been g_enerally In this paper we have reexamined the linear and nonlinear
accepted to be adequate for computing the electronic spectra

and NLO properties of these systems. However, the inclusion optical properties of the_ donelaccepto_r polyyne_sllq ) and
. . . . compared the results with those obtained previously for the
of higher-order configurations is necessary to get a good

- o lyenes () and the polyphenyldli() using singly and doubly
description of the second hyperpolarizability, and our recent poly X Lo E . d
studieg&m have confirmed tr{gt itp is also es)éential for many excited configuration interaction (SDCI) calculations. The NLO

organic compounds if an adequate representation of the eIec-Cr?eﬁ'C'em? reported in IE?ISd paﬁ_erhhave bﬁen comfpf).uf[ed uhsmg
tronic spectrum is to be obtained. This is particularly true in € correction vector method, which is much more efficient than

the study of the electronic spectra and nonlinear optical the conventional SOS procedure used in earlier studies. Details
of the computational procedure are briefly described in the next
section (for details see ref 18).

NMe, (: :}? NO,

properties of unsubstituted polyenes where it is known that the
electron correlation contributions are strdfigln these systems
the effect of the large electron correlations has been seen in
both the electronic spectra, where it manifests itself in lowering Computational Scheme
one of the dipole-unallowed states'A) below the lowest

dipole-allowed state ¢B,) and in the nonlinear optical proper- The CNDOVSB method+” which is based in part on the
CNDO/S0% and CNDO/UV! methods, was used in the present
T University of Strathclyde. study because it gives a good description of the dipole moment,
“ University of Wales Swansea. . . transition energies, and the corresponding oscillator strengths
§ Present address: Department of Chemistry, Northwestern University, " id f . d . | | Limited
2145 Sheridan Road, Evanston. IL 60201. of a wide range of conjugated organic molecules. Limite
€ Abstract published ilAdvance ACS Abstract&ebruary 1, 1997. correlations are included by including all possible singly and
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doubly excited configurations generated from an active space TABLE 1: Frequency-Dependent Polarizability (in 10723

formed by six occupiedr-orbitals and four unoccupied*-

orbitals. Such an active space has been used in our earlie
calculations on the NLO properties of organic systems and has

been proven to be adequafeThe linear and nonlinear optical

properties reported in this paper are the frequency-dependent

polarizability, the first hyperpolarizabilitg(2w,w,w), and the
second hyperpolarizability(3w,w,w,w). The NLO coefficients

have been computed using the correction vector approach briefly

described below.
The first-order correction to the ground state eigenfunction,
|GL] obeys the equation

(H — Eg £ hw)¢iY = —1,|GO 1)

where |GOrepresents the ground state eigenfunction after the

CI calculation,Eg is the corresponding ground state energy,
andy; is the component of the dipole operator. The solution

esu), SHG Hyperpolarizability (in 10730 cm~> esu), and THG

Hyperpolarizability (in 10 —36 esu) of Polyenes (1),

Polyphenyls (Il), and Polyynes (Ill) at an Excitation
Energy of 0.65 e\?

polyenes polyphenyls polyynes
n o Puec Y o Puec v o fuec v
1 3.5 18.1 39 20 114 1.7 27 17.6 3.7
2 104 1052 1046 41 348 87 7.0 580 250
3 213 326.9 1566.9 58 650 285 122 1075 74.1
4 358 874.3-11554 7.0 957 491 17.7 168.3 151.2
5 54.0 1970.1-10486 8.9 106.7 75.5 22.9 236.8 257.1
6 76.1 4072.2-18833 10.4 117.1 92.6 27.6 313.6 394.1
7 984 7289.7-51021 11.7 140.0 121.2 31.7 393.4 553.7
8 122.6 12038 91129 11.2 191.4 219.4 351 4774 7359
9 15.7 152.3 165.2 38.0 564.6 939.0
10 40.3 655.2 1161.8

2 The values for the polyenes and polyphenyls from ref 19 have been
included for completeness.

of the above equation can be obtained by expanding the first-on earlier work where it has been demonstrated that the

order correction vectos” in terms of the same set of

electronic and nonlinear optical properties of most conjugated

configurations used as the basis for the calculation of the systems such as the polyenBs polyphenyls i ) are dominated
unperturbed ground and excited states. Since this set ofpy thes-electron contributions from the prbitals on each atom.
configurations forms a linearly independent basis, it is possible |n contrast to the polyened)(and polyphenyls I(), which

to match the set of coefficients and obtain a set of linear

contribute oner-orbital per atom, the polyynedll() belong to

inhomogeneous equations. Solving the equations gives the first-a different category where each of the carbon atoms donates

order correction vectop™. The polarizability and the first
hyperpolarizability can be written in terms of the first-order
correction vector as

oy = () || GO+ G| (—w) O )
Bix = 1P BD(—20) 141 (—w)O 3)

whereP is the permutation operator implying the addition of

two sz-orbitals, the pand p orbitals. However to be consistent
with previous studies, we have chosen an active space of 10
mr-orbitals and generated all singly and doubly excited configu-
rations within the chosen active space. While the active space
in the case of polyenes)(and polyphenylsi() contains only

the p m-orbitals, the active space in the case of polyynls) (
contains both pand p orbitals. It would therefore be desirable

to make a further systematic examination of larger active spaces,
but this is not at present possible because of the rapid escalation

terms generated when the coordinates and the frequencies aréf the number of configurations with the number of orbitals.

permuted. In order to compute the second hyperpolarizability,

The present choice is sufficiently large to allow for the inclusion

y, one has to solve for the second-order correction to the groundof some interaction between the orthogonal sets-ofbitals.

state which obeys the following equation,

(H — Eg + ho)p(w,0) = —u¢P(0) 4)

Solution to eq 4 is exactly analogous to the solution of eq 1.
The second hyperpolarizability can now be written in terms

of the first- and second-order correction vecigfd ands” as

Yook 30:0,0,0) — T (= 3w) | ¢ 20, —w) H-
o ——a] (5)

wherew — —w indicates the same matrix elements with new

Such a calculation has been found to be adequate for obtaining
reliable values of the NLO coefficients of most donor-acceptor
chromophore$?23

The computed values obt(w,w), f(2w,w,w), and y-
(Bw,w,w,w) for the donor acceptor polyyneBI() with varying
chain lengths are given in Table 1. The quantities given in the
table represent the dominant component of the frequency-
dependent polarizability, the vector component of the SHG
hyperpolarizability defined by

Bi =B + 1laz(ﬂijj + Zﬂjji)

Il

(6)

arguments. The linear inhomogeneous equations were solvedynq the scalar component of the THG hyperpolarizability defined

using the GaussSeidel iterative procedure for positiug and

the scheme due to RamaseZhhas been used to solve the
equations for negative’s. The molecular geometries of the
donor acceptor polyynesi() used in the present calculation
were those adopted previously in our earlier stuété8. The
crystallographic data from which the polyphenyl structures were
derived indicate that the rings lie in one plane, the most
favorable arrangement for high hyperpolarizabiliteslf dif-
ferent conformations exist in solution or in other phases, the
effect should be to further reduce their values.

Results and Discussion

We have used 325 singly and doubly excited configurations
in our calculations, generated between 10 activerbitals in
all the molecules. The justification for this selection is based

by
= 1/5[ZViiii + 1/3Z(Viijj + Vi T Vi ) (7)

1Z]

First Hyperpolarizabilities

There have been a number of previous comparisons of the
SHG hyperpolarizabilities of donor acceptor polyynéi )
versus polyenesl) at the sum-over-states level but all have
used singly excited configurations orif2425 In an AM1 study
on closely related structures containing the amino group in place
of the dimethylamino group, it was found that the polyenes had
calculated SHG values which were only-2 times larger than
those calculated for the corresponding polyynes at extended
chain length. For example, for the polyene whare 4, the
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TABLE 2: Dipole Moments and Excitation Energies of obtained with singly excited configurations offreduces from
Polyenes (1), Polyphenyls (Il), and Polyynes (Il1} 6810 to 4072 with the inclusion of doubly excited configurations
polyenes polyphenyls polyynes (Table 1). It follows that calculations involving singly excited
statesoverestimatehe hyperpolarizability of the polyenes, and
n Ug Amax Hg Amax Uy Amax . YPErp y - poly
1 1193 3925 9.03(64) 3334 (376) 979 330.0 the differences between the hyperpolarizabilities of the polyenes
> 1547 5036 9.72 (5:5) 3695 (390) 1107 3836 (1) and polyyn_esl(l ) are therefore reduced with the inclusion
3 1795 6005 9.96 382.8 11.68 407.4 Of doubly excited states.
4 19.78 658.6 10.13 384.0 12.01 4149
6 2255 759.3 10.22 390.0 12.36 415.0
7 2388 7909 10.24 390.1 12.43 4134 The calculated THG coefficients of donor acceptor polyynes
8 2403 8166 10.33 377.0 1249 4101 (1) have not previously been reported though it is well-known
9 25.58 10.34 391.7 12.52 406.3 that i tant related t h th | | d
10 2497 1254 400.7 at important related systems such as the polyacetylenes an

) ) diacetylenes show very large third-order efféctThe results
o e e e vty " ®/Obtained show hat the-poyynesll) have much. larger
andlll in Chart 1. uq4 is the grounpd state dipole moment inede’bye; hyperpolarizabilities _than the polyphenyl )(. at all chain
Jmax iS the absorption maximum in nanometers of the first allowed |€Ngths explored with values at least 3 times larger, but
optical transition. substantially smaller values than the polyeriggTable 1). A
direct comparison of the polyyneHl() with the polyenesly,
value was calculated to be 2.64 times larger than the relatedhowever, is not straightforward because some of the polyene
polyyne?* In contrast, in a different study by one of us using coefficients are strongly affected by resonance effects. For
the CNDOVSB method, the SHG coefficients for the polyenes example, anh = 4, the tripled photon energy ¢3= 1.95 eV)
(1) were calculated to be considerably larger than those is comparable to the excitation energy from the ground state of
calculated for the corresponding polyyn#t ) at extended chain  the polyene to the charge transfer stabgy(= 659 nm or 1.88
length!® For a similar case whene = 4, the polyenel() has eV, Table 2), with the consequence that the denominator of eq
a calculated value which is 11 times larger than the polyyne 5 which contains expressions such as¢(— 3w) becomes very
(1), and this difference increases with increasing chain length small and negative and the corresponding hyperpolarizability
so that whenn = 6 the SHG coefficient is some 40 times becomes very large and also negative in this case (Table 1).
larger?® This effect does not occur in the polyynes because the longest
The inclusion of doubly excited states in these calculations predicted excitation energy from the ground state to the charge
would be expected to dramatically improve the quality of the transfer state is far from resonanee. is a maximum fom =
calculated results for reasons given earlier. A comparison of 4 —6 with a value of 415 nm or 2.98eV; Table 2). However,
the Byec Values of the polyynesli( ) versus the polyenegd)( a comparison of the off-resonance values of the polyenes at
and polyphenylsl() obtained in the present studies as a function short chain lengths af = 1—3 (wherewng > 3w) shows that
of the number of double bonds, shows that at short chain the THG coefficients are comparable to the donor polyphenyls
lengths withn = 1, there is little to differentiate between the (I) and r-acceptor polyynes wher 1, but thereafter the values
aliphatic systems, but the value for the aromatic system is are an order of magnitude larger.
smaller. However, on chain extension, the values for the To conclude, we have demonstrated from semiempirical
polyynes (Il ) increase in a gradual fashion and exceed those calculations involving both singly and doubly excited configura-
calculated for the polyphenyls by a factor of-2 (Table 1). tions that the doneracceptor polyynesli() are much more
The corresponding values for the polyenigsifowever, increase  efficient SHG and THG systems than the corresponding
sharply with increasing chain length partly because of their large polyphenyls () but less efficient than the corresponding
red shift in thedmax values (Table 2), as discussed previously. polyenes K) partly because there is no appreciable resonance
There is only one dominant charge transfer state for the donor enhancement of the hyperpolarizability in the former case.
acceptor polyenes)Y and polyphenylsi{), but as has been
noticed previously??4in the polyynes there is more than one References and Notes
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