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Abstract: First hyperpolarizabilities of a large number of pughull substituted conjugated systems with heteroaromatic
spacers have been calculated. The static, nonresonant components were computed at the ab initio level (4-31G
basis) using the coupled perturbed Hartréeck approach and at the AM1 level employing the finite field method.
Sum-over-states procedure has also been used with the AM1/CI method to cginantss at an excitation energy

of 1.17 eV. The computef values at the various levels are reasonably similar and exhibit the same trends. The
largest values are obtained with a donor on pyrrole and an acceptor on thiophene or thiazole. The variations do not
always inversely follow the order of delocalization energies of the heterocyclic rings. The trends in the dipole
moment changes and transition energies between the ground and first excited charge-transfer state primarily determine

the variations in the computetlvalues.

Introduction

There is a growing need for organic polymeric electro-optic
materials owing to their potential applications in new photonic
technologies such as optical data processifidie development
of such materials primarily depends on the optimization of

the most effective pathway for the efficient charge transfer
between the donor and acceptor grolps$ncorporation of
benzene rings into the pusipull polyenes is observed to limit

or saturate molecular nonlinearity but to enhance thermal
stability® The barrier due to the aromatic delocalization energy
of the benzene ring is believed to be responsible for the reduced

molecular as well as material second-order nonlinear optical or saturateqs values. To overcome the problem of saturation

responses. During the past decade, considerable progress hast molecular nonlinearity, recently several groups have devel-
been made in understanding the factors that affect the moleculargpeq systems that contain easily delocalizable five-membered

and material properti¢s# Molecular nonlinear optical response  heteroaromatic ring%: 11

(B, first-order hyperpolarizability) is generally observed in  ysing thiophene (in place of benzene) as a conjugating
donor-acceptor-substituted-conjugated molecules containing  segment, we studied several classes of deacceptor com-
built-in dipole moment. In such molecules, theconjugation pounds’ Experimental EFISH data indicate that in many

provides a pathway for the redistribution of electronic charge molecular systems, the thiophene substitution causes a signifi-
under the influence of an electric field, whereas the donor and
(7) (a) Blanchard-Desce, M.; Ledoux, I.; Lehn, J. M.; Malthete, J.; Zyss,

acceptor substituents provide the required ground state chargej J. Chem Commun1988 736. (b) Meyers, F.. Bredas, J. L.. Zyss)J

asymmetW- ) St.rUCtU"epr.Operty relatipnghips th?t have been am Chem Soc 1992 114 2914. (c) Marder, S. R.; Perry, J. W.; Bourhill,
established indicate thatincreases with increasing donor and G.; Gorman, C.; Thiemann, B.; Mansour, 8ciencel993 261, 186. (d)

acceptor strengths and with increasingonjugation lengthé ~ Hults, R. A; Hesselink, G. LChem Phys Lett 1989 156 209. (e)

. . . . Barzoukas, M.; Blanchard-desce, M.; Josse, D.; Lehn, J. M.; Zy&hel
Polyenes are often used asconjugating units as they provide  ppys'1989 133 323.

(8) Singer, K. D.; Sohn, J. E.; King, L. A.; Gordon, H. M.; Katz, H. E;
Dirk, C. W. J. Opt Soc Am B 1989 6, 1339.

(9) For the use of thiophene in doneacceptor compounds, see: (a)
Rao, V. P.; Jen, A. K.-Y.; Wong, K. Y.; Drost, K. Tetrahedron Lett
1993 34, 1747. (b) Jen, A. K.-Y.; Rao, V. P.; Wong, K. Y.; Drost, K. J.
J. Chem Soc, Chem Commun 1993 90. (c) Rao, V. P.; Jen, A. K.-Y,;
Wong, K. Y.; Drost, K. JJ. Chem Soc, Chem Commun1993 1118. (d)
Wong, K. Y.; Jen, A. K.-Y.; Rao, V. PPhys Rev. A 1994 49, 3077. (e)
Wong, K. Y.; Jen, A. K.-Y.; Rao, V. P.; Drost, K. J. Chem Phys 1994
100 6818. (f) Jen, A. K.-Y.; Wong, K. Y.; Rao, V. P.; Drost, K. J.; Cai,
Y. J. Electr. Mater. 1994 23, 653. (g) Rao, V. P.; Wong, K. Y.; Jen, A.
K.-Y.; Drost, K. J.Chem Mater. 1994 6, 2210. (h) Drost, K. J.; Jen, A.
K.-Y.; Rao, V. P.Chem Technol 1995 25, 16. (i) Jen, A. K.-Y.; Rao, V.
P.; Chandrasekhar, ACS SympSeries 1995 601, 147.

(10) For the use of thiazole in doneacceptor compounds, see: Dirk,
C. W.; Katz, H. E.; Schilling, M. L.; King, L. A.Chem Mater. 199Q 2,
700.
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Chart 1. Experimentally Studied Representative Thiophene- and Thiazole-Incorporated-Drmumptor Compounds
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Chart 2. Donor—Acceptor Structures Examined in the Present Study
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cant enhancement g#. For example, the experimentgh thiophene systems were reported elsewBerin this account,

values obtained for dialkylamino, nitro-substituted stilbéae we provide a comprehensive picture of the effect of heteroaro-
and its thiophene analods —d (Chart 1) suggest that signifi-  matics on the second-order nonlinear optical properties using
cantly higher molecular nonlinear optical activity can be ab initio and semiempirical quantum mechanical calculations.
achieved by replacing both the benzene rings | ofvith
thiopheneé® We rationalized these results on the basis of the
lower aromatic delocalization energy of thiophene (29 kcal/mol)
relative to benzene (36 kcal/mdB. Prior to our studies, Dirk

Molecular Structures

Molecular structures examined in this study are shown in
Chart 2. Although many experimentally studied molecules
et all0 reported EFISH studies on thiazole-containing denor ~ contain a dialkylamino electron-releasing group, the simple
acceptor-substituted azobenzenes (elfg.,Chart 1). Their ~ amino group was chosen for the purpose of calculations,
studies revealed that the replacement of the benzene ring orprimarily to minimize computational time. The nitro group
the acceptor end with thiazole resulted in enhangadlues. serves as a conventional electron acceptor in all the structures
They also attributed the observed enhancement to the lowerexamined. Stilbend! was chosen as the representative ben-
aromatic delocalization of thiazole (25 kcal/mol). Although both zenoid system, while its heteroaromatic derivativiés-VII
thiophene and thiazole possess lower delocalization energywere designed to understand the role of the heteroaromatic ring-
relative to benzene, the presence of thiophene on the acceptofS) in influencing the nonlinear optical response. SeltiesV
end (as inlb) does not result in any noticeable changgsin represent structures derived from the substitution of rings
unlike the results seen with the thiazole derivatife These containing one heteroatom (such as thiophene, furan, and
two observations together suggest that the lower delocalizationpyrrole), whereas seriéd —VIl are made up of rings containing
energy of heteroaromatic rings is not the only major factor two heteroatoms (such as thiazole, oxazole, and imidazole).
determining the first hyperpolarizability. To understand the role ~ All the molecular structures were first optimized at the
of heteroaromatic conjugating units in the optimizationpf ~ MNDO level assuming planar geometri¢s> Complete ge-
we have carried out hyperpolarizability calculations on a number ometry optimizations (including dihedral angles) without any
of donor-acceptor stilbenes using a wide variety of heteroaro- Symmetry constraints were then carried out using the AM1
matic conjugating unit& Our initial theoretical studies which ~ method***> Hyperpolarizability calculations were carried out
were aimed at rationalizing our own experimental results on on both planar and fully optimized geometries.

Methodology

We carried out both ab initio and semiempirical quantum chemical
calculations of the molecular hyperpolarizabilities. In one approach,
(14) Dewar, M. J. S.; Theil, WJ. Am Chem Soc 1977, 99, 4899.

(15) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.
Am Chem Soc 1985 107, 3902.

(12) Gilchrist, T. L.Heterocyclic ChemistryJohn Wiley & Sons Inc.:
New York, 1985.

(13) For other theoretical studies on heterocyclic nonlinear optical
compounds, see: (a) Albert, I. D. L.; Morley, J. O.; PughJIRhys Chem
1995 99, 8024. (b) Keshari, V.; Wijekoon, W. M. K. P.; Prasad, P. N;
Karna, S. PJ. Phys Chem 1995 99, 9045. (c) Meyers, F.; Bredas, J. L.
J. Am Chem Soc 1991 113 3715.
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the ground state electronic energy or the dipole moment in the presenceof Willetts et al. From these values, the avergige data, as defined
of a static external field is expanded as a Taylor series (eq 1). The in eqs 3 and 4, were computed (Tables3):

/
W(E) = Wy — ZﬂoEi - 1/2!zaijEiEj - 1/SZﬁijkEiEjEk (1) Buec= (Zﬁiz)lz ©))
[ [] ] [
tensor components of the molecular polarizability and hyperpolariz- Bi=PBi + 1/3Z(ﬁm + zﬂjji) (4)
ability can be calculated by taking the appropriate derivatives with &

respect to the field. These can be obtained numerically as in the finite

field (FF) method or analytically using the coupled perturbed Hartree Along with 8 values, some of the parameters relevant to the first

Fock (CPHF) procedur¥. excited state such as transition wavelength, change in dipole moment
The SOS method is based on the perturbation expansion of the Starkbetween ground and first excited statAg), and transition dipole length

energy. Different order Stark energy terms are related to optical (r) were also computed on fully optimized molecules in order to

nonlinearities based on their order in the field strength. In this approach, understand the dependencefadn the electronic properties of the first

therefore, the optical, nonlinearities are introduced as a result of Stark excited state.

mixing of the various excited states. The mixing terms are summed

over various excited states to obtaing, andy. The SOS expression ~ Results

for the first hyperpolarizability, shown in eq 2a,is adequate as a basis We have computed first hyperpolarizabilities of all the

& (0], T8 ;€ (& |10 | g ) molecules considered in this study using the CPHF, FF, and
Bi(—w,; w,0) =|— z : ) K SOS methods in conjunction with ab initio or semiempirical
: AH?] G &7 (Weg — @,)(Wag — 1) procedures. Geometric effects have been considered in a set

of calculations by using planar and fully optimized structures.

for the discussion of certain qualitative features. The most explicit In the SOS procedure, resonance enhancemefithafs been
versions of this expression can be found in referefiéé!’ evaluated. Thus several sets of data have been obtained.
_ Inthe above equatiomy; andw, are the frequencies of the applied  However, representative values are provided in Tabte® Ab
field and w, is the output frequency (which is the sum of the input niti data using planar and nonplanar geometries are given first.
frequencies). The indicegy denotes the molecular ground state, and This is followed by AM1 values using the FF method and two
eandée refer to excited electronic states of the system having transition . .
frequencies given byweg andweg, respectively. The summation over sets Ofﬁ_ values employing the S_OS meth(_)d. To _mterpret the
p generates terms by permutation of the p&{rsw.i); (w1,)); (w2K)} . tren.ds.ln these values, propertles associated with the lowest
The accuracy Of these types Of Ca'cu'ations are Strongly dependent onEXCItatIOH pI’OCESS determ'ned at the AMl/CI |eve| are InClUded
the formalism employed in deriving the ground and excited state ~ The computed3 values of all the structures show some
properties. common trends. The 4-31G values using the planar geometry

At the ab initio level, the CPHF procedure was employed as are uniformly higher than the corresponding values obtained
implemented in the Gaussian 92 series of progrénishe split-valence  for the more realistic nonplanar optimized geometries. Obvi-
4-31G baSiS set was used. A recent Comparative Study Of diﬁerent Ously’ the donofacceptor |nteract|0ns are more eﬂ:ectlve |n
basis sets for predicting the hyperpolarizability of a representative o planar-constrained geometries. However, the variations due
push-pull system, 2-methyl-4-nitroaniline, has shown that the 4-31G to geometry change are relatively modest. '

basis is adequaté. Planar-constrained optimized geometries obtained . .
from MNDO calculations as well as fully optimized nonplanar AM1 The computeds, values at different theoretical levels, but

geometries were used. Hyperpolarizabilities derived from these USING the same geometries, are quite similar. This is remarkable
calculations are the static nonresonant response functions. Equivalen@onS'd?”ng the differences in the. prolc.e.dures emp|0yeq- The
data were also computed using the AM1 procedure in conjunction with trends in the computed hyperpolarizabilities are virtually identi-

the FF method®® cal. There are occasional differences in the relgfiwalues,
The fully optimized AM1 geometries were also used in another set but the discrepancies are minor.
of AM1/CI calculations to obtairg values with the SOS methddl. The SOS calculations enable the evaluation of resonance

The results were found to converge with singles and pair excitation enhancement g8. In all the systems considerefl,using an
configuration interaction (PECI) involving 18 MO's spanning the gy itation energy of 1.17 eV is higher than the static value.
frontier orbitals. Contributions from about 150 lowest singlet states The magnitude of enhancement varies over a wide range.

were included. Using this approach,values were computed with . . o
excitation energies of 0 and 1.17 eV. As experimentally measfired Nevertheless, the major trends in the compifeat excitation

values are often resonance enhanced because of the overlap betweefn€rgies of 0 and 1.17 eV remain the same. Therefore, any
the second harmonic of fundamental operating frequencies and theOne set of data provided in Tables-3 should be good enough
charge-transfer absorption of the molecular system, the values obtained0 derive generalizations on the hyperpolarizabilities of the
at 1.17 eV provide a measure of this effect. heteroaromatic pustpull systems.

The 8 values are often defined using different conventions, which ~ The computed3 values indicate that the replacement of
differ by constant multiplicative factof8. To enable a uniform  penzene rings in stilberie (Chart 2) with heteroaromatic rings
comparison, the data were converted to convenlian the notation  gjgnificantly alters the first hyperpolarizability. The magnitude

(16) For the use of FF and SOS methods in the evaluation of hyperpo- Of. increase or decrease Bfwith respect to that of the model )
larizabilities of organic systems, see: (a) Kanis, D. R.; Ratner, M. A.; Marks, stilbenell depends on both the nature of the heteroaromatic

E- J-fggm 4R91’- 1994 94, 195. (b) Stewart, J. J. Romput-Aided Mol ring and its position in the molecular framework.
e(517) (3?) Jain, M.; Chandrasekhar JJPhys Chem 1993 97, 4044. (b) ‘The replacement of the benzene ring on the donor ert of
Clark, T.; Chandrasekhar, rael J Chem 1993 33, 435. with rings containing one heteroatom such as thiophene, furan,

(18) Ab initio calculations were carried out using the Gaussian 92 series or pyrrole results in highef values: Substitution by pyrrole

of programs: Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. : S
W.: Wong, M. W.; Foresman, J. B.. Johnson, B. G.. Schiegel. H. B. Robb, results in a larger effect than by furan which in turn has a larger

M. A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; €ffect than thiophene (Table lic > lllb > llla). On the
Binkley, J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Baker, J.; Stewart, other hand, in molecular systems where the same heteroaromatic

J. giss’)';l—gf;é J'Tﬁ- S#)Zssciﬁgr:]”iég?tff&rg;‘%f A, 1992. rings are present on the acceptor endl othe opposite trends
(20) Willetts, A.: Rice, J. E.. Burland, D. M.; Shelton, D. ®.Chem are noted (Table 1IVa > IVb > IVc). These results indicate

Phys 1992 97, 7590. that pyrrole when placed on the donor end causes significant
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Table 1. Calculated Hyperpolarizabilities (18 esu cm®), Transition Wavelength (nm), Change in Dipole Moment (D), and Transition
Dipole Length (A) for the Molecular Structurés—IV

4-31G,f0 (CPHF) AM1/fully optimized geometries
structure planar opt Bo (FF) Bo (SOS) $117(SOS) p (two-state) A Au r
I 26.0 23.3 29.9 23.8 48.6 30.3 341.9 45 1.8
Ila 31.3 27.7 31.7 22.8 52.8 29.4 363.1 3.8 1.8
b 34.7 29.7 36.1 29.0 77.8 435 379.5 5.0 1.8
lllc 45.2 39.6 46.1 38.8 106.6 57.6 384.2 6.5 1.9
IVa 29.4 27.7 34.6 27.8 71.0 42.4 371.6 4.9 1.9
IVb 25.8 24.7 315 25.0 61.0 30.9 373.4 35 1.9
IVc 21.6 19.7 22.1 17.8 40.0 18.2 365.0 2.2 1.9
Table 2. Calculated Hyperpolarizabilities (18 esu cm®), Transition Wavelength (nm), Change in Dipole Moment (D), and Transition
Dipole Length (A) for the Molecular Structuié
4-31G,f50 (CPHF) AM1/fully optimized geometries
structure planar opt Bo (FF) Bo (SOS) $117(SOS) p (two-state) A Au r
Va 32.9 315 35.5 28.4 84.0 46.5 389.9 45 2.0
Vb 29.0 28.0 32.2 21.2 61.8 27.6 394.7 2.8 1.9
Ve 23.0 22.2 225 15.0 37.6 145 385.5 15 1.9
vd 36.9 34.0 40.9 32.0 108.4 55.1 403.2 5.5 1.9
Ve 32.1 30.4 374 29.8 101.6 42.2 411.4 3.9 1.9
\%i 27.5 24.4 26.7 21.2 63.4 26.9 399.5 2.7 1.9
Vg 47.1 44.0 51.6 44.1 158.2 74.4 412.2 7.0 1.9
Vh 40.8 38.8 46.4 38.0 137.8 54.2 418.4 4.9 1.9
Vi 35.0 31.6 337 28.6 88.2 37.6 402.6 3.7 1.9
Table 3. Calculated Hyperpolarizabilities (18 esu cn®), Transition Wavelength (nm), Change in Dipole Moment (D), and Transition
Dipole Length (A) for the Molecular Structurad and VI
4-31G,[50 (CPHF) AM1/fully optimized geometries
structure planar opt Bo (FF) Bo (SOS) $1.17(SOS) B (two-state) A Au r
Via 50.8 49.9 62.4 55.8 246.2 94.7 431.3 7.7 1.9
Vib 45.3 42.7 52.6 44.8 167.8 66.4 420.5 5.7 1.9
Vic 37.3 34.5 38.2 324 102.6 45.0 403.4 43 1.9
Vila 18.0 16.4 15.6 11.6 29.0 10.6 380.6 11 2.0
Vilb 20.2 17.6 17.9 18.4 47.0 235 378.7 2.6 1.9
Vlilc 26.3 23.7 23.6 23.8 61.8 32.5 378.4 3.7 1.9

enhancement in the molecular nonlinearity but lowers the toms. In structure¥| andVIl, one of the rings is pyrrole (on
activity when it is on the acceptor end. Furan substitution at the donor side iVl and acceptor side Il ), while the other

the donor end is also effective but leads only to a small ring has two heteroatoms (e.g., thiazole, oxazole, and imidazole).
enhancement at the acceptor end. The presence of thiophen&ubstantially highef values are noted for systerd$ in which
causes a marginal increase in fhgevalue, irrespective of its  the diheteroatom ring is present on the acceptor end. These

position in the molecular systeniilé andlVva). systems also show the largest resonance enhancements in all
Similar trends can be seen from the calculated data (Tablethe systems considered here. Thiazole is found to be more
2) obtained for fully heteroaromatic stilbenes (seNgsChart effective than oxazole which in turn is more effective than

2). Thus, the increase or decrease of molecular nonlinearimidazole. In contrast, the compoun®# , where the same
activity in these systems depends on the nature as well as thgwo-heteroatom rings are present on the donor end, show
location of the heteroaromatic ring. Of all the nine combinations reduced3 values, the least active one being the thiazole-derived
studied in this series, the systarg with pyrrole and thiophene  systemVila.
on the donor and acceptor ends, respectively, is predicted to be Thus, calculate@ values predict that the molecular nonlinear
the most active one. When both the rings contain the sameoptical activity of amino, nitro-substituted stilbenes can be fine-
heteroatoms as in structurés,e,i, the computed values show tuned by replacing both the benzene rings of the stilbene
differing trends. However, the variationsfirin these molecules  framework with heteroaromatic rings. The magnitude of
are relatively small. The same type of ring present on either enhancement or reduction is more prominent with rings contain-
side of the molecule evidently induces conflicting responses. ing two heteroatoms than those with one heteroatom. In
The ring which enhances nonlinearity at the donor end is addition to the nature of the ring system, fhealues are also
comparatively ineffective at the acceptor end aizk versa dependent on their position in the molecular framework.
Nevertheless, within the series of molecWl&s IVa, andllla ,
the presence of two thiophene rings leads to enhanced activitypjiscussion
compared to just one, which in turn has a largeralue than
the derivative with two benzene rings. Our previous experi-  The trends in3 values suggest that heteroaromatics play a
mental hyperpolarizability values obtained for the thiophene subtle role in influencing the molecular nonlinear response. In
compounds support the conclusions drawn from the presentthe following, we have attempted to rationalize the computed
calculated data. variations on the basis of a number of molecular properties.
The data shown in Table 3 suggest that more pronounced Dependence of on the Delocalization Energy of the Ring
effects can be observed by using rings containing two heteroa-System(s). One of the parameters affecting the coupling
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between the donor and acceptor substituents is the energy barrierings with two heteroatoms (such as thiazole, oxazole, and
imposed by the conjugating bridge. This factor becomes imidazole) are electron-deficient in nature, due tot@&=N—
relevant and important especially if the conjugating pathway is linkage. Thiazole being the most electron-deficient ring (elec-
made up of aromatic rings. The lower the aromatic delocal- tron deficiency decreases in the order: thiazal@xazole>
ization energy barrier, the higher the first hyperpolarizability imidazole}? assists the nitro group resulting in a more pro-
should be. Simple five-membered heteroaromatics such ashounced electron-accepting effect\tha and counteracts the
thiophene (29 kcal/mol), pyrrole (21 kcal/mol), and furan (16 electron-donating effect of the amino group Wila. Com-
kcal/mol) possess lower delocalization enéfgyelative to paratively less electron-deficient ring systems such as oxazole
benzene (36 kcal/mol) and, therefore, are expected to be moreand imidazole produce similar but much less pronounced effects.
effective than benzene in promoting charge transfer, thus Dependence off on the Properties of the First Charge-
increasing theg value. This description is oversimplified. As  Transfer Excited State. In many experimentally studied
pointed out earlier the magnitude Bfis determined not only  organic molecules, a simple two-state model is frequently used
by the nature of the heterocyclic ring but also by its location. to rationalize the trends if.8112 The basic assumption is that
Thiophene leads to largér values at the acceptor end, while polarization results primarily from the mixing of the lowest
pyrrole is more effective at the donor end. These trends areenergy charge-transfer state and the ground state under the
clearly contrary to expectations based on delocalization energiesinfluence of the applied electric field. Using the SOS perturba-
alone. Hence, the role of other electronic factors needs to betion procedure, the value fg8 (according to conventiom)

considered. reduces to a simple expressi#h:
Dependence off on the Electron-Rich or Electron-
Deficient Nature of the Ring System(s).In donor-acceptor- p= 3@|ﬂ|eﬁ(,ue — #g)/(Ee — Eg)2 (5)

substituted NLO molecules;-configuration commonly provides

a pathway for the redistribution of electrons under the influence
of an electric field. In some cases, the nature oftheonjuga-

tion can alter the electron-donating and -accepting ability of

the substituents. For example, if any of the segments within
the z-conjugating pathway possesses electron-releasing or
-withdrawing characteristics, the overall electron-donating or

-accepting ability of the substituents, and thereby the effective
charge transfer and molecular nonlinearity, will be affected.

These effects not only depend on the nature of the conjugating
segments but also on their location in the molecular framework.
With heteroaromatic rings being electron-rich or -poor depend-
ing on the nature of the heteroatom and its hybridization, the
dependence gf on these factors must be addressed.

First, consider the varying dependence of thealues on
the nature of the heterocyclic ring in the serigsandIV . The
differences in the computed data fiic andIVc are particularly
striking (e.g., 4-31Gfo: 39.6 and 19.7). These values indicate
that the location of the pyrrole ring alone can either dramatically fai
cystom. These reauls can only be raionalized by viening 231 MM The systems with longer wavelength transijon
pyrrole .not only as a conjugating segment but also as a structuralmvanabIy are computed to have a higtfer This is especially

. . . . “true for the resonance-enhang®d.17) data computed at the
unit which affects the overall electron-donating and -accepting

properties of the system. Pyrrole, being the most electron-rich AML level using the SOS procedure. More extended conjuga-

. L . . tion generally leads to a smaller energy difference between the
five-membered heteroaromatic ring studied here, assists theground and charge-transfer excited states.

amino group inllic resulting in a more pronounced electron- Thei . f divol tch followi itati
donating effect, whereas itWc it counteracts the electron- . € Importance of dipole moment change following excitation
is also evident from the tables. The efficiency of charge

withdrawing effect of the nitro group resulting in a decrease in . . . :

B. Similar, but less prominent, trends observed for furan- polanzatlon Ieaqlng to a large is clearly reflected in the data

containing compoundilb andIVb can be attributed to the obtained for various groups of molecules. Thus, at the donor
. : end, a pyrrole ring leads to a large dipole moment change. In

lower electron-rich char r of furan with r rrole. X s .

ower electron-rich character of furan with respect to pyrrole contrast, the ring is ineffective at the acceptor end (Table 3).

Thiophene, being the least electron-rich heteroaromatic ring ) :
studied here, and the observed trenddllem andIVa may be Th? Importance of thew Va.IL.JeS is revealed by the datg for the
seriesV. While the transition wavelengths fdrd,g—i are

attributed mainly to its lower delocalization energy with respect comparable, the higher dipole moment chang¥gmakes it

to benzene. . ) . a better candidate for nonlinear response. Compovled
Now, let us turn our attention to the serigs and VIl in calculated to have the highestin the present study, is also
which one of the two heteroaromatic rings has two heteroatoms-characterized by a low-energy charge-transfer excited state with

The_ _trends ing \_/alues (Table 3) cl_ea_rly point_ out that the large associated dipole moment change.
position of the thiazole, oxazole, or imidazole ring produces a

significant effect. The presence of thiazole/oxazole/imidazole -, sions

on the acceptor end of the molecular systenVincauses a

dramatic enhancement i whereas their presence on the donor A large class of doneracceptor-substituted molecules with
end of the molecular system Wil substantially decreases the heterocyclic rings have been examined for their molecular
activity, i.e., g for Vla,b,c > Vlla,b,c. In contrast to rings nonlinear response. First hyperpolarizabilities have been com-
containing one heteroatom (such as pyrrole, furan, and thiophene)puted using FF and sum-over-states procedures. Ab initio and

The value off is strongly dependent on the transition dipole
connecting the ground and first excited singlet states and
corresponding difference in dipole moments and inversely
related to the energy separation between the states. This
simplified approach is particularly useful while examining a
series of related molecules, as in the present study.

The AM1/CI procedure we have employed can be used to
obtain the key parameters which determpnwithin this model.

In Tables 13, the transition wavelength, change in dipole
moments, and transition dipole length computed for all the
molecules are provided. These data can be used for a qualitative
assessment of the variations in compyfedalues.

The calculated transition dipole lengths are fairly constant
in the various systems examined. The nature of the electronic
transition remains the same in all the molecules. Hence, this
factor cannot be crucial in determining tfievalues.

The transition wavelengths are fairly large and also show a
r degree of variation in the molecules, ranging from 363 to
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semiempirical methods have been employed. All the calcula- and acceptor type substituents do not lead to equivalent loss in
tions reveal the same general trends in the compfiteslues. delocalization energies in the rings. The electron-rich or
Molecules in which the same heterocyclic ring is present on -deficient nature of the ring controls its response to the presence
the donor as well as the acceptor ends are calculated to have af additional substituents.
larger § than the corresponding stilbene derivative with two The computed3 values can be correlated within the two-
benzene rings. However, the effects of the heterocyclic ring state model. While the transition dipoles are roughly constant
on the magnitude of vary in a more subtle manner. The for the lowest energy transition in all the systems, the transition
nonlinear response depends strongly not only on the nature butwavelength and associated dipole moment change show a fair
also on the location of the heterocyclic ring. For example, a degree of variation. In general, molecules with a longer
pyrrole ring at the donor end is very effective in enhanging  wavelength transition have a higher compyfedThe effect is
At the acceptor end, this ring leads to a lowgrthan the enhanced in all the systems in which the dipole moment change
corresponding benzene derivative. A furan ring causes smalleris also significant.
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at the acceptor end. Molecules with the large@stave to be . ;
designed appropriately. Among the systems considered, thefsoear‘gge;?g:gcs)g)c?ga%es"hfgd 5: iﬁhg\rﬁgFgﬁll‘zglséfsﬁ\ﬁ);ai%“éggél
highest values have been computed for systems in which . ; ps. JL.1 . . ’

A - . . University of Rennes, France, for invaluable help in setting up
pyrrole is at the donor end and thiophene or thiazole is at the

the SOS code. P.R.V.thanks Professor K. Y. Wong for useful
acceptor end of the molecule. discussions. Financial support from AFOSR (S-49620-95-C-
The computed values do not follow a simple increasing ' pp

pattern along the series benzene, thiophene, and furan, expecte8064) and ONR (N00014-95-1-1319) is gratefully acknowledged.
from the decreasing order of aromaticity of the rings. Donor JA960136Q



