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Quantum chemical calculations on the linear and nonlinear electric polarizabilities of dipolar molecules separated

by the alkyl spacers have been performed gN-©OPh—N=N—Ph—(CH,),—Ph—N=N—Ph—NO,, n=1-12.
These molecules exhibit a very strong edelen behavior in the first hyperpolarizabilitie8) ( with large
(small) for n = odd (h = even). Such odédeven oscillations have been reported experimentally on similar

systems, but the origin of such phenomena remains unclear. We propose it to be due to the role of the
conformational orientation of the intervening alkyl spacers that leads to eclipsed orientation (parallel) of the

dipoles forn = odd chains while staggered orientation (antiparallelnfer even chains. The energy difference
between the two extreme angular formsxi—8 kcal/mol, clearly more than the thermal fluctuations at

room temperature. These conformational orientations will be preserved, leading to different packing
arrangements at the macroscopic scale. We believe that it is this interaction at the molecular scale that controls

such a macromolecular property.

1. Introduction effect on NLO properties of the system. These alkyl bridge act
as a harmless stitch but, since it is flexible, leads to many

Tailoring the electronic and optical responses of materials different orientations in the dipoles. NLO properties of these

for optical s_W|tch|ng.and aIIToptlcaI ProCESSES IS one of the areassystems have been calculated with a variation in the number of
of current interest in the field of nonlinear optics (NLO). In

this context, materials based on organic molecules are mostalkyl groups. We find that for an even number of £3pacers

promising because of the ease with which they can be structur-the hyperpolarizabilities are much smaller th.an tha}t for an odd
ally manipulated to fine-tune their desired optical respofises. NUMPer of CH spacers. Thus, there is a manifestation of-edd
n-Conjugated systems have been a subject of intense study fronfVen oscillations in the optical response functions. Such-odd
both experimental and theoretical aspéétit.is mainly because ~ €Ven oscillations are well-known in the literature for many
the 7r-electrons are much easier to excite with the application Physical properties like the melting points of organic sdlids
of laser field than the-electrons. Additionally, because of the and in the orientation of alkanethiol self-assembled monolayers
large energy separation between the and z-electrons in  (SAMs)? Also, there have been recent reports of eégen
m-conjugated systems, there have been many accurate theoriegscillations in NLO properties of organic molecules similar to
based on purelyr-electrons witho-electrons forming the  those considered in the present wdrknd even in different
backbone. Although a more elaborate treatment would be to molecular systems:

incIude the all-electron picture, various effective sem_iempirical While oscillations in the physical properties such as melting
theories developed over the years have been used in a numbeggint is generally understood on the basis of packing efficiencies
of cases with reliable estimates of various properties including n, the van der Waal solids, oscillations in the electrical properties
spgctroscoplc quantitiéson the other hanq, for systems with like hyperpolarizabilities are not quite well understood. We have
mainly o-electrons or metallic clusters with very smalt-z been able to clearly show that such oscillations have their origin

separation, Har_mltonlans consisting of a_II el_ectrons in ab initio in the conformational orientation of the spacers, thereby leading
leveP have gained enormous popularity in recent yédrs. . . . : T
to different packing arrangements in solids or in thin films.

However, for large systems, the accurate determination of the
excitation characteristics for dynamic spectroscopic applications  The paper is divided into five sections. In the next section
still rely on semiempirical methods with configuration interac- we discuss the molecular system considered and the confor-
tions. In the present work, we have calculated NLO properties mational orientations in the spacers for a simple understanding
of a few dipolar chromophores that are separated by an alkyl of their energetics. In section 3, we present the calculations of
bridge. The size of the alkyl group is varied to obtain an the first hyperpolarizability for systems with varying spacer
understanding of the orientation of the dipoles together with its length and explain the odeeven behavior based on the ground
state and the excited-state dipole allowed transitions. In the next
* Corresponding author. E-mail: pati@jncasr.ac.in. section we develop an analytical theory to discuss the exciton
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Figure 1. (A) Molecular structure of the system considered. (B) ¢

Orientation of the dipoles for odd and even chains. Figure 2. Potential energy (in kcal/mol) with twist along the central
c-C s_ingle bond: fom = 2, solid line (circles), andh = 12, dashed
splitting in these chromophores for various conformational !ine (diamond).

angles. Finally, we conclude the paper with a summary in the

. it to be in a state of random relaxed geometry without much
last section.

constraints. In the same figure (Figure 2), we also plot the PES
for the longest chain considered in the work:= 12. Note
that for such a large methylene bridge there is no well-defined

Figure 1A shows the molecular system considered for the Unique torsional angle parameter. However, for the sake of
present study. All the geometries have been optimized using comparison, we twist along the centratC bond, C(6)-C(7).
the AM1 parametrized Hamiltonian available in the Gaussian It comparatively has a lower energy difference between the
03 set of code$? Some of the compounds (with smaller alkyl staggered and eclipsed form (6.5 kcal/mol) and between the
units) have already been synthesized in good yields and well Staggered and gauche form (0.84 kcal/mol). For botk 2
characterized by one of us although we have not been able toandn = 12, since the energy difference between the eclipsed
obtain a single crysta® The geometries obtained by our AM1 ~ and the staggered forms are more than the thermal energy at
calculations have been compared with geometries obtained using©om temperature (0.6 kcal/mol), the staggered form is the most
the DFT based methods at the B3LYP/6-31@,p) level for stable orientation for even chain systems. It is also evident from
the smaller sized chromophore with= 2. We find that the the geometry optimized structures. However, since the gauche
geometries obtained by both the methods have similar bondconformation lies at a local minima, for longer chains this
lengths and bond angles. To further verify that the geometries conformational form becomes thermally accessible. A gauche
do correspond to the global minima, we have optimized the form is interesting because it induces helicity in a linear chain.
geometry for the experimenta| molecule: '4d4|amin0_2’2_ Such helical chains being chiral exhibits gOOd NLO responses
dinitrodiphenylmethan& For this molecule also, the geometry ~ for the even chain® 181t has been reported for the poled films
as well as the interdipolar angle is similar to that considered that the even systems have good NLO responses, particularly
for our study. Therefore, we believe that the AM1 Hamiltonian for the longer chaing?We believe that the origin of good NLO

is quite reliable for these systems and thus have proceeded witesponse functions in such even chain systems is due to the
it for bigger systems with size up = 12. presence of helical chains in a local minima of the PES.

R—CH,—CH,—R, R= Ph—N=N—Ph—NO,, is the simplest The odd chains, however, show remarkable contrast. For the
symmetric case which can be considered to understand theOd_d cha_ins, the favorqble arrangement cor_responds toan _ec_lipsed
conformational orientations, as shown in Figure 1B. Rotation °rientation for the dipoles, and there exists no local minima
along the central €C bond produces different geometries. For conformation in the PES. This is explicitly shown in Figure
a torsional anglep = 0°, the situation corresponds to an eclipsed 1B. One can understand this phenomenon from the simple fact
geometry while forp = 18C°, the conformation is staggered. that all the alkyl units being in the %]ﬂz_nwronme_nt |ntr0Quces_

In Figure 2, the potential energy profile for the system as the staggered geometry for all centra_l units but eclipsed orientation
torsional angle is increased fror ® 180 is plotted. The most &t the extreme ends where the dipoles are located. So, the odd
stable point in the potential energy surface (PES) correspondsChamS W|_II have a staggered orientation for the _d|p(_)les. Fo_r the
to ¢ = 18C° (staggered orientation in the dipoles) while the €Ven ch_alns, however, ther_e is no sych frustratlon in the dlpqle
most unstable case is fgr= 0° (the eclipsed form). Also, in orientations, and all the units |nclud_|ng the end dipoles remain
the PES, there exists a local minima betwees 60° and 80 staggered. Such a remarkable variation between the ecllpsed
and a local maxima at = 12C°. This is similar to thegauche and staggered conformation can be aqh|eved by only changing
butane interaction well-known in the literatufeThis arises due ~ the number of spacers between the dipoles.

to the stronger nonbonding interaction between R and H at an
angle of¢p = 120° compared to the weak R, R interaction in
the gauche form ap ~ 60°. The geometries (Figure 1A with varying obtained from

Forn = 2, the energy difference between the staggered andthe AM1 calculations were used to compute the SCF MO
eclipsed form is 8 kcal/mol and that between the staggered andenergies and then the spectroscopic properties using Zerner's
the gauche form is 1.04 kcal/mol. For comparison, the differ- INDO method!® The levels of Cl calculations have been varied
ences are 4-46.1 and 0.9 kcal/mol, respectively, for butaife.  with singles (SCI) to obtain a reliable estimate of the second-
For a longer chain, however, since there are more number oforder optical response functions. The Cl approach adopted here
CH, groups, the degrees of freedom are much larger, allowing has been extensively used in earlier works and was found to

2. Conformational Flexibility

3. Optical Response Functions: Role of Spacer Length
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TABLE 1: Oscillator Strength (f), Optical Gap (dE) in eV,
Ground-State Dipole Moment (u¢) in debye, Linear
Polarizability (o) in Units of 1072* esu, and First
Hyperpolarizability g in Units of 10730 esu for the
Chromophores in Figure 1A, with Increase in Spacer Length

Figure 3). But, for the odd chains, even though the orientations
are eclipsed, the dipoles are not exactly parallel because of the
sp® hybridization along the alkyl principal axis. It is straight-
forward to calculate the angl@) in which the dipoles are out

of phase, using the classical dipole addition formulg = 1,2

Spacer f OB He ¢ p + 122 + 2usuz cos¢. We find thatg has a magnitude of 120
n=1 2.01 4.25 44.40 1500.48 537.06  for the odd chains. Note that although we are using a classical
n= 2 2.59 4.42 3.02 1561.44 73.03 dipole expression for finding the phase angle, it is a very good
n=3 1.78 4.34 46.32 1475.04 614.24 ) h d h fitt
n=4 252 4.43 336 1560.96 50.91 assumption as the saturated £igroups have very little
n=5 1.72 4.43 45.12 1539.36 647.88 electronic coupling with ther-electrons in the either ends of
n==6 2.50 4.43 3.58 1556.64 48.38 the bridge. For example, the actual angle for the optimized
n=7 1.82 4.44 42.34 1488.96 813.08 molecule withn = 3 is 112. The alkyl units basically act as a
ng i'gg i-ig 43"2(7’ ﬁig-gg 622-2(13 stitch between the two dipoles. This is illustrated with the
n _ 10 183 4.43 235 15552 70.73 frontier wave function plots for the chromophores. The HOMO,
n=11 1.62 4.43 43.73 16104 504.89 ~ LUMO+1, and LUMO+2% in Figure 3 show no intermixing
n=12 1.84 4.43 3.84 1618.56 73.26 between the chromophores and thus behave independent of each

other. For cases as such, even the classical dipole interaction

provide excitation energies and dipole matrix elements in good arguments are very accurate.
agreement with experimefft-22 For the Hartree-Fock deter- With the increase in the number of alkyl units, the distance
minant, we use varying number of occupied and unoccupied between the dipoles increases. But, the distance between the
molecular orbitals to construct the CI space. To calculate the even dipoles is more than their odd counterparts as the even
second-order NLO properties, we use correction vector method,ones have a centrosymmetric arrangement which increases their
which implicitly assumes all the excitations to be approximated interchromophoric distances. Thus, the distance between the
by a correction vector (CV33~2¢ The polarizabilities were also  dipoles also exhibit an odeeven effect (Figure 4a). For each
computed using the sum-over-states (SOS) formalism, andeven distancej is smaller and for each odd distanges larger.
values similar to those provided by the CV method were Figure 4b shows the variation in the first hyperpolarizabifity
obtained. with respect to the number of GHinits. Very similar to that

In Table 1. we report the magnitudes of the ground-state for the ground-state dipole moment, also shows a very
dipole momentggc), oscillator strengthf}, the optical gapdE) prominent ode-even relation. For odd chai, ~ 700 while
[defined as the energy difference between the ground state andhe even chain havg ~ 80 (in units of 1020 esu). Our
the lowest energy dipole allowed state], linear polarizabitit); ( calculations are based on a Cl basis with its dimension varying
and first hyperpolarizabilityf) for the molecules fronm = 1 until a proper convergence is reached.

to n= 12. Note that we report the tumbling average quantities
for the optical response functions, defined as

o= %Z(aii)

Within the framework of the two-state model, the second
harmonic generation response (SHG) can be writtéh as

3 w1 fAu

2 (0, — 0w, — 40

)

ﬂtwo—level =

wherehw1; is the excitation energy,is the oscillator strength,

Au is the difference between the dipole moments of the ground

and the excited state, amd specifies the excitation frequency

where the sums are over the coordinateg, z (i, j = x, , 2) of the oscillating electric field. The most important factor in

and* refers to the conjugate ¢ vector. All the calculations ~ the above simple expression is that the SHG coefficient is

have been performed at a frequency of 1064 nm (1.67 eV) directly proportional to the oscillator strength and the dipole

corresponding to the Nd:YAG laser. We find that while the moment difference and is inversely proportional to the pptlcal

linear polarizability {) remains almost constant throughout the ghap-dThuls’ any phen%ry;fenon thatt) decreaser? the gapdor mgresses

series £1550), the ground-state dipole moment as well as the th€ dipole moment difference between the ground and the

first hyperpolarizability §) shows strong odeleven oscillations. excited state or increases the osc_lllator strength_ will enhance

Specifically, 3 shows an order of magnitude increase for odd f. Butas selen frorﬂ Table_l, the gptlchal gag) remamﬁ ﬁ;gt

chains compared to the even chains. Furthermore, their valueconstant along the series and shows no such—esen

remain almost constant with the increase in the number of CH oscillations. In fact, the oscillator strength for the even chro-

spacerd, albeit forn = odd andn = even separately. mophores is slightly larger than that for the odd ones. Thus,
The even chains have very little dipole momen8(D) while the only factor that governs such an edelen oscillation is

the odd ones have much higher dipole momes4g D). We Au. Figure 4c shows the variation @u with increase in the

have calculated the dipole moment for the single molecule, Ph  SPacer length. One can clearly see the-eeiden variation in

N=N—Ph—-NO,, uc ~ 39.20 D. For a perfect parallel arrange- Ay similar tp th.at observed fg#. This is to say that the exqted-

ment in the dipoles, the classical noninteracting picture predicts stateh pqlarlzann has a strong dependence on the interchro-

the total dipole moment asx2single chromophore value for ~MOPNOrIC arrangements.

parallel arrangement and O for a perfect antiparallel arrangement. . L

While, for the even spacers the dipole moments are nearer todc“ogfrg;ﬁqa;tiissponse Functions: Role of Molecular

zero, the odd spacers show a much smaller value from the

classical result of twice the single chromophore value. Such a  From the discussion so far, it is evident that one way to make

g p . . . .

trend is easy to understand because for the even chains thearallel arrangement of dipoles is to connect the dipoles by an

dipoles are staggered and almost perfectly antiparallel (seeodd number of spacers. The conformation of the methylene itself
p g9 p y p

_ 1
B= A/ Zﬁiﬁi*; Bi= EJZ(ﬂijj + Bji + Byi) (1)
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.
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Figure 3. Frontier orbital plots for even and odd spacers. While, the dipoles are antiparalie:f@ven,n = odd have a finite angle (112 The
green arrow shows the direction of the net dipole moment.
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Figure 4. (a) Variation of interchromophore distanak(in A), (b) first hyperpolarizability3 (in units of 10-% esu), and (c) difference between
the ground-state and the excited-state dipole momemt(in debye), with the increase in the spacers length,

forces such a parallel orientation. This methodology is elegant properties with the variation of the dipolar angg.(Figure 5a
because CHunits beingz-NLO inactive play no electronic role  shows the variation in the ground-state dipole moment as the
other than fine-tuning the conformational activity. But, at the torsional angle is increased from & 0° to ¢ = 180C). uc is
same time for even chains, the stable conformers lead to ana monotonically decreasing function and decays to zego=at
antiparallel arrangement of dipoles and thus fhis less (in 18C°. Note that, for our molecular system, the chromophores
ideal cases, 0). So a proper understanding of the processesre not exactly planar, and thus there exists a small but finite
associated with this conformational change requires a moredipole moment for staggered orientation. Additionadhjis not
detailed analysis. 180 for the optimized geometry. However, the antiparallel

We consider the simplest even spacer systens, 2, and arrangement is similar in structure to that of the staggered
study the variation of the ground-state and the excited-state optimized geometry.
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chromophore ¢ =180 chromophore

For chromophoric aggregates separated by alkyl chains, there
is no z-electron coupling between the bridge and the chro- Figure 6. 'Schematic representation of the change in the opt!cal gap
mophores. This has also been verified from our previous studiesdue to twist along the €C bond. Note that the smaller gap in the
on oxo-bridged dinitroaniline®.For such cases one can develop eclipsed form is due the stability of the optically excited state together

. . : - L with destabilization of the ground state due to torsiBridor)-
an analytical expression for the extent of exciton splitting due
to the dipolar coupling between the organic chromophores. In a constant shift to the energies. From the simple tight binding
the present molecular system;-RCH;),—D, the extent of the  Hamiltonian (in the limit of nearest-neighbor interactions only),

dipolar coupling between the two dipoles (namedraandn the extent of the excitonic splitting associated with this dipolar
in the following equation) can be represented assuming purely coupling between the chromophores can be estimated to be
electrostatic interaction between the dipoles as 2Hmn3 Thus, the final expression for the splitting becomes

MM 3T ) (VT ) M, 2

_ U [] ij 'm ij'm
Hon = R 5 3) AE =2—(cos¢ — 3) (6)
mn mn mn

WhereITAij is the transition dipole moment from statéo state We calculate the distanagn, as the distance between the

j of a single dipolar unit andmy is the distance between the center of masses of the dipolar moleculespascreases from
two molecular dipole centersp andn. It is to be noted that  0° to 18C°. From the above analytical expression, it is clear
both the transition dipole and the distantg(in the numerator  that the extent of Frenkel exciton splitting decreases with
are vectorial quantities. Thus, the magnitude of the interaction increase inp, and thus the optical gap will increase. From our
term will depend crucially on the relative orientations of the ZINDO calculations, we find exactly similar behavior. Figure
dipolar molecules as well as on the axis joining their centers. 5p shows the variation in the optical gap with increase in the

For the molecule under study, is the angle between the  angle¢ from ZINDO calculations. Asp increases, the lowest
planes of the dipolar molecul@sandn. ¢ = 0° represents the  excited state gets destabilized while the upper excited state
eclipsed dipolar arrangement whije= 180" gives rise to @  becomes more stable, thereby increasing the optical gap.
staggered dipolar arrangement. The dot product form of the However, the gap saturates afters 80°. Both the numerator
above equation can be further simplified as and the denominator2) increase with the increase jnas a
.2 result of which the gap saturates.

M In Figure 5c, the variation of the oscillator strengthwith
Hin = ﬁ(cos‘b —3coé 0) (4) respect tog is shown. The oscillator strength for the dipole
mn allowed state increases up ¢o~ 70°. However, with further

increase ing, the oscillator strength remains constant. Figure
5d shows the variation ¢f with respect to the interdipolar angle.
f is a decreasing function @f. However, the decrease is slow
up tog ~ 70° and then decays rapidly with further increase in

where# is the angle made by the dipolar axis with the molecular
axis. R= Ph—N=N—-Ph—NO; is a quasi-1-D molecule, and
thus the dipolar axis and the long molecular axis coinciis.
essentially zero in this case, giving rise to a simplified form

for th li he dipoles: : o :
or the coupling between the dipoles Such a variation if can be well captured by the schematic

M. 2 process of exciton splitting shown in Figure 6. Asncreases
i' . - . . - .

Hyn = —'(cos¢ -3) (5) from O° to 180, the extent of excitonic splitting in the dipole

' 3 allowed excited-state decreases, resulting in the increase in the
optical gap (Figure 5b). (For the antiparallel arrangement of
Note that thef term has a constant value and does not depend the dipoles, the transition occurs to the upper exciton state.)
on the orientation of the spacers or the interchromophoric However, at the same time, this process leads to the stabilization
arrangements. Therefore, everifs finite, it will give rise to of the ground state (from the eclipsed to the staggered form,

mn



Hyperpolarizability of Dipolar Chromophores J. Phys. Chem. A, Vol. 109, No. 18, 2005117

see Figure 2). Note that the ground-state energy is not aReferences and Notes

monotonically decreasing function and has a.l_oca.l maxima at (1) (a) Prasad, P. N.; Williams, D. lihtroduction to Nonlinear Optical
120°. But, the energy scale of the destabilization energy Effects in Molecules and Polymetiley: New York, 1991. (b) Karna, S.
corresponding to the dipole allowed state is much higher (0 P.; Yeates, A. TNonlinear Optical Materials ACS Symposium Series;
0.5 eV) than that for the conformational orientation stabilization American Chemical Society: Washington, DC, 1996.

of the ground state (68 kcal/mol), asp is increased. Effectively %)S.M‘arks' T. J.; Ratner, M. AAngew. Chem., Int. Ed. Engl995

thus, the optical gap (energy difference betwee'n the |0W?5t (3) Optical Nonlinearities in ChemistnBurland, D. M., Ed.;Chem.
dipole allowed state and the ground state) would increase with Rev. 1994 94, 1.

increase ing from 0. Both the two-state model and the full _ (4) (a) Mattis, D. C.The Many-Body ProblemWorld Scientific:
Singapore, 1993. (b) Heeger, A. J.; Kivelson, S.; Schrieffer. J. R.; Su, W.-

expression fop h_ave thg optlcal gap in the d(_a.nomlnato.r, and 5'Re’ Mod. Phys1988 60, 781.
thusl an increase In gap |.mpI|es decreaﬁ@ iAdditionally, with (5) Helgaker, T.; Jorgensen, P.; Olsen, Molecular Electronic-
the increase i, the oscillator strengtif)increases up t¢ ~ Structure TheoryJohn Wiley and Sons: New York, 2000.
70°. Oscillator strength appears in the numerator of fhe Egg ?/lao’ BI_- K-(?;Jegay PF]‘- Chémﬁﬁhysaoq 113303301%7 10683
H H H A : aroulls, G.; Pouchan, . yS. em. f .

expression, which explains the initial slow decreasg (Figure (8) Slovokhotov Y. L. Neretin, I. 5. Howard, J. A. Kew J. Chem.
5¢). 2004 28, 967.

(9) (a) Angelico, V. J.; Mitcell, S. A.; Wysocki, V. HAnal. Chem.
5. Conclusions 200Q 72, 2603. (b) Alloway, D. M.; et alJ. Phys. Chem. R003 107,

11690.

To conclude, we have performed an extensive calculation on  (10) Asha, S. K.; Kavita, K.; Das, P. K.; RamakrishnanC&em. Mater.
the effects of spacer length enhancement on the second-ordet999 11, 3352. '
NLO properties of dipolar molecules connected by the,CH 335(311) Gangopadhyay, P.; Radhakrishnan, TCRem. Mater200Q 12,
groups, shows a remarkablg odaven variation. For an ,Odd (12) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.
number of spacers, thevalue is an order of magnitude higher  Am. Chem. Sod985 107, 3902.
than that for the even number of spacers. The origin for such  (13) Bahulayan, D.; Sreekumar, K. Mater. Chem1999 9, 1425.
oscillation is attributed to the similar oscillations in the dipole ((113 M?rch‘,u\il]Adé/gr‘l]C%d C\)Af/%a“ic %hgmisﬁryli\l Re?f“ﬁ“ivg g";Cha“ismS
moment difference between the ground §ta_te ‘?nd the qipOIean(lS)rchliglr,eE. Le. S.’ter(()eor(]:heln?s/tgn of (():r;srbonev(\llon%oyundscéraw—
allowed state and to some extent on the variation in the oscillator Hill: New York, 1962.
strength. This arises due to the change in the dipolar orientations (16) Gangopadhyay, P.; Radhakrishnan, TARgew. Chem., Int. Ed.

between the staggered and eclipsed form for the even and odd?0901 40, 2451. _
chains, respectively. (17) Botek, E.; Champagne, B.; Turki, M.; Andre, J.-B.Chem. Phys.

- . 2004 120, 2042.
From the present work, it is clear that this phenomenon of  (18) philip, B.; Sreekumar, KJ. Polym. Sci., Part A: Polym. Chem.

odd—even fluctuation in NLO properties is different from the 2002 40, 2868.

variation of the physical properties like melting pointin organic ~ (19) Ridley, J.; Zerner, M. CTheor. Chim. Actd973 32, 111. Bacon,
solids that have their origin in the van der Waals interactions A ga)zgzn:r:kgf" g:TJh?%ré;?ilnTh ?;tigghgg} .zéhim. ACtL974 35,
among the solids where crystal packing is the most important 33

parameter. The energy analysis for the potential energy of (21) Shuai, Z.; Beljonne, D.; Bredas, J. I. Chem. Phys1992 97,
twisting along the single bond shows that although the staggered1132.

; ; (22) Beljonne, D.; Shuai, Z.; Cornil, J.; dos Santos, D.; Bredas, J. L.
form is the most stable geometry for the even chains but a Chem. Phys1999 111, 2829,

thermally allowed local minimal exists betwegn= 60° and (23) Ramasesha, S.; Soos, Z.@hem. Phys. Let.988 153 171. Soos,

80°, corresponding to the gauche form that will give rise to z. G.; Ramasesha, 9. Chem. Phys1989 90, 1067.

helicity in the chain. For example, for every 100 molecules in 24é2‘21)24RinaS?slh% SL Sl:?huai, Z.;hBregaFS)h JChgrr]n.nig)gsd Iégt%gig
H . ert, 1. D. L.; Ramasesha, . yS. el 3 .

the staggered_ form, @here are 18 moIecuIesT the gauche formRamasesha’ S. Albert. I. D. Bhys. Re. B 1990 42, 8587.

(Boltzmann distribution), and even for the= 2 case, the (25) Pati, S. K.; Ramasesha, S.; Shuai, Z.; Bredas, Phys. Re. B

Boltzmann-weighted average first hyperpolarizabilityhas a 1999 59, 14827.

magnitude of 160.8< 10-3° esu. In the solid state, because of (26) Pati, S. K.; Marks, T. J.; Ratner, M. A. Am. Chem. So2001,

environment effects, the possibility of existence of such a helical 123 7287.

. . . 27) Ramasesha, S.; Shuai, Z.; Bredas, JChem. Phys. Lettl99
form (local minimal) exists. As a result, for the even chains 25((1 1)4_ Y 8

although a global minimum form ensurgsto be very small, (28) Within the one-electron picture, HOMO, LUMO, and LUMQ
supramolecular effects as in thin films will introduce appreciable represent the ground state, the lowest one-photon state, and the two-photon
i states, respectively.

(29) Qudar, J. L.; Chemla, D. 8. Chem. Physl977, 66, 2664. Oudar,
J. L.J. Chem. Physl977, 67, 446.
Acknowledgment. S.K.P. thanks CSIR and DST, Govt. of (30) Datta, A.; Pati, S. KJ. Phys. Chem. 2004 108, 320.

India, for the research grants. (31) Datta, A.; Pati, S. KJ. Chem. Phys2003 118, 8420.



