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Abstract

Optical polarizabilities of a family of donorracceptor substituted polyenes are calculated using collective electronic
normal modes obtained by solving equations of motion for the single-electron density matrix combined with the INDOrS
semiempirical hamiltonian. Size-scaling of static polarizabilities xsa ,b ,g is analyzed using the exponents b 'dln xrdlnnx

where n is the number of repeat units. We find that for long chains b and b tend to 1 whereas b approaches 0.a g b

Two-dimensional plots of the dominant collective electronic modes show that a and g are generated along the entire chain
whereas b only originates from the donor and acceptor chain regions. Electronic screening makes these regions neutral. The
size of this boundary screening region is ;15–17 double bonds, and b saturates at ;30–40 double bonds, depending on
the type of donorracceptor substitution. q 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

The search for new organic optical materials is a
w xrapidly developing field 1–3 . Polyenic oligomers

are of particular interest as model systems of one-di-
mensional conjugated chromophores possessing large
optical polarizabilities due to delocalized p-electron

w xexcitations 4,5 . The structure-property relations and
the mechanisms leading to dramatic changes in opti-
cal polarizabilities with increasing chain length and
donorracceptor strength are the key for a rational

w xdesign of nonlinear optical materials 1,6–11 . The
variation of polarizabilities with molecular size is
usually described by the scaling law ;nb, n being
the number of the repeat units. In odd-order re-

Ž .sponses a , g the scaling exponents vary consider-
ably for short molecules: 1-b -2 and 2-b -8a g

depending on the system and model. Saturation to
the bulk is expected for the longer chains where

b™1 and the polarizabilities become extensive
w xproperties 12–14 .

Donorracceptor substituted molecules are non
centrosymmetric and therefore also posses even-order
nonlinear polarizabilities. The scaling exponents of

Ž . Žb vary 1.5-b -2 theory and 1.4-b -3.2 ex-b b

. w xperiment 3 . Saturation of b to the bulk has not
w xbeen reported in current experiments 3,15,16 and is

w xnot well understood theoretically 3,17–19 . In a
w xprevious paper 20 we employed the real-space Col-

Ž . w xlective Electronic Oscillator CEO technique 21,22
to study the saturation to the bulk of the second
order static hyperpolarizability of donorracceptor
substituted carotenoids. Our calculations showed that
the donor and acceptor influence is screened and
only affects a limited region of the chain. Conse-
quently the second order polarizability saturates to a

Ž .constant value i.e. b s0 in contrast with the firstb

and the third order polarizabilities which grow lin-
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Ž .early with size b sb s1 . In this article we ex-a g

plore the different mechanisms for this saturation for
several families of donorracceptor substituted

w xpolyenes studied by J.-M. Lehn et al. 15,16,23,24 .
The origin of the scaling behavior of b for weak,
intermediate, and strong donorsracceptors are inves-
tigated and the underlying coherence sizes are identi-
fied.

The methodology as well as the results of previ-
ous applications of the CEO technique to conjugated
molecules are summarized in Section 2. In Section 3
we investigate the ground-state properties of several
experimentally studied donorracceptor substituted

w xpolyenes in Refs. 15,16,23,24 as well as large
donorracceptor polyenes. Real-space analysis of the
optical response of these molecules is carried out in
Section 4. Linear absorption and off-resonant
quadratic and cubic polarizabilities are calculated,
and their scaling with size is investigated using
two-dimensional electronic-coherence plots of the
dominant electronic modes. Our results are finally
discussed in Section 5.

( )2. The Collective Electronic Oscillator CEO ap-
proach for optical response of organic molecules

Optical spectroscopic techniques probe nuclear
and electronic molecular motions through their pro-
jection on the dipole operator. Electronic spec-
troscopy may be interpreted using the Collective

Ž .Electronic Oscillator CEO representation
w x21,22,25,26 . This technique is based on the Time-

Ž .Dependent Hartree-Fock TDHF approximation and
maps the electronic motions onto a set of weakly
coupled harmonic oscillators. The input to the calcu-
lation is the reduced single-electron ground-state

qw x ² < < :density matrix 27–29 r ' g c c g , wherei j i j
qŽ . Ž .c c are creation annihilation operators of ani i

< :electron at the i’th atomic orbital, and g is the
ground state many-electron wavefunction. The diag-
onal element r is the electronic charge density ati i

the i’th orbital, whereas the off-diagonal elements,
Ži/ j, represent the bonding structure i.e. bond or-

. wders associated with a pair of atomic orbitals 30–
x34 . The electronic oscillators are associated with

Žtransition density matrices electronic normal modes

Ž . .j . Each mode is a matrix representing then i j
< :electronic transition between the ground state g

< :and an electronically excited state n with matrix
qŽ . ² < < :elements j s n c c g . Similar to r, the di-n i j i j
Ž .agonal elements of j js i represent the net chargen

induced on the j’th atomic orbital by an external
field resonant with the g to n transition, whereas
Ž . Žj j/ i is the dynamical bond-order the jointn i j

amplitude of finding an electron on orbital i and a
.hole on orbital j . j represent therefore collectiven

motions of electrons and holes. They can be com-
puted as eigenmodes of the linearized time-depen-

Ž .dent Hartree-Fock TDHF equations of motion for
the density matrix driven by the external field, totally
avoiding the explicit calculation of many-electron
eigenstates. The eigenfrequencies V of these equa-n

tions provide the optical transition frequencies
w x21,22 . The electronic modes are then used to com-
pute field-induced density matrices and subsequently

w xthe molecular polarizabilities 21,22 .
This approach has been applied to conjugated

polymer chains. The unrestricted equations of motion
for the time-dependent density matrix of polyenic

w xchain were first derived and solved in Ref. 35 . This
TDHF approach based on the Pariser-Parr-Pople
Ž . w xPPP hamiltonian 36 was subsequently formulated
and applied to the linear and nonlinear optical re-

Ž .sponse of neutral polyenes up to 40 repeat units
w x Ž . w x37,38 and PPV up to 10 repeat units 39 . The
electronic oscillators contributing to the response
were identified and the size-scaling of optical sus-

w xceptibilities was analyzed. The PPP hamiltonian 36
has Kr2 occupied and Kr2 unoccupied orbitals, K
being the basis set size. Computations require calcu-

2 Žlating K electronic oscillators eigenvectors of a
K 2 =K 2 matrix representing the linearized TDHF

.equations which are linear combinations of all pos-
sible pairs of orbitals. The TDHF was applied to
donorracceptor substituted molecules as well. Using
the PPP hamiltonian, the linear and nonlinear re-
sponse of DANS and octatetraene were investigated
and compared with analogous SOSrCI calculations
w x40,41 . The nature of electronic oscillators contribut-
ing to the nonlinear polarizabilities of short polyenes
w x42 , and interplay between donorracceptor strength
and chain length that leads to the metastable struc-

w xtures in the long polyenes were explored 43 . In
these studies it was hard to match the empirical
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donorracceptor strength in the PPP hamiltonian with
effects of real donor and acceptor groups on the
chain but the qualitative trends were observed.

The method has been further extended and simpli-
Ž .fied by several subsequent developments. i The

classical TDHF representation and algebra of elec-
w xtronic oscillators 44,45 reduced the number of vari-

ables to K 2r4 electron-hole oscillators which only
Ž .contain occupied-unoccupied orbital pairs. ii The
Ž .Density-Matrix-Spectral-Moment algorithm DSMA

for solving the TDHF equations subsequently al-
lowed to extend the computations to basis set size of
a few hundreds. This technique which targets only
those oscillators which dominate the optical re-
sponse, only requires K=K matrices, reducing
memory requirements and computational time to lev-
els comparable to the ground-state calculations.
Size-scaling and crossover to the bulk of the optical

Žnonlinearities of polyacetylene up to 300 repeat
. w xunits and seventh order response 21 as well as
Žlinear response of PPV oligomers up to 50 repeat

. w xunits 25 were investigated using a two-dimen-
sional representation of the electronic oscillators

Ž .which dominate the response. iii The ability of
DSMA to handle large basis set size made it possible
to use the more advanced semiemperical INDOrS

Žhamiltonian to treat a wide range of molecules the
PPP hamiltonian parameterized only for carbon and

.nitrogen . Absorption spectra of acceptor-substituted
carotenoids were analyzed using two-dimensional
electronic coherence plots of the collective excita-

w xtions in real space 22 . An off-diagonal size associ-
ated with relative motion of electron-hole pairs cre-
ated upon optical excitation and a diagonal size
representing the pair’s center of mass motion were
identified. The localized nature of the density matrix
allows for efficient truncation and linear N-scaling of

w xcomputational effort 46,47 .
The CEO has also been applied for computing the

optical response of coupled chromophores. These
include real-space two-dimensional analysis of elec-

w xtronic excitations in stilbenoid aggregates 48 and
localized electronic excitations in phenylacetylene

w xdendrimers 26 . The ability to describe large conju-
gated systems as weakly coupled chromophores
opens up the possibility of applying an effective
Frenkel exciton picture towards the theoretical mod-

w xeling of their optical response 49 .

3. Effect of donorrrrrracceptor substitutions on the
ground state

We start our analysis by considering the ground
state properties of two families of experimentally

wstudied donorracceptor substituted polyenes 15,16,
x Ž .23,24 Fig. 1 . In order to investigate the scaling

properties and saturation to the bulk we first exam-
ined these molecules with much larger chain lengths

Ž .than studied experimentally Fig. 2 .
We have calculated the optimal ground-state ge-

w x 1ometries at the AM1 level using Gaussian-94 50 .
The ZINDO code was used next to generate the
INDOrS hamiltonian and calculate Hartree-Fock

w xground-state density matrices r 51–53 . Assumingi j

that s-electrons do not contribute to the optical
properties we focus only on the k=k p-electronic

Žpart of the matrices where k-N is the number of
.orbitals participating in the p bonding . The diago-

Ž .nal elements is j represent the p-electron charge
Ž .at the j’th atom, whereas the off-diagonal i/ j

elements reflect the p-bond-orders between i and j
w xatoms 22 .

The effect of donorracceptor substitutions on the
ground state can be understood using contour plots
of the density matrices. Absolute values of the re-
duced single-electron ground-state density matrices

< <elements r of the neutral molecule N are showni j
Ž . Ž .in the top row of Fig. 3 A ns9 and C ns20 .

The color code is shown in panel B. The axes
represent carbon atoms labeled 1–18 and 1–40, re-
spectively. The density matrices are dominated by
the diagonal and near-diagonal elements, reflecting
the bonding between nearest neighbor atoms. The
double bonds are clearly identified. The ground-state

Ž .density matrix of I’a 9 is displayed in the second
Ž .row Fig. 3D . To show the effects of substitution on

Xthe ground state we display the differences r yrI Ž9. N

for I’a in Fig. 3E. We magnified these differences as
indicated in each panel and used the same color code
Ž .Fig. 3B . For comparison the same quantities for the
longer ns20 chain are shown in Fig. 3F. These
calculations are repeated for molecules with increas-

Ž .ing acceptor-strength. The third row panels G, H, E

1 During geometry optimization in long molecules, the geome-
try of the polyenic chain was constrained to be planar.
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Fig. 1. Structures of donorracceptor substituted molecules whose chain-length dependence of b was studied experimentally in Refs.
w x15,16,23,24 .

Ž .represents a medium strength molecule I’b whereas
Žthe fourth row gives the strong acceptor panels J, H,

.K . The Figures show that the acceptor strength
Ž .grows from a to c. In a shorter molecule ns9 the

donor and acceptor are weakly coupled through the
polyenic bridge, but they are completely separated

for ns20. Therefore, the ground state dipole mo-
ments m of the donorracceptor molecules rapidly

Žlevel off with increasing chain length see the left
.column in Fig. 5 . Donorracceptor substitutions

weakly perturb the ground state, except for molecule
Ž .I’c 9 where the decrease of p-electron density in the
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Fig. 2. Structures of elongated DonorrAcceptor substituted
molecules studied in this article. Calculations were performed for
bridges with ns5,10,15,20,30,40 double bonds.

Ž .bridge along the diagonal of the matrix near the
acceptor is clearly seen.

Additional ground-state properties of molecules
Ž . Ž . Ž .N 15 , I’a 15 –I’c 15 are shown in Fig. 4. The left

column represents the variation of the p electron
Žatomic charge q i.e. the diagonal elements of thei

.ground state density matrix r along the chain, andi i

Q is the total electronic charge on the acceptor. TheA
w xvariation of the bond-length alternation d l 13 isj

displayed in the right column. This parameter de-
Ž .notes the difference between the single l and the2 j

Ž .double l bond lengths in the j’th repeat unit2 jy1

along the bridge

d l s l y l , ns1, . . . ,15. 1Ž .n 2 n 2 ny1

ŽNote that the first repeat unit js1 is at the donor
. Ž .end . The neutral molecule has a uniform charge qi

Ž .and bond-length alternation d l along the entirej

chain, whereas the acceptor creates a charged soliton
Ž .oscillating charges q and reduces the bond-lengthi

alternation parameter in its vicinity.
The acceptor strength effects on the ground state

Ž .can be summarized as follows: Weak acceptor a
leaves the ground-state geometry almost intact. Weak

Ž .charge y0.15 e is accumulated on the acceptor and
therefore the ground-state charge distribution and the
bond-length alternation are close to those of neutral

Ž .molecule; Medium acceptor b changes the bond-
length alternation at about 2–3 double bonds taking
0.3 e charge from the chain. The p-electronic system
in response reduces the acceptor influence by induc-
ing a positive charge at the acceptor end which
completely screens the acceptor charge at an effec-
tive length of about 5 double bonds; Finally, strong

Ž .acceptor c attempts to invert the chain structure to
zwitteronic, affecting the 6 nearest double bonds.
The attracted charge 0.7 e is completely neutralized
by chain p electrons at an effective length of about
10 double bonds, and the other parts of the molecule
are unperturbed by the acceptor.

In all cases the ground-state dipole moment m

Ž .saturates as shown in the first column in Fig. 5
because the acceptor and the donor only affect a
limited region of the molecule and their contribu-
tions to the dipole are additive. This is illustrated for
molecule I’b: The dipole moment of the donorr
acceptor molecule is equal to the sum of dipole
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Ž . Ž .Fig. 4. Variation of atomic charges q diagonal elements of the ground state density matrices left column and the bond-length alternationn
Ž . Ž .d l right column of the molecules shown in Fig. 2. The x-axes are labeled by the bridge carbon atoms. Atom 1 n corresponds to then
Ž .donor acceptor ends. The total electronic charge on the acceptor Q is equal to the sum of atomic charges q on the acceptor end.A n

moments of molecule with donor-only and with ac-
ceptor-only substitutions.

4. Size-scaling of off-resonant optical polarizabili-
ties

The chain-length dependence of the second order
polarizability b of the molecules shown in Fig. 1

were measured using the electric field induced sec-
Ž .ond harmonic generation EFISH technique which

Ž .gives mb 2v , where m'm is the ground stategg

dipole moment of the molecule and v is the external
Ž .field frequency. The static mb 0 values were then

obtained by extrapolating to zero frequency using the
w xtwo-level model 15,16,23,24 .

The calculated first, second, and third static opti-
cal polarizabilities of these molecules are presented

Fig. 3. Contour plots of the ground state density matrices r of the molecules shown in Fig. 2. The axes are labeled by the bridge carboni j
Ž . Ž .atoms. Atom 1 2n corresponds to the donor acceptor ends.
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Ž .Fig. 5. Size-scaling and saturation of the ground state dipole moment m'm left column and the frequency of the band-edge transition ofgg
Ž .molecules shown in Fig. 2. I’c has two strong low-frequency transitions V and V . The additivity of m shown for molecule I’b at large1 2

sizes reflects the independent effect of the donor and the acceptor. Note the same saturation value of band-edge energy for neutral chain and
Ž .molecules with weak, medium, and strong V substitution.2

in Fig. 6, and compared with experiment where
possible. The points are connected by lines to guide
the eye. The INDOrS ground state dipole moments
displayed in the left column in Fig. 6 compare well
with experiment. The dipole moments weakly vary
with size, and for Ic and IIb they already saturate at
;4–5 double bonds. The computed band edge fre-
quencies shown in the second column are in general
larger by 0.1–0.3 eV compared with experiment.

This difference may be attributed to solvent effects.
However the red shift in V as the chain length is
increased is predicted very well. The third column

Ž .displays calculated mb 0 along with experimental
Ž . Ž . w xmb 2v and two-level mb 0 values 15,16,23,24 .2

Ž . Ž .The calculated mb 0 and two-level static mb 0 2

compare well, and are smaller than the frequency-de-
Ž .pendent polarizability mb 2v by a factor 2–3.

These reflect the dispersion enhancement as well as
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Ž . ŽFig. 6. Size-scaling of calculated ground state dipole moment m'm first column , the band-edge transition frequency V secondgg
. Ž . Ž .column , off-resonant mb third column , and off-resonant a and g forth column polarizabilities of the small molecules displayed in Fig.

Ž . w x Ž .1 solid lines . Comparison is made with available experiments 15,16,23,24 dashed and dotted lines . The calculated and experimental
Ž . Žscaling exponents are given as well. Ic experimental data of mb 2v are given for the molecule with ferrocene donor dimethyl-

.aminophenyl compound data are not available . However because the acceptor is very strong and dominates the optical response, the data
compare well.

w xsolvent stabilization of the excited states 3,15 . The
calculated scaling exponents are somewhat smaller
than the two-level estimates. Finally, the first and the
third order static polarizabilities and their scaling
exponents are displayed in the right column. The
exponents decrease with increasing donorracceptor
strength, except for acceptor c, which has the largest
b .g

After examining small molecules, we next turn
the saturation to the bulk as the chain length is
increased. The band-gap frequencies Fig. 5, right
column are red-shifted with size and with increasing

the acceptor strength. They gradually saturate to the
2.0 eV infinite-chain limit. Two bands appear in the
linear spectrum of I’c. One exhibits scaling similar to
the gap of the neutral molecule, whereas the other is
red-shifted and saturates faster than the first. The
linear spectra of similar molecules were analyzed in

w xRef. 22 and the second band was attributed to the
localized electronic mode appearing only for a strong
acceptor. The size-scaling of the off-resonant polar-
izabilities arn, b and grn is depicted in Fig. 7, and
the scaling exponents b , b and b are displayed ina b g

Fig. 8. b and b reach the value 1 at large sizesa g
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Ž . Ž . Ž .Fig. 7. Scaling with size and saturation of the first left column , second middle column , and third right column order off-resonant
Ž X .polarizabilities of the molecules displayed in Fig. 2. The additivity of b shown for molecule I b at large sizes reflects the independent

effect of the donor and acceptor. arn, grn and b show similar saturation behavior.

showing that a and g become extensive properties
in the bulk limit. b , however, is very different andb

vanishes at large sizes. To trace the origin of this
markedly different behavior we examined the rele-
vant electronic modes. The frequencies V andn

dipole moments m of the electronic modes con-n

tributing to the first and to the second order off-reso-
nant density matrices induced by the external field
are displayed in Figs. 9 and 10 respectively. The

linear response is dominated by a single B 2 mode,u

except for I’c where a second mode shows up. A
single A mode dominates the second order responseg

Ž .in the neutral N molecule, whereas additional modes

2 Due to the lack of full s symmetry, all transitions ares

formally allowed, however the oscillator strengths for the A -likeg

transitions are much weaker.
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w x w xFig. 8. Variation of the scaling exponents b 'd ln x rd lnn , xsa ,g ,d with size for the curves shown in Fig. 7. For large sizes b andx a

b tend to 1 whereas b approaches 0. These reflect the saturation of arn,grn, and b.g b

appear and contribute strongly with increasing accep-
tor strength. Using the same format of the ground

Ž .state calculations Fig. 3 we display in Fig. 11 the
absolute magnitudes of the electronic modes j cor-n

responding to peak 1 which dominates the linear
response. These two-dimensional plots provide a
clear physical insight into the nature of optical exci-
tations. By displaying the matrices representing the
modes in the site representation we relate the optical
properties directly to motions of charges in the sys-
tem. Optical excitations create electron-hole pairs;

The ordinate and abscissa label electron and hole
respectively. The diagonal elements j reflect in-j j

duced charges on various atoms whereas the off-di-
agonal elements j show the probability amplitudei j

of finding an excess electron at the i’th atomic
orbital and a hole on the j’th atomic orbital. Fig. 12
shows the differences induced by the donor and the
acceptor with respect to the neutral molecule and the
additional mode 1’ appearing in I’c. Mode 1 is

Ž .delocalized over all the entire molecule bulk type
Žwhereas 1’ is localized i.e. only a small part of the
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Ž Ž . w x.Fig. 9. Transition dipole moments m Eq. D1 of Ref. 22 versus oscillator frequencies V of the molecules displayed in Fig. 2. Then n

modes of peak 1 are displayed as contour plots in Fig. 11.

.molecule participates in the optical excitation . These
calculations are repeated in the next two figures for
mode 2 which dominates the second order response.

Ž .Fig. 13 shows the modes similar to Fig. 11 whereas
Fig. 14 shows the differences between the substituted

Ž .and unsubstituted molecules similar to Fig. 12 .
We shall now summarize the effects of acceptor

Ž .strength: weak acceptor a slightly perturbs the elec-
tronic modes. Much stronger perturbation is created

Ž .by the donor; medium acceptor b significantly af-
Žfects the electronic modes. It perturbs mode 1 Bu

.type more strongly than the donor, whereas the

Ž .donor affects mode 2 A type more than the accep-g
Ž .tor; The strong acceptor c completely alters the

Ž .bulk 1 and 2 electronic modes in its vicinity and
leads to the appearance of new localized electronic

Ž .modes 1’ and 2’ . Strong electronic coherences are
extended from the acceptor to about 15–17 double

Ž .bonds of the bridge panel I of Figs. 12 and 14 .
The most striking result of our analysis is that in

all cases the donorracceptor influence is completely
screened by the p electrons and is confined to their

Žvicinities a finite 15–17 double bonds section of the
.bridge . This explains why b itself becomes size-in-
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Ž Ž . w x.Fig. 10. The effective dipole moments m that dominate the second order response Eq. D1 of 22 versus oscillator frequencies V of then n

molecules displayed in Fig. 2. The modes of peak 2 are displayed as contour plots in Fig. 12.

dependent with b s0: only the end segments of theb

molecule contribute to b whereas the middle part is
identical to that of neutral molecule and makes no
contribution. We can draw close analogy between
the size-scaling of the ground state dipole and the
second order polarizability by comparing Fig. 3 with
Figs. 12 and 14 and the first column of Fig. 5 with
the second column in Fig. 7. Only finite regions of
the ground state density matrix and the electronic
modes at the molecular ends are affected by the
donor and the acceptor. The ground state dipole
moment and b saturate when the molecule becomes

larger than the size of these regions. The
donorracceptor contributions to the second order

w xpolarizability are additive 20 , as illustrated in for
Ž .I’b Fig. 7 : For large chains, b of the donorraccep-

tor molecule is equal to the sum of b ’s of the
donor-only and acceptor-only substituted molecule
Žcompare with the behavior of the dipole moment of

.I’b in Fig. 5 . This scaling is markedly different from
that of a and g where the entire molecule con-
tributes and therefore the polarizability per unit
molecular length becomes the same for all molecules

Ž .in the infinite chain limit Fig. 7, I’b . The common
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ŽFig. 12. Contour plots of the difference matrices Djsj yj of the molecules displayed in Fig. 2. The bottom row shows 1’ peak seeDA N
.Fig. 9 . Plots show the bridge part of the matrix. Axes are labeled by the bridge carbon atoms with atom 1 on the donor side and atom 2n on

the acceptor side.

picture of electron transfer from donor to acceptor,
Ž .accompanied by a giant dipole and b is highly

misleading; instead, each end of the molecule acts as
a dipole.

Ž .Fig. 11. Contour plots of the electronic modes which dominate the linear response peak 1 in Fig. 9 of the molecules displayed in Fig. 2.
Axes are labeled by the bridge carbon atoms with atom 1 on the donor side and atom 2n on the acceptor side.
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Ž .Fig. 13. Same as Fig. 11 but for the second order optical response peak 2 in Fig. 10 .
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Ž .Fig. 14. Same as Fig. 12 but for the second order optical response. The bottom row shows peak 2’ see Fig. 10 .

The optical response of substituted molecules re-
flects a delicate interplay of donorracceptor and
chain length effects. For small molecular sizes the
scaling exponents presented in Fig. 8 decrease with
increasing donorracceptor strength. In the linear re-
sponse b starts at 1.8 in the neutral N molecule anda

decreases to 1.2 in II’b. b decreases from 4 to 2.8g

for the same molecules. The behavior b and b fora g

I’c is drastically different. b starts at the lowesta

Ž . 3value for the entire family 0.65 whereas b hasg

Ž .the largest value 4.2 . These trends can be attributed
to the localized modes 1’ and 2’. b does not changeb

Ž .significantly 1.25–1.75 for I’a, I’b, and II’b and

3 This value is probably underestimated due to significant size
Ž .of the acceptor structure see Fig. 2
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again the localized modes 1’ and 2’ lead to the
Ž .largest exponent 3.0 for I’c.

5. Discussion

The mechanism of saturation of b at large sizes
in the case of an intermediate and weak
donorracceptor strength considered here is different

w xfrom the strong donorracceptor studied earlier 22 .
For strong acceptors the contribution to b in enlon-
gated molecules comes from modes localized at the
acceptor end whose properties saturate at large sizes.
In the intermediate strength case the modes are

Ž .delocalized see Figs. 11 and 13 but effects of
charge transfer due to the presence of donor and

Žacceptor are localized at the ends see Figs. 12 and
.14 . This suggests two different pictures for the

saturation of b. To illustrate that, consider the two-
level expression commonly used to estimate the sec-

w xond order polarizability 3

m2
ge

bA m ym , 2Ž . Ž .ee gg 2Vge

where m and m are the ground and excited stategg ee

dipole moments, m is the transition dipole, andge

V is the transition frequency. For the strong accep-ge
Ž .tor all quantities in Eq. 2 : m , m , m , and Egg ee ge ge

Žsaturate i.e. become independent on size for large
.molecules . In the intermediate case E saturates,ge

m ;N 1r2 at large sizes since the excited states arege

delocalized, m and m both saturate but theirgg ee

difference m ym ;Ny1. This can be rationalizedgg ee

as follows: The difference m ym arises fromgg ee

charge transfer forming an excited state from the
ground state. As shown above charge transfer only
occurs at finite region at the end and since the state
itself is delocalized, we have a factor Ny1 for the
matrix element represented by m ym . This im-gg ee

plies that in the intermediate case the saturation of b

originates from a delicate cancelling of ;N terms.
This cancellation is reminiscent of the cancellation
of ;N 2 terms in g , leading to g;N scaling at

w xlarge sizes 54,55 .
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