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Polyacetylene oligomers:p-electron fluctuations, vibrational intensities, and soliton confinement
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We present a simple, internally consistent model for calculating ground-state properties of polyacetylene
~PA! oligomers. The model describesp electrons according to Hu¨ckel theory and accounts for electron-phonon
coupling with an exponential dependence of hopping integrals on the bond length. Careful tuning of model
parameters against the geometry and Raman frequencies of pristine PA allows the calculation of vibrational
frequencies and nonresonant Raman intensities of oligomers, as well as infrared active vibrational spectra of
solitons on short chains. The available experimental data are well reproduced by the proposed model. Both
infrared and nonresonant Raman intensities are found to scale superlinearly with the chain length. By relating
this behavior to the scaling of the optical gap, we gain insight on the coherence length ofp-electron motion in
PA. @S0163-1829~99!04635-4#
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I. INTRODUCTION

Conjugated polymers are an interesting playground
testing the robustness of theoretical models. Although co
gated polymers are characterized by similar C-C bonds, t
show a large variety of physical properties. The challenge
theorists is to devise interpretative models that account
different physical properties in terms of a consistent unify
scheme. Quantum chemistry models offer very accurate
scriptions of most molecular properties, butab initio ap-
proaches are too detailed to extract a simple physical pic
for conjugation. Transferringab initio tools to polymers is
not easy either, since accurate basis sets are restricte
rather short oligomers. On the other hand, the peculiar
interesting properties of conjugated polymers are gover
by p electrons. Semiempirical models are appealing in vi
of their simplicity and are widely used for ground and e
cited states of conjugated polymers.

In recent years much data have been collected on l
lying excitations of conjugated polymers, based essenti
on linear and nonlinear optical experiments.1 These data pu
into evidence the importance of Coulomb interactions, es
cially in excited states, and have been analyzed using
Pariser-Parr-Pople model.2 The problem of modelingp elec-
trons is considerably simpler if one concentrates only
ground-state~GS! properties. Hu¨ckel theory is generally ad
equate, without explicite-e interactions, provided that pa
rameters are carefully extracted from experiment. B
electron-phonon coupling is crucial for modeling GS prop
ties of conjugated polymers. The Su-Schrieffer-Hee
~SSH! model3 contains a linear dependence of the hopp
integral t(r ) on the bond distance. An exponentialt(r ) is
certainly preferable, as recognized in early studies of con
gated molecules.4

Ground-state properties include the equilibrium bo
lengths of polymers, oligomers, and of their defect sta
linear and nonlinear polarizabilities at low frequency, a
vibrational properties such as frequencies, infrared~IR!, and
PRB 600163-1829/99/60~11!/8129~9!/$15.00
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nonresonant Raman intensities. A Hu¨ckel approach top
electrons with electron-phonon (e-ph) coupling is expected
to be adequate for these properties when augmented w
model for the elastic energy due tos electrons. In our pre-
vious studies of PA vibrational spectra, we adopted a stric
empirical approach to the elastic energy. We distinguish
two contributions to the vibrational force field:5 a reference
contribution for the sum of the force fields due tos electrons
and thep-electron GS, and a contribution fromp-electron
fluctuations. Detailed Raman analysis of pristine PA and
its isotopically substituted analogs allowed us to obtain
reference force field for pristine PA.5,6 Moreover, our analy-
sis unambiguously led to the exponentialt(r ).7 It has been
extended to Raman spectra ofcis-PA,7 of PA oligomers,8

and, phenomenologically, to vibrational spectra of solit
defects intrans-PA.5

In this paper we present a more general model for
properties of PA and its oligomers, using a Hu¨ckel model
with an exponentialt(r ). This choice immediately implies
the functional form for effectives and reference force
fields.4 We extract the few model parameters from PA da
We have therefore an internally consistent model forp and
s electrons in PA chains. The model allows the calculat
of the backbone geometry of oligomers as well as solitons
chains of variable lengths, and of vibrational spectra of b
oligomers and solitons. Our results on vibrational freque
cies, IR, and nonresonant Raman intensities agree well
available experimental data, proving the reliability of th
proposed approach. The nonresonant Raman intensitie
PA oligomers or the IR intensities of solitons show a d
tinctly superlinear dependence on the chain length, prov
the intimate relation between vibrational properties a
p-electron fluctuations. The Raman and IR intensities sc
with different powers of the optical gap offering informatio
on the coherence length ofp-electron motion in PA. The
simple model reliably describes the physics underlying
peculiar vibrational properties of conjugated polymers, a
opens the way to understanding the subtle interplay of e
8129 ©1999 The American Physical Society
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FIG. 1. The geometry of PA
oligomers withN520, 40, 200;yi

is measured in Å.
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tronic and vibrational degrees of freedom in determing
macroscopic properties of conjugated materials.

II. GEOMETRY AND VIBRATIONS: FIXING THE
PARAMETERS AGAINST PRISTINE PA

The physics of conjugated polymers is dominated by
large coherence length ofp electrons as compared to th
local nature ofs electrons. The simplest general model forp
electrons is the Hu¨ckel Hamiltonian,

He52(
i ,s

t i~ci 11,s
† ci ,s1H.c.!522(

i
t i b̂i , ~1!

whereci ,s is the annihilation operator for an electron wi
spin s on thei th site,t i is the resonance integral for thei th
bond, andb̂i is the bond-order operator. In pristine PA, th
ground state is dimerized with alternating transfer integralts
and td for single and double bonds, respectively. The st
dard value for the meant, t052.5 eV, and the optical gap o
PA fixes the alternation parameterd5(td2ts)/(td1ts)
50.18.

The SSH model3 has lineart(r ), t i5t02ar i , with r i
measuring the deviation of thei th bond length from a hypo
thetical uniform chain. But exponentialt(r ) has long been
known to be more realistic.4 Whereas the essential physics
the e-ph coupling in conducting polymers follows from th
linear e-ph coupling, accurate analysis of vibrational spec
requires more refined models. The Raman spectra of pris
PA point to differenta values for single and double bonds7

ad56.4 eV/Å andas54.1 eV/Å. This result strongly sup
ports an exponential dependence:

t i5t0 exp~2gr i !. ~2!

In fact, the ratioas /ad50.64 agrees within 10% with the
ratio of the correspondingt ’s: ts /td50.69. Fort052.5 eV,
the empiricala value fix g52.1 Å21.

s electrons are not explicitly included in the Hu¨ckel
model, but originate a local vibrational potential. The to
energy of the chain is then the sum of ap-electron contri-
bution @as described by Eq.~1!# plus the vibrational potentia
of the s electrons. Consistently with the Hu¨ckel approxima-
tion, we describe the vibrations of a linear PA chain. T
generalization of the results to account for the actual zig
structure of PA is fairly natural and will be discussed in d
course. Following Longuet-Higgins and Salem’s clas
e
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paper,9 the vibrations of thes skeleton are modeled as a su
of independent bond oscillations:

Vs5(
i

f ~r i !. ~3!

The equilibrium condition is found by minimizing, for eac
bond, the total (s1p) energy:

f 8~r i !22bit i850, ~4!

where the prime indicates the derivative with respect tor i
evaluated at the equilibrium andbi is the ground-state expec
tation value of the Coulson bond order. By further differe
tiating the above equation and using the exponentialt(r )
dependence, we get

f 9~r i !5Ki
s522bi8t ig12g2t ibi . ~5!

bi can be easily calculated for any givenHel in Eq. ~1!,
whereas bi8 is more difficult. Following Coulson and
Longuet-Higgins,10 we setbi8 to a constant:22bi85A, with
A chosen to reproduce the bond-length alternation of pris
PA in our case.

By definition f 9(r i) is the harmonic force constant re
evant to the stretching coordinates of thei th bond (Ki

s), so
that, by describing thes potential in the~locally! harmonic
approximation, the totals1p energy is written as follows:

EG
s1p5

1

2 (
i

~Ki
sRi

222t ibi !5
1

2 (
i

$~Agt i12g2t ibi !

3@r i2~r i !eq#
222t ibi% , ~6!

whereRi , measuring the deviation of thei th bond from the
equilibrium length, is the standard stretching coordinate11

Minimization of the energy in Eq.~6! leads to an unphysica
collapse of the structure.12 Different constraints have bee
proposed to avoid collapse.12–15 We choose to fix the mean
t5t0 during the minimization steps, so that the energy sc
is kept constant. The equilibrium geometry is then found
self-consistently minimizing the total energy. Starting wi
trial bond lengths, we solve the electronic Hamiltonian a
calculate bond orders. They are inserted into Eq.~6! and are
kept constant during the energy minimization. The new eq
librium position is then used to restart the procedure. T
process is repeated until the relative variation in (r i)eq is less
than 0.1%.

In Fig. 1 we report the absolute value of the deviations
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PRB 60 8131POLYACETYLENE OLIGOMERS:p-ELECTRON . . .
the bond lengths from the uniform lattice,yi5(21)i(r i)eq,
as obtained for PA oligomers withN520, 40, and 200 sites
andA53.20 Å21. Finite-size effects are evident at the cha
ends, but a region of uniform dimerization, independent
the chain length, clearly develops in the middle. This reg
describes bulk PA, and we fix theA value as to regaind
50.18 there. The SSH model3 has constantyi in pristine PA:
single bonds lengthen with respect to the regular chain by
same amount as the double bonds shrink. We calculate
stead differentyi for single and double bonds, with doub
bonds shortening byy2n11;0.077 Å with respect to the
regular chain, and the single bonds lengthening byy2n
;0.094 Å. This difference originates from the nonlinear
introduced by an exponentialt(r ), with larger distortions at
single than at double bonds. The mean displacement of e
site is calculated as (y2n111y2n)/4;0.043 Å, in agreemen
with structural data.16

Vibrational spectra of conjugated polymers are con
niently analyzed using the Herzberg-Teller formalism, wh
is a perturbative expansion of the GS energy and wavefu
tion on vibrational coordinates.17 In this approach thep con-
tribution to the vibrational force constants (Ki

p) is naturally
separated in two terms:

Ki
p5^Gu

]2He

]Ri
2

uG&22(
F

^Gu
]He

]Ri
uF&^Fu

]He

]Ri
uG&

EF
p2EG

p
, ~7!

whereuG& and uF& are the ground and the excited states
He , andEG

p andEF
p are the corresponding energies. The fi

term above only involves the ground-statep-electron distri-
bution and adds toKi

s to define a reference force constan
Ki

0 . The second term accounts forp-electron fluctuations
and is responsible for the peculiar vibrational properties
conjugated polymers.5

The reference force fieldF0 can be extracted from vibra
tional data using standard techniques.11 For pristine PA,F0

has already been obtained, based on the butadiene force
and has been successfully applied to Raman frequencie5,6

The reference force field for the linear PA that we consi
in this paper minimally requires different force constants
stretching single and double C-C bonds,Ks

0536.25 eV/Å2

andKd
0550.625 eV/Å2, respectively, and an interaction b

tween adjacent stretches,K1251.67 eV/Å2.6 In either finite
chains or in the presence of a topological defect, sev
kinds of C-C bonds are found in general, rather than j
partial single and double bonds. One therefore needs a re
to associate a reference force constant to each C-C bond
p-electron contribution toF0 @the first term in the right-hand
side of Eq.~7!# is calculated from the Hamiltonian in Eq.~1!:

^Gu
]2He

]Ri
2

uG&522t i9bi . ~8!

This term exactly cancels the second term inKi
s in Eq. ~5!,

so that the reference force constant for the bond stretch t
out to be proportional to the corresponding hopping integ

Ki
05A* gt i . ~9!
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In principle, theA* parameter in the above equation shou
correspond to theA parameter adopted in the geometry o
timization. This choice, however, leads to unphysically sm
force constants. Therefore, we fixA* against the reference
force constants for C-C stretches, as previously extrac
from the analysis of the Raman spectra of pristine PA.6 In
particular, by comparing the experimental value of the me
force constant, (Kd

01Ks
0)/2;43.44 eV/Å2, with the meant

value, we getA* 58.30 Å21. TheA* value turns out more
than twice theA value adopted for the geometry optimiz
tion. It is quite common for semiempirical models that d
ferent parameter values have to be chosen in order to
different properties. In early approaches top-conjugated
systems,4 bond lengths and force constants have been m
eled with the sameA522b8, but this choice required an
effective t0 value less than half the spectroscopict.4 In our
approach instead we fixt0 to the spectroscopic valu
(;2.5 eV!, and adjust independentlyA andA* as to repro-
duce PA geometry and force constants: the discrepancy
tween A and A* parallels the well known discrepancy be
tween the spectroscopict and the t evaluated from
vibrational data.4

III. PA OLIGOMERS: THE ROLE OF p-ELECTRON
FLUCTUATIONS

For pristine PA chains the bond lengths calculated acco
ing to the preceding section fix the reference force field,F0.
The geometry also defines theG matrix ~the inverse of the
kinetic energy matrix!. The reference frequencies and norm
modes can be obtained by diagonalizing theGF0 matrix. By
Fourier-analyzing the reference normal modes into the wa
vector space, we assign each normal mode an effec
wave-vector (q), corresponding to its Fourier compone
with the largest amplitude.2,18 Of course, by increasing the
chain length, the normal modes become essentially puq
states. In order to avoid ambiguities with theq labeling, we
adopt the extended Brillouin-zone representation, as rele
to an undimerized PA chain.

The reference vibrational problem describes a hypoth
cal chain withp electrons frozen in their ground-state co
figuration. The spectroscopic anomalies of conjugated po
mers and oligomers are instead associated with the coup
of phonons to the largep-electron fluctuations. The tota
force field is written on the basis of the reference norm
coordinates (Qq

0) as the sum of the reference force fiel
which corresponds to the diagonal matrix of the squared
erence frequencies (vq

0), and the contribution from
p-electron fluctuations, as follows:

Fq,q85vq
0vq8

0 dq,q81DFq,q85vq
0vq8

0 dq,q8

1S ]2EG
p

]Qq
0]Qq8

0 D
lin

, ~10!

where the ‘‘lin’’ index in the derivative implies that it is
calculated by linearizingt(r ) around the equilibrium posi-
tion. This linearization, which is irrelevant in the SS
model, is needed to avoid double-counting second der
tives of t(r ) that are already contained in the reference fo
field.
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In the infinite chain, due to translational symmetry, on
the q5p mode is of interest for optical spectroscopy. Th
mode, the extended conjugation coordinate~ECC! by
Zerbi,19 describes the out-of-phase stretching of adjac
C-C bonds. It is a totally symmetric, Raman-active mo
Since in long chains the wave vector is a good quant
number, mixed derivatives in Eq.~10! involving Qp

0 vanish,
so that the squared vibrational frequency atq5p is simply
given by the diagonal element of the above force field:

vp
2 5~vp

0 !21DFpp . ~11!

For short chains this equality is not granteda priori.
Therefore, we go back to internal coordinates (Ri) and, fol-
lowing Coulson and Longuet-Higgins,10 we directly calcu-
late the contribution ofp-electron fluctuations to the vibra
tional force field as

DFi j 52
8

N

]t i

]Ri

]t j

]Rj
(
F

^Gubi uF&^Fubj uG&

EF
p2EG

p
. ~12!

The above matrix elements are easily calculated in term
the energies and coefficients of the Hu¨ckel molecular orbitals
MO.4 The electronic elements are thep-electron bond-bond
polarizability. The total force field in internal coordinates
simply the sum of the reference force field plus the abo
correction:F5F01DF. Diagonalization of theGF matrix
yields an independent estimate of vibrational frequencies
inserting this estimate ofvp in Eq. ~11!, we find that the
equality is satisfied within 1% even for butadiene (N54).
Therefore, although there is no symmetry requirement
short chains, theQp

0 mode is not appreciably mixed bye-ph
coupling to vibrational modes with different wave vectors

Due to the actual zigzag backbone of pristine PA, C-C
and C-C-H bendings mix with the ECC mode so that th
bands appear in Raman spectra.5,7 The same three modes a
easily recognized in oligomers:20,21 the highest and lowes
frequency bands,n1 andn3, respectively, observed at;1469
and 1079 cm21 in PA, shift to higher frequencies in oligo
mers, up to;1623 and 1188 cm21 for N56. The weak
band at ;1290 cm21 (n2) is practically unaffected by
chain length. In our previous phenomenological analysis,
showed that the Raman frequencies of PA oligomers are
reproduced by adopting the same reference force field as
pristine PA, and imposing that the coupling of the EC
mode top electrons is scaled by an amountx, with respect
to that relevant for pristine PA (x51).6,2 Since the reference
force field is based on butadiene, it already accounts
~small! p-electron fluctuations in this short polyene.22 There-
fore, the phenomenologicalx values, as extracted from th
Raman frequencies of PA oligomers, can be compared w
the theoretical relativex, defined by

x~N!5
~DFpp!N2~DFpp!N54

~DFpp!N53002~DFpp!N54
, ~13!

where theN5300 chain mimics pristine PA. The good qua
titative agreement between the calculated and experime
x, as reported in Fig. 2, upper panel, demonstrates the
ability of the proposed approach to calculate vibratio
properties of PA oligomers. We underline that similarx val-
ues have been reported in Refs. 2 and 22 for oligomers u
t
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14 sites in the Pariser-Parr-Pople model with an effect
alternationd50.07. As for electronic properties,2 vibrational
properties calculated in the Hu¨ckel and PPP approaches a
comparable, provided that in both cases the effective alte
tion is fixed so as to reproduce the experimental optical g

We can now understand why the phenomenological
proach to Raman spectra of PA oligomers works well.
fact, this approach implicitly relies on two assumptions: fi
of all, a single mode is strongly coupled top electrons irre-
spective of the chain length, and second, the reference
quencies do not depend onN. We already proved that the
first assumption is very well satisfied down to the short
chain. On the other hand, the difference between the re
ence frequencies calculated forN54 and N5300 is less
than 10%. Such uncertainties are acceptable in interpreta
models and are comparable to uncertainties in experime
evaluations ofx.

We turn next to theN dependence of the Raman intensit
It is known from experiments on several families of conj
gated polymers that nonresonant Raman intensities incr
superlinearly with the chain length.23,24The nonresonant Ra
man intensity can be calculated from the derivatives of
GS p-electron static first polarizability (a) on the vibra-
tional coordinates. The static polarizability is the second
rivative of the GS energy with respect to an applied elec
field, so that its definition is formally similar to the
p-electron contributions to the force field in Eq.~12!:

a52(
F

^Gum̂uF&^Fum̂uG&

EF
p2EG

p
, ~14!

FIG. 2. PA oligomers. Upper panel: the relativex vs 1/N;
circles and triangles refer to numerical results and to experime
data, respectively. Lower panel: the Raman intensity vs 1/N; circles
and triangles refer to numerical results and to experimental d
respectively; squares refer to the calculated 1/D4, scaled to the
value relevant toN5200. Lines are drawn to guide the eye.
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FIG. 3. The geometry of a soliton in PA chains withN521, 41, 201.yi is measured in Å.
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where m̂ is the dipole moment operator. For the infini
chain, only theq5p mode has appreciable intensity, but t
intensity of the same mode stays one order of magnit
larger than that of other modes even in short chains. In
2, lower panel, we report, as a function of the chain-leng
the Raman intensity calculated as

I Ram}
1

NS ]a

]QD 2

, ~15!

where we scale by the chain length in order to properly h
an intensive property of the material. In Fig. 2, calculat
intensities are compared with the available experimental
sults for PA oligomers.23 In the absence of data on long
chains, we scale in such a way that the calculated and
perimental intensities coincide forN;40. The experimenta
data are affected by fairly large uncertainties, but comp
favorably with the calculated intensities.

IV. SOLITONS IN FINITE CHAINS

The procedure in Sec. II for calculating the ground-st
bond lengths can be directly applied to chains bearing a s
ton defect. In fact, the soliton geometry describes the GS
a 2n11 chain, either the neutral radical or the singlet cat
or anion. Due to the electron-hole symmetry of the Hu¨ckel
Hamiltonian, the calculated bond lengths of neutral a
charged solitons are equivalent. In Fig. 3, we report res
for a soliton residing on chains with 201, 41, and 21 sit
For the sake of comparison, we also show the structure
standard SSH soliton.3 Since the soliton is a localized defec
extending approximately over 14 sites, there are no fin
size effects in long chains and the SSH soliton shape is
sentially regained, as shown in Fig. 3 forN5201. The main
deviation from the SSH shape is the larger distortions as
ciated with single bonds with respect to double bonds, du
exponentialt(r ). Of course this deviation, well evident i
regions of large alternation, is reduced at the soliton cen
where alternation reverses.

When the soliton is confined on short chains, end effe
unavoidably alter its geometry, as clearly seen in Fig. 3
N521. Our empirical model for the soliton geometry
based on simple physical considerations and its only
parameter~A! is fixed against the known bond lengths
pristine PA. The mean bond length is not relevant for o
model~the meant is in fact fixed from the outset!. We focus
e
g.
,

e
d
e-

x-

re
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to
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ts
r

e

r

on the deviation of each bond from the length correspond
to the regular chain@(r i)eq#. The calculated deviations ar
tiny in the middle of soliton defects.

Of course experimental data are not available, and res
from ab initio calculations are too dependent on the cho
of the basis set to allow for a sensible comparison.25–27 We
are not interested in bond lengthsper se, rather we use them
as the starting point for studying vibrational spectra. T
validation of our approach to soliton geometries will be i
directly offered by the comparison with vibrational data.

The equilibrium geometry calculated for the soliton cha
fixes the corresponding reference force field,F0, according to
Eq. ~9!. Diagonalization of theGF0 matrix yields the refer-
ence frequencies and normal modes. Let us first discuss
sults for a long chain (N5201). Although translational sym
metry is broken by the local defect, we still classify norm
modes in terms ofq, corresponding to the largest Fourie
component. For long chains it is useful to distinguish b
tween extended and local vibrations. The extension of e
normal reference mode (Qq

0) is approximately given by the
inverse of the participation number,pq5( j l q j

4 , wherel q j are
the coefficients of the vibrational eigenvectors, withj run-
ning on the sites. Similar to what happens for an S
soliton,18 a few local modes appear around a soliton defe
clustering in the regionsq;p/2 and q;p. Once more a
local mode at q5p corresponds to the damped EC
~DECC!. It describes the out-of-phase stretches of adjac
bonds, but with vanishing amplitude far from the solito
center.18

According to Eq.~10!, we calculate for each referenc
normal mode the contribution ofp-electron fluctuations to
the force field. Quite predictably, the extended modes ha
change in the presence of a soliton, but behave like
modes of pristine chains. In Fig. 4, we report the diago
elements of theDF matrix @see Eq.~11!#, scaled to the
DFpp value of the pristine chain. These data are similar
the p-electron susceptibilities that we reported for an SS
soliton.18 The qualitative difference is that two local mode
appear now atq;p, which are strongly coupled top elec-
tron fluctuations. The strongest coupling is again to
DECC. This IR active coordinate describes the soliton tra
lation and its coupling top-electrons is about twice that o
the extended mode atq5p. As we already found in the SSH
model,18 the IR intensity of DECC is about 4 orders of ma
nitude larger than that of other modes, so that DECC do
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nates the IR spectra of doped or photoexcited PA sampl
The second localized mode, not found in the SSH solit

is Raman active and its coupling top electrons is;1.2
times that of theq5p extended mode. Its nonresonant R
man intensity, calculated from the first derivative of the G
p-electron susceptibility, is larger than the intensity of t
extended mode atq5p. However, the soliton concentratio
in photoexcited or lightly doped (,0.5%) ~Ref. 16! samples
is too small to detect this mode against bulk contributio
Heavily doped PA is of course beyond the scope of
present treatment.

Our results for charged solitons on long chains resem
those obtained with the lineare-ph coupling and SSH
geometry.18 Having a more realistic model and a method
obtain soliton bond lengths in finite chains, we can expl
vibrational properties of solitons residing on short chains
particular, we can model vibrational spectra of inhomog
neous PA samples.28 By solving the reference vibrationa
problem for chains withN ranging from 5 to 301, we find a
DECC mode for all chain lengths characterized by a la
coupling top electrons. It has largex and IR intensity given
by the the square of the derivative of the GS dipole mome
mG , with respect to the DECC,

I IR}S ]mG

]Q D 2

. ~16!

The upper panel of Fig. 5 shows the relativex calculated
for odd chains in accordance with Eq.~13!. Once more we
verified the consistency, within a few percent, of the cal
lated x with the softening of the corresponding vibration
frequency as calculated by directly diagonalizing theGF ma-
trix. There are insufficient photoexcitation data on PA cha
of controlled length for direct comparison tox. We notice,
however, that the relativex as reported in the figure fo
infinite chains agrees extremely well with the value extrac
from the IRAV frequencies of photoexcited samples of pr
tine PA.5 In Fig. 5, lower panel, we report theN dependence
of the IR intensity, Eq.~16!. The huge intensity is clearly
related to the largep-electron fluctuations induced by th
nuclear displacements along the DECC coordinate, an
this view we can easily understand its large increase with
chain length.

Polymers are intrinsically disordered materials and
samples are characterized by a fairly wide distribution

FIG. 4. The relativex calculated for the reference norm
modes of a soliton chain withN5201, as a function of the wave
vector,q.
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chain lengths. The superlinear increase of the IR intensity
the DECC mode, associated with the early saturation of
x(N) curve, leads to asymmetric IRAV band shapes even
a symmetricchain-length distribution. A soliton on chain
ranging fromN55 to 201 is characterized byx increasing
from ;1 to ;2.3. From the empirical curves relating th
vibrational frequencies to the effectivex,5 we know that, for
this variation ofx, the frequency of the highest vibrationa
mode (n1) is only slightly redshifted, whereasn3 experi-
ences a huge redshift, from;1100 cm21 at x;1 for N
55 to ;500 cm21 at x52.3 for N5201. Correspondingly,
the weight of the DECC coordinate in the two modes vari
For short chains~low x), the DECC contributes mainly to
n1, whereas for longer chains~largex) its weight moves to
n3. The relative intensity of the two modes thus inverts b
tween short and long chains. The mode at intermediate
quency stays practically unaffected by thee-ph coupling. In
fact, at least for (CH)x , the contribution of the DECC to this
mode is very small, in agreement with its very small expe
mental intensity.19

We are now in the position to calculate IRAV spectra f
any distribution of chain lengths. The vibrational problem f
a soliton is fully defined by the complete reference for
field as introduced in Ref. 5, and by thex(N) reported in
Fig. 5, upper panel. The reference force field in fact fixes
reference frequencies of the coupled modes, whereas the
man frequencies of pristine PA fix the relative magnitude
the coupling constants.5 The relativex(N) then defines the
vibrational problem for the soliton chain. Diagonalizatio
gives, for eachN, three IRAV frequencies@vn(N)# and the
corresponding eigenvectors. By the way, the calculated
quencies are the same frequencies as reported as a fun
of x in Fig. 1 of Ref. 5. The eigenvectors of the vibration
problem give information on the relative intensities of t

FIG. 5. Soliton chains. Upper panel: the calculated relativex vs
1/N; the arrow marks the experimental value for long chains. Low
panel: calculated IR intensity~circles! and 1/D2 ~squares!. Lines are
drawn to guide the eye.
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IRAV bands. Since the DECC is orders of magnitude m
intense than other modes, we assign the three modes a
tive intensity proportional to the weight of the DEC
@cn

2(N)#. We obtain the IR spectrum of a soliton residing
a chain of lengthN as the sum of three Lorentzians wi
fixed intrinsic damping (G), as follows:

sN~v!5
I IR~N!

2p (
n

cn
2~N!G

@vn~N!2v#21~G/2!2
. ~17!

IRAV spectra of a disordered PA sample are then ea
calculated by summing over the abovesN(v), weighted by a
chosen distribution function,P(N). In Fig. 6, we report two
spectra calculated for different symmetricP(N) distributions
as described by a single gaussian centered atN0 and with a
standard deviationS: P(N)5 exp@2(N2N0)

2/2S2#/A2pS.
As is apparent from the figure, asymmetric IRAV bands c
be simulated in samples with symmetric chain-length dis
butions. The dashed line in Fig. 6 corresponds to the sp
trum obtained forN0525 andS510. This spectrum, with a
broad, asymmetric band centered at;600 cm21, and a less
intense and narrower band at;1360, simulates the IRAV
bands as measured by photoexciting a well ordered sam
like the stretched Durham PA.28 As a continuous line we
report the spectrum calculated for a distribution centered
much shorter chains,N0515, S55. By shortening the chain
length, the IRAV spectrum becomes considerably less
tense. Moreover, the lowest band broadens, and its ce
moves upwards by more than 100 cm21. At the same time,
the highest frequency band blueshifts to;1375, and ac-
quires intensity at the expense of the lowest band. The
havior described in Fig. 6 for bothn1 andn3 bands is quite
consistent with experimental photoexcitation data collec
on PA samples whose chain-length distribution is tuned
copolymerization.28 While the simulated IRAV spectra in
Fig. 6 do not prove symmetric chain-length distributions
actual PA samples, we underline that asymmetric distri
tions are neither needed nor demonstrated by asymm
IRAV bands.

V. DISCUSSION

In this paper, based on simple physical considerations
extend the Hu¨ckel model to account for thes skeleton in an

FIG. 6. Photoinduced IRAV spectrum calculated for a P
sample with a Gaussian distribution of chain lengths. Dashed li
the Gaussian is centered atN0525, with S510; continuous line:
the Gaussian is centered atN0515, with S55. In all calculations
the intrinsic damping of Lorentzian curves@Eq. ~17!# is set toG
550 cm21.
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internally consistent picture. The few model parameters
fixed against experiment. We calculate the chain geometr
PA oligomers and soliton chains. The confinement of
soliton on short chains alters the soliton shape, whereas
standard SSH shape is regained on long chains. We
investigate the vibrational properties of PA oligomers and
solitons residing on chains of variable length.

The extension of the Hu¨ckel approach to thes force field,
as originally suggested by Coulson and Longuet-Higgin10

has already been applied to PA chains29 as well as to conju-
gated polymers with nondegenerate GS.30 These works have
exponentialt as in Eq.~2! and C-C bond lengths related t
bond order as in Eq.~6!, although with slightly different
constraint to prevent chain collapse. The aims were to mo
backbone or conformational degrees of freedom in reson
Raman spectra and in electronic absorption and emis
spectra. We model insteadp-electron contributions to
ground-state properties in planar PA oligomers and focus
nonresonant Raman and IRAV intensities.

What is even more important, the empirical referen
force field for pristine and isotopically labeled PA is direct
based on accuratep-electronic shifts and vibrational fre
quencies in Ref. 2. As discussed in Sec. II, the differentA in
Eq. ~6! andA* in Eq. ~9! then follow from a thorough analy
sis of pristine PA properties. Previous studies29,30 adopt and
revise parameters that reflect various compromises unde
constraint A5A*. Polymers with nondegenerate groun
states are then accessible, at least approximately. By
trast, a reliable reference force field is a prequisite for o
approach and has yet to be constructed for polymers w
nondegenerate ground states. Their more complex backb
structure certainly makes the task more difficult and anot
parameter to describe the intrinsic gap is minimally need
The limitation to PA oligomers imposed by the need for
reference makes possible quantitative vibrational analysi

Our work primarily seeks to understand the physical o
gin of the peculiar vibrational properties ofp-conjugated
systems. The vibrational frequencies of PA segments
fully described by a single parameter,x, that measures the
p-electron susceptibility in response to the releva
coordinate2,6 either the ECC in oligomers, or the DECC i
soliton chains. This phenomenological picture is natura
understood in the approach proposed here. Thex values as
extracted from experiment compare quantitatively with t
model prediction.

We calculate nonresonant Raman intensities of ECC
oligomers and IRAV intensities of DECC in soliton chain
The superlinear increase of the IRAV intensity in solito
chains~see Fig. 5!, associated with the nonlinearN depen-
dence of the IRAV frequencies, leads to asymmetric IRA
bands even for simulated inhomogeneous PA samples w
symmetric distribution of chain lengths. Our simulations a
count well for the observed behavior of bothn1 and n3
bands.28 The calculated highly superlinear increase of t
nonresonant Raman intensity of PA oligomers agrees w
available experimental data on oligomers up to;40 sites.23

The N dependence of vibrational properties deserves
ther analysis. The geometrical distortion associated with
soliton defect extends over;14 sites. However, the physica
properties of the soliton depend on the length of the ch
where the soliton is embedded up to chain lengths well

s:
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yond 14 sites. Thex(N) curve in Fig. 5~upper panel! does
not saturates up to;60 sites, suggesting that a soliton on
infinite chain explores;60 sites: the geometrical length o
the defect is;14 sites, yet its coherence length, as sugges
by x, is about four times as large. Whereas this observa
is far from trivial, it can be easily rationalized in terms of th
well-known nonlocality ofp electrons. More difficult is the
different behavior of the infrared intensity that, as shown
Fig. 5, lower panel, is sensitive to the chain length up to o
100 sites, then suggesting an even larger coherence le
Even more impressive is the nonresonant Raman intensi
oligomers~Fig. 2, upper panel! that saturates at much longe
chain-lengths than either the correspondingx ~Fig. 2, lower
panel! or I IR . In fact, the data in Fig. 2 suggest that tru
saturation occurs atN.200. We can understand theN de-
pendence ofI Ram by noticing that the electronic polarizabi
ity @a in Eq. ~14!# is largely dominated by the optical 1Bu
excitation, so that it is roughly proportional to 1/D, D being
the optical gap. The optical gap decreases with the ch
length following a relationD;4td1B/N, with B only
slightly depending ond.31 Since the ECC coordinate modu
lates the alternation, we end up withI Ram;1/D4. The pro-
posed scaling ofI Ramwith the optical gap is confirmed by th
direct comparison with 1/D4, as shown in Fig. 2, and easil
explains the differentN dependence of the different physic
properties. In fact, the optical gap is expected to satu
whenB/N→0, whereasI Ram saturates when 4B/N→0, and
therefore at chain lengths about four times longer than
optical gap. As it has already been recognized for nonlin
optical~NLO! properties,32,33for a given coherence length o
the electronic motion, as measured for instance by the len
whereD becomes independent ofN, one will observe differ-
ent saturation lengths for different quantities. In this resp
the IR intensity of soliton chains apparently measures a n
linearity of lower order than the Raman intensity, and,
fact, as shown in Fig. 5, lower panel, it approximately sca
as 1/D2.

The relation between vibrational intensities and NLO
sponses is not unexpected: IR absorption is the imagin
part of the linear polarizability (x (1)) at vibrational frequen-
cies, whereas the nonresonant Raman process is a con
in

s

ys

t.
d
n

r
th.
of

in

te

e
ar

th

ct
n-

s

-
ry

bu-

tion to the imaginary part of the second hyperpolarizabil
(x (3)). In a different spirit, the IR intensity in soliton chain
scales as the leading term in the perturbative expansio
the vibrational contribution to the staticx (1), whereas the
nonresonant Raman intensity of pristine PA gives the lead
vibrational contribution to the staticx (3).34 IR and nonreso-
nant Raman intensities are true ground-state prope
whose calculation does not require excited-state prope
such as transition energies or dipoles. TheN dependence of
vibrational intensities thus offers opportunities to follow th
evolution of ~low-frequency! nonlinear responses from con
jugated molecules to polymers. The corresponding evolu
of NLO coefficients is an active current research area.1,35,36

The widths of NLO spectra and poorly characterized exci
states hamper accurateN dependencies.

p-conjugated systems are intrinsically nonlinear, as de
onstrated by the nonadditivity of their ground-state prop
ties. p-electron fluctuations extending over large polym
portions are responsible for this nonlinearity. Understand
the physical behavior of these systems is difficult: the beh
ior of short segments does not imply any obvious inform
tion about longer chains and, at the same time, their
sponses to a given order need not give information ab
higher orders. Interpretative models that rationalize exp
mental data or detailed quantum-chemical calculations
therefore extremely useful. We have presented a simple
reliable model, which accounts in a consistent framework
p-electron fluctuations and for the force field originated
the s skeleton. This model is a good starting point to inve
tigate the subtle interplay between electronic and nuclear
grees of freedom that governs the physics of conjuga
polymers.
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