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Polyacetylene oligomers:r-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 describaselectrons according to kel 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 lengtdleftron motion in
PA.[S0163-18209)04635-4

I. INTRODUCTION nonresonant Raman intensities. A d#el approach tor
electrons with electron-phonore{ph) coupling is expected
Conjugated polymers are an interesting playground foto be adequate for these properties when augmented with a
testing the robustness of theoretical models. Although conjumodel for the elastic energy due toelectrons. In our pre-
gated polymers are characterized by similar C-C bonds, theyious studies of PA vibrational spectra, we adopted a strictly
show a large variety of physical properties. The challenge foempirical approach to the elastic energy. We distinguished
theorists is to devise interpretative models that account foiwo contributions to the vibrational force fietda reference
different physical properties in terms of a consistent unifyingcontribution for the sum of the force fields duedaelectrons
scheme. Quantum chemistry models offer very accurate dexnd thew-electron GS, and a contribution from-electron
scriptions of most molecular properties, baib initio ap-  fluctuations. Detailed Raman analysis of pristine PA and of
proaches are too detailed to extract a simple physical picturigs isotopically substituted analogs allowed us to obtain the
for conjugation. Transferringb initio tools to polymers is reference force field for pristine P28 Moreover, our analy-
not easy either, since accurate basis sets are restricted st unambiguously led to the exponentiét).” It has been
rather short oligomers. On the other hand, the peculiar anextended to Raman spectra a&-PA,” of PA oligomers’
interesting properties of conjugated polymers are governednd, phenomenologically, to vibrational spectra of soliton
by 7 electrons. Semiempirical models are appealing in viendefects intransPA>
of their simplicity and are widely used for ground and ex- In this paper we present a more general model for GS
cited states of conjugated polymers. properties of PA and its oligomers, using a diel model
In recent years much data have been collected on lowwith an exponentiat(r). This choice immediately implies
lying excitations of conjugated polymers, based essentiallghe functional form for effectivec and reference force
on linear and nonlinear optical experimehfshese data put fields? We extract the few model parameters from PA data.
into evidence the importance of Coulomb interactions, espeWe have therefore an internally consistent model+foand
cially in excited states, and have been analyzed using the electrons in PA chains. The model allows the calculation
Pariser-Parr-Pople modelThe problem of modelingr elec-  of the backbone geometry of oligomers as well as solitons on
trons is considerably simpler if one concentrates only orchains of variable lengths, and of vibrational spectra of both
ground-stat€GS) properties. Huakel theory is generally ad- oligomers and solitons. Our results on vibrational frequen-
equate, without explicie-e interactions, provided that pa- cies, IR, and nonresonant Raman intensities agree well with
rameters are carefully extracted from experiment. Butavailable experimental data, proving the reliability of the
electron-phonon coupling is crucial for modeling GS proper-proposed approach. The nonresonant Raman intensities of
ties of conjugated polymers. The Su-Schrieffer-HeegePA oligomers or the IR intensities of solitons show a dis-
(SSH modef contains a linear dependence of the hoppingtinctly superlinear dependence on the chain length, proving
integral t(r) on the bond distance. An exponenttgl) is  the intimate relation between vibrational properties and
certainly preferable, as recognized in early studies of conjusr-electron fluctuations. The Raman and IR intensities scale
gated molecules$. with different powers of the optical gap offering information
Ground-state properties include the equilibrium bondon the coherence length ef-electron motion in PA. The
lengths of polymers, oligomers, and of their defect statessimple model reliably describes the physics underlying the
linear and nonlinear polarizabilities at low frequency, andpeculiar vibrational properties of conjugated polymers, and
vibrational properties such as frequencies, infrail®], and  opens the way to understanding the subtle interplay of elec-
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FIG. 1. The geometry of PA
oligomers withN= 20, 40, 200y;
is measured in A.
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tronic and vibrational degrees of freedom in determing thepaper® the vibrations of ther skeleton are modeled as a sum

macroscopic properties of conjugated materials.

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

of independent bond oscillations:

V":Z f(ry). 3

The physics of conjugated polymers is dominated by thel he equilibrium condition is found by minimizing, for each

large coherence length af electrons as compared to the
local nature ofr electrons. The simplest general model for
electrons is the Hekel Hamiltonian,

He:—z ti(CL_l’o_Ci’o."FH.C.):—ZZ tiBii (1)

o |
wherec; , is the annihilation operator for an electron with
spin o on theith site,t; is the resonance integral for thth

bond, andb; is the bond-order operator. In pristine PA, the
ground state is dimerized with alternating transfer integrals

bond, the total ¢+ 7) energy:

f'(r))—2bit{ =0, 4

where the prime indicates the derivative with respect;to
evaluated at the equilibrium ar is the ground-state expec-
tation value of the Coulson bond order. By further differen-
tiating the above equation and using the exponerifig)
dependence, we get

f”(ri):Kio—:_Zbi,ti’y+2’}/2tibi. (5)

b; can be easily calculated for any give# in Eq. (1),

andty for single and double bonds, respectively. The stanwhereas b/ is more difficult. Following Coulson and

dard value for the meant®=2.5 eV, and the optical gap of
PA fixes the alternation parametef= (tq—ts)/(ty+ts)
=0.18.

The SSH modél has lineart(r), t;=t°—ar;, with r,
measuring the deviation of thiéh bond length from a hypo-
thetical uniform chain. But exponenti&{r) has long been
known to be more realistitWhereas the essential physics of
the e-ph coupling in conducting polymers follows from the

linear e-ph coupling, accurate analysis of vibrational spectra .
. - . . agT T
requires more refined models. The Raman spectra of pristine Eg

PA point to differenta values for single and double bonfs:
aq=6.4 eV/A anda,=4.1 eV/A. This result strongly sup-
ports an exponential dependence:
ti=toexq—yri). (2)
In fact, the ratioag/ay=0.64 agrees within 10% with the
ratio of the correspondings: ts/ty=0.69. Fort®=2.5 eV,

Longuet-Higgins:® we seth/ to a constant—2b/ = A, with
A chosen to reproduce the bond-length alternation of pristine
PA in our case.

By definition f”(r;) is the harmonic force constant rel-
evant to the stretching coordinates of ittle bond K{"), so
that, by describing ther potential in the(locally) harmonic
approximation, the totab-+ 7 energy is written as follows:

1 1
> Z (KiURiZ_Ztibi)ZE Z {(Ayti+292tb;)

X[ri—(r)eql®—2tibi}, (6)

whereR;, measuring the deviation of thi¢h bond from the

equilibrium length, is the standard stretching coordirfate.
Minimization of the energy in Eq6) leads to an unphysical
collapse of the structur&. Different constraints have been
proposed to avoid collapsé-1®* We choose to fix the mean

the empiricale value fix y=2.1 A™1. t=1t° during the minimization steps, so that the energy scale
o electrons are not explicitly included in the tkel s kept constant. The equilibrium geometry is then found by

model, but originate a local vibrational potential. The totalself-consistently minimizing the total energy. Starting with

energy of the chain is then the sum ofraelectron contri-  trial bond lengths, we solve the electronic Hamiltonian and

bution[as described by Eq1)] plus the vibrational potential calculate bond orders. They are inserted into @Bgand are

of the o electrons. Consistently with the ldkel approxima-  kept constant during the energy minimization. The new equi-

tion, we describe the vibrations of a linear PA chain. Thelibrium position is then used to restart the procedure. The

generalization of the results to account for the actual zigzagrocess is repeated until the relative variationri) & is less

structure of PA is fairly natural and will be discussed in duethan 0.1%.

course. Following Longuet-Higgins and Salem’s classic In Fig. 1 we report the absolute value of the deviations of
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the bond lengths from the uniform Iattic&l,=(—1)i(ri)eq, In principle, theA* parameter in the above equation should
as obtained for PA oligomers witk= 20, 40, and 200 sites, correspond to thé\ parameter adopted in the geometry op-
andA=3.20 A1 Finite-size effects are evident at the chain timization. This choice, however, leads to unphysically small
ends, but a region of uniform dimerization, independent offorce constants. Therefore, we " against the reference
the chain length, clearly develops in the middle. This regiorforce constants for C-C stretches, as previously extracted
describes bulk PA, and we fix th& value as to regairs  from the analysis of the Raman spectra of pristine®AA.
=0.18 there. The SSH moddias constany; in pristine PA:  particular, by comparing the experimental value of the mean
single bonds lengthen with respect to the regular chain by théorce constant, K3+ K2)/2~43.44 eV/&, with the meart
same amount as the double bonds shrink. We calculate invalue, we gea* =8.30 A1, The A* value turns out more
stead differenty; for single and double bonds, with double than twice theA value adopted for the geometry optimiza-
bonds shortening by,,.1~0.077 A with respect to the tion. It is quite common for semiempirical models that dif-
regular chain, and the single bonds lengthening ygy  ferent parameter values have to be chosen in order to fit
~0.094 A. This difference originates from the nonlinearity different properties. In early approaches toconjugated
introduced by an exponenti#{r), with larger distortions at ~Systems, bond lengths and force constants have been mod-
single than at double bonds. The mean displacement of eagtied with the samé\=—2b’, but this choice required an
site is calculated asyg, 1+ Yon)/4~0.043 A, in agreement effectivet® value less than half the spectroscopfcin our
with structural dat&® approach instead we fix° to the spectroscopic value
Vibrational spectra of conjugated polymers are conve{~2.5 eV), and adjust independenty and A* as to repro-
niently analyzed using the Herzberg-Teller formalism, whichduce PA geometry and force constants: the discrepancy be-
is a perturbative expansion of the GS energy and wavefundWeenA and A* parallels the well known discrepancy be-
tion on vibrational coordinate¥.In this approach ther con-  tween the spectroscopi¢ and the t evaluated from
tribution to the vibrational force constant&() is naturally ~ Vibrational datd.

separated in two terms:
Ill. PA OLIGOMERS: THE ROLE OF a-ELECTRON

IHe IHe FLUCTUATIONS
FY(F G
7*He IR; IF)F IR G For pristine PA chains the bond lengths calculated accord-

IR? |G>_2; EZ-EZ () ing to the preceding section fix the reference force fiefd,
The geometry also defines tl@& matrix (the inverse of the
where|G) and|F) are the ground and the excited states ofkinetic energy matrix The reference frequencies and normal
H., andEZ andE{ are the corresponding energies. The firstmodes can be obtained by diagonalizing @€° matrix. By
term above only involves the ground-stateelectron distri- Fourier-analyzing the reference normal modes into the wave-
bution and adds t&? to define a reference force constant, Vector space, we assign each normal mode an effective
K°. The second term accounts far-electron fluctuations Wave-vector §), corresponding to its Fourier component

. . 18 . .
and is responsible for the peculiar vibrational properties ofVith the largest amplitud&:® Of course, by increasing the
conjugated polymers. chain length, the normal modes become essentially pure

The reference force fielB° can be extracted from vibra- States. In order to avoid ambiguities with thdabeling, we
tional data using standard techniqd&&or pristine PA,F° adopt the extended Brillouin-zone representation, as relevant
has already been obtained, based on the butadiene force fiefd, &N undimerized PA chain. _ _
and has been successfully applied to Raman frequeh€ies. The reference vibrational problem describes a hypotheti-

The reference force field for the linear PA that we considei@l chain witha electrons frozen in their ground-state con-
in this paper minimally requires different force constants forliguration. The spectroscopic anomalies of conjugated poly-

stretching single and double C-C bond=36.25 eV/R mers and oligomers are instead associated with the coupling

andK=50.625 eV/&, respectively, and an interaction be- of phonons to the larger-electron fluctuations. The total
tween adjacent stretche,,=1.67 eV/&.5 In either finite force field is written on the basis of the reference normal

chains or in the presence of a topological defect, Sever(,ﬁoc.)rdmates Q) as the sum of the reference force field,
kinds of C-C bonds are found in general, rather than jusY"h'Ch corresponds to the diagonal matrix of the squared ref-

partial single and double bonds. One therefore needs a recifé€nce frequencies «f), and t.he contribution  from
to associate a reference force constant to each C-C bond. TRgelectron fluctuations, as follows:
mr-electron contribution t&° [the first term in the right-hand

(Gl

K'=(G]

_ 00 _ 00
Dy g =0q0y 0qq T AP, =00, g

side of Eq.(7)] is calculated from the Hamiltonian in E€L): a™q a%q’
P?EZ
G He G)=-2t'b 8 +< 0 Go) , (10
(G| (9Ri2 |G)= i 0j. (8) qu&Qq, in

) o where the “lin” index in the derivative implies that it is
This term exactly cancels the second temKifiin EQ.(5),  cajculated by linearizing(r) around the equilibrium posi-
so that the reference force constant for the bond stretch turig)n  This linearization. which is irrelevant in the SSH

out to be proportional to the corresponding hopping integralinogel, is needed to avoid double-counting second deriva-

0 s tives oft(r) that are already contained in the reference force
KO=A* yt;. ©  field.
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In the infinite chain, due to translational symmetry, only 1.0
the q=7 mode is of interest for optical spectroscopy. This
mode, the extended conjugation coordina&CC) by X' N
A
A

Zerbi!® describes the out-of-phase stretching of adjacent
C-C bonds. It is a totally symmetric, Raman-active mode. a
Since in long chains the wave vector is a good quantum 0.5 - A
number, mixed derivatives in E¢L0) involving Q?, vanish,
so that the squared vibrational frequencygat 7 is simply
given by the diagonal element of the above force field:

02=(02)2+AD . (11) 10
For short chains this equality is not grantedpriori. Tram
Therefore, we go back to internal coordinat&s)(and, fol-
lowing Coulson and Longuet-Higgirt8,we directly calcu- 0.5 L
late the contribution ofr-electron fluctuations to the vibra- R
tional force field as A
sy B0 g GRIPEDS) R
PO E EF—Eg 0.00 0.25
A v &
The above matrix elements are easily calculated in terms of 1/

the energies and coefficients of thed#el molecular orbitals FIG. 2. PA oligomers. Upper panel: the relatije vs 1N:
. ( . 2. . : :
MO." The electronic elements are theelectron bond-bond  cjrcles and triangles refer to numerical results and to experimental

polarizability. The total force field in internal coordinates is gata, respectively. Lower panel: the Raman intensity ¥ tircles
simply the sumoof the reference force field plus the aboveind triangles refer to numerical results and to experimental data,
correction: F=F-+ AF. Diagonalization of theGF matrix  respectively; squares refer to the calculated*l/scaled to the

yields an independent estimate of vibrational frequencies. Byalue relevant td\=200. Lines are drawn to guide the eye.
inserting this estimate ob, in Eq. (11), we find that the
equality is satisfied within 1% even for butadierid<4). 14 sites in the Pariser-Parr-Pople model with an effective

Therefore, although there is no symmetry requirement for L : o
short chains, th@° mode is not appreciably mixed teph alternations=0.07. As for electronic properti€syibrational

coupling to vibrational modes with different wave vectors. properties calculated in the ldkel and PPP approaches are

Due to the actual zigzag backbone of pristine PA c.c.ccomparable, provided that in both cases the effective alterna-

and C-C-H bendings mix with the ECC mode so that threetion is fixed so as to reproduce the experimental optigal gap.
bands appear in Raman specaThe same three modes are W€ €an now understand why the phenomenological ap-
easily recognized in oligomefé2! the highest and lowest Proach to Raman spectra of PA oligomers works well. In
frequency bands;, andva, respectively, observed at1469 fact, this approach |m_pI|C|tIy relies on two assumptlops: first
and 1079 cm’ in PA, shift to higher frequencies in oligo- Of @ll, @ single mode is strongly coupled toelectrons irre-
mers, up to~1623 and 1188 cmt for N=6. The weak SPective of the chain length, and second, the reference fre-
band at~1290 cm! (,) is practically unaffected by duencies do not _depend v We_ qlready proved that the
chain length. In our previous phenomenological analysis, wdirst assumption is very well satisfied down to the shortest
showed that the Raman frequencies of PA oligomers are wefih@in. On the other hand, the difference between the refer-

reproduced by adopting the same reference force field as f&1ce frequencies calculated for=4 and N=300 is less
pristine PA, and imposing that the coupling of the ECccthan 10%. Such uncertainties are acceptable in interpretative

mode tow electrons is scaled by an amouptwith respect models and are comparable to uncertainties in experimental
to that relevant for pristine PAy=1) 2 Since the reference €valuations of. _ _
force field is based on butadiene, it already accounts for We turn next to the\ dependence of the Raman intensity.

(smal) 7-electron fluctuations in this short polyeffeThere- It iS known from experiments on several families of conju-
fore, the phenomenological values, as extracted from the 9ated polymers that nonresonant Raman intensities increase

Raman frequencies of PA oligomers, can be compared witUPerlinearly with the chain lengffi** The nonresonant Ra-

the theoretical relative, defined by man intensity can be calculated from the derivatives of the
GS m-electron static first polarizability ) on the vibra-

(AD, In—(AD . In=4 tional coordinates. The static polarizability is the second de-

x(N)= (AD_In—s0— (AP, Ina’ (13 rivative of the GS energy with respect to an applied electric

field, so that its definition is formally similar to the
where theN =300 chain mimics pristine PA. The good quan- 7r-electron contributions to the force field in EG.2):
titative agreement between the calculated and experimental
X, as reported in Fig. 2, upper panel, demonstrates the reli-
ability of the proposed approach to calculate vibrational <G|,ZL|F><F|[L|G)
properties of PA oligomers. We underline that simjlaval- a=2,
ues have been reported in Refs. 2 and 22 for oligomers up to F EF—Eg

: (14)
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FIG. 3. The geometry of a soliton in PA chains with=21, 41, 201y, is measured in A.

where ,ZL is the d|p0|e moment Operator_ For the infinite ON the deviation of each bond from the |ength Corresponding

chain, only theg= 7 mode has appreciable intensity, but the to the regular chairi(r;)e]. The calculated deviations are

intensity of the same mode stays one order of magnitudény in the middle of soliton defects.

larger than that of other modes even in short chains. In Fig. Of course experimental data are not available, and results

2, lower panel, we report, as a function of the chain-lengthfrom ab initio calculations are too dependent on the choice

the Raman intensity calculated as of the basis set to allow for a sensible compari$or! We

are not interested in bond lengthsr se rather we use them

1(‘7“ (15) as the starting point for studying vibrational spectra. The
' validation of our approach to soliton geometries will be in-

IRamoc N %
. . directly offered by the comparison with vibrational data.
where we scale by the chain length in order to properly have The equilibrium geometry calculated for the soliton chain

an intensive property of the material. In Fig. 2, calculated

intensities are compared with the available experimental ref_|xes the corresponding reference force fiélfl,according to

. . . 0 . B
sults for PA oligomer$? In the absence of data on longer Eq. (9). Diagonalization of th&sF" matrix yields the refer-

chains, we scale in such a way that the calculated and egnce frequencies and normal modes. Let us first discuss re-
perimental intensities coincide fd&d~40. The experimental sults f(.)r a long chainlj=201). Although tra}nslatlopal sym-
etry is broken by the local defect, we still classify normal

modes in terms of}, corresponding to the largest Fourier
component. For long chains it is useful to distinguish be-
tween extended and local vibrations. The extension of each
normal reference modeQG) is approximately given by the
The procedure in Sec. Il for calculating the ground-staténverse of the participation number,=3;l7;, wherel ;; are
bond lengths can be directly applied to chains bearing a solithe coefficients of the vibrational eigenvectors, wjthun-
ton defect. In fact, the soliton geometry describes the GS ofiing on the sites. Similar to what happens for an SSH
a 2n+1 chain, either the neutral radical or the singlet cationsoliton;® a few local modes appear around a soliton defect,
or anion. Due to the electron-hole symmetry of theckiel  clustering in the regiong|~ /2 and g~ . Once more a
Hamiltonian, the calculated bond lengths of neutral andocal mode atq=m corresponds to the damped ECC
charged solitons are equivalent. In Fig. 3, we report result$DECC). It describes the out-of-phase stretches of adjacent
for a soliton residing on chains with 201, 41, and 21 siteshonds, but with vanishing amplitude far from the soliton
For the sake of comparison, we also show the structure of genter'®
standard SSH solitohSince the soliton is a localized defect,  According to Eq.(10), we calculate for each reference
extending approximately over 14 sites, there are no finitehormal mode the contribution of-electron fluctuations to
size effects in long chains and the SSH soliton shape is eshe force field. Quite predictably, the extended modes hardly
sentially regained, as shown in Fig. 3 fd,=201. The main change in the presence of a soliton, but behave like the
deviation from the SSH shape is the larger distortions assanodes of pristine chains. In Fig. 4, we report the diagonal
ciated with single bonds with respect to double bonds, due telements of theAd matrix [see Eq.(11)], scaled to the
exponentialt(r). Of course this deviation, well evident in Ad __ value of the pristine chain. These data are similar to
regions of large alternation, is reduced at the soliton centethe m-electron susceptibilities that we reported for an SSH
where alternation reverses. soliton*® The qualitative difference is that two local modes
When the soliton is confined on short chains, end effectappear now at|~ 7, which are strongly coupled te elec-
unavoidably alter its geometry, as clearly seen in Fig. 3 fortron fluctuations. The strongest coupling is again to the
N=21. Our empirical model for the soliton geometry is DECC. This IR active coordinate describes the soliton trans-
based on simple physical considerations and its only fredation and its coupling tar-electrons is about twice that of
parameter(A) is fixed against the known bond lengths of the extended mode gt= 7. As we already found in the SSH
pristine PA. The mean bond length is not relevant for ourmodel*® the IR intensity of DECC is about 4 orders of mag-
model(the meart is in fact fixed from the outsgtWe focus nitude larger than that of other modes, so that DECC domi-

2

favorably with the calculated intensities.

IV. SOLITONS IN FINITE CHAINS
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FIG. 4. The relativey calculated for the reference normal
modes of a soliton chain withl=201, as a function of the wave 0.8
vector, g. T
nates the IR spectra of doped or photoexcited PA samples. . AF~?
The second localized mode, not found in the SSH soliton, L e
is Raman active and its coupling t® electrons is~1.2 00 R——

times that of theq= 7 extended mode. Its nonresonant Ra-
man intensity, calculated from the first derivative of the GS

0.20

1/N

m-electron susceptibility, is larger than the intensity of the

extended mode aj= . However, the soliton concentration 1/N; the arrow marks the experimental value for long chains. Lower

@n photoexcited or Iightly.doped<(0.5%) (Ref. 16 Sa”.‘p'e.s panel: calculated IR intensitgircles and 1A? (squares Lines are
is too small to detect this mode against bulk contributionsy.awun to guide the eye.

Heavily doped PA is of course beyond the scope of the
present treatment. . . ) ) )

Our results for charged solitons on long chains resembl&hain lengths. The supe_rlmear increase of the IR intensity of
those obtained with the lineae-ph coupling and SSH the DECC mode, associated Wlth the early saturation of the
geometry'® Having a more realistic model and a method to X(N) curve, leads to asymmetric IRAV band shapes even for
obtain soliton bond lengths in finite chains, we can explore? Symmetricchain-length distribution. A soliton on chains
vibrational properties of solitons residing on short chains. If@nging fromN=5 to 201 is characterized by increasing
particular, we can model vibrational spectra of inhomoge{ffom ~1 to ~2.3. From the empirical curves relating the
neous PA sampl&$. By solving the reference vibrational vibrational frequencies to the effectiye® we know that, for
problem for chains wittN ranging from 5 to 301, we find a this variation ofy, the frequency of the highest vibrational
DECC mode for all chain lengths characterized by a largenode (v1) is only slightly redshifted, whereas; experi-
coupling tor electrons. It has largg and IR intensity given ences a huge redshift, from 1100 cm* at y~1 for N

by the the square of the derivative of the GS dipole moment=5 to ~500 cm * at y=2.3 forN=201. Correspondingly,
W, With respect to the DECC, the weight of the DECC coordinate in the two modes varies.

For short chainglow yx), the DECC contributes mainly to

| (aMG v1, whereas for longer chair(farge y) its weight moves to
R*| —A
dQ

v3. The relative intensity of the two modes thus inverts be-
tween short and long chains. The mode at intermediate fre-

The upper panel of Fig. 5 shows the relatjyealculated
for odd chains in accordance with E@.3). Once more we

quency stays practically unaffected by teg@h coupling. In
fact, at least for (CH), the contribution of the DECC to this
verified the consistency, within a few percent, of the calcusmode is very small, in agreement with its very small experi-
lated y with the softening of the corresponding vibrational mental intensity"®
frequency as calculated by directly diagonalizing &fe ma- We are now in the position to calculate IRAV spectra for
trix. There are insufficient photoexcitation data on PA chainsany distribution of chain lengths. The vibrational problem for
of controlled length for direct comparison @ We notice, a soliton is fully defined by the complete reference force
however, that the relativey as reported in the figure for field as introduced in Ref. 5, and by th&N) reported in
infinite chains agrees extremely well with the value extractedrig. 5, upper panel. The reference force field in fact fixes the
from the IRAV frequencies of photoexcited samples of pris-reference frequencies of the coupled modes, whereas the Ra-
tine PA® In Fig. 5, lower panel, we report tHé¢ dependence man frequencies of pristine PA fix the relative magnitude of
of the IR intensity, Eq(16). The huge intensity is clearly the coupling constanfsThe relativey(N) then defines the
related to the larger-electron fluctuations induced by the vibrational problem for the soliton chain. Diagonalization
nuclear displacements along the DECC coordinate, and igives, for each\, three IRAV frequenciefw ,(N)] and the
this view we can easily understand its large increase with theorresponding eigenvectors. By the way, the calculated fre-
chain length. quencies are the same frequencies as reported as a function
Polymers are intrinsically disordered materials and PAof y in Fig. 1 of Ref. 5. The eigenvectors of the vibrational
samples are characterized by a fairly wide distribution ofproblem give information on the relative intensities of the

FIG. 5. Soliton chains. Upper panel: the calculated relgtiwes

2
: (16
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internally consistent picture. The few model parameters are
fixed against experiment. We calculate the chain geometry of
\ " PA oligomers and soliton chains. The confinement of the

R soliton on short chains alters the soliton shape, whereas the
‘ 3 standard SSH shape is regained on long chains. We also

’J’ \ investigate the vibrational properties of PA oligomers and of
\ j solitons residing on chains of variable length.
~ ‘ //

absorbance

The extension of the Hikel approach to the force field,
400 950 1500 as originally suggesteq by Coulson and Longuet—Hig@ﬁns,
v cm) has already been applied to PA ch&fas well as to conju-
gated polymers with nondegenerate SJhese works have
FIG. 6. Photoinduced IRAV spectrum calculated for a PA exponentialt as in Eq.(2) and C-C bond lengths related to
sample with a Gaussian distribution of chain lengths. Dashed linedyond order as in Eq(6), although with slightly different
the Gaussian is centered M= 25, with % =10; continuous line:  constraint to prevent chain collapse. The aims were to model
the Gaussian is centered lgg=15, with2 =5. In all calculations  hackbone or conformational degrees of freedom in resonant
the intrinsic damping of Lorentzian curvégq. (17)] is set tol'  Raman spectra and in electronic absorption and emission
=50 cm % spectra. We model insteadr-electron contributions to

IRAV bands. Since the DECC is orders of magnitude moredround-state properties in planar PA oligomers and focus on
intense than other modes, we assign the three modes a refj2nresonant Raman and IRAV intensities.
tive intensity proportional to the weight of the DECC What is even more important, the empirical reference

[c3(N)]. We obtain the IR spectrum of a soliton residing on force field for pristine and isotopically labeled PA is directly
a Z:hain. of lengthN as the sum of three Lorentzians with based on accurater-electronic shifts and vibrational fre-

fixed intrinsic d :  as follows: quencies in Ref. 2. As discussed in Sec. Il, the diffefein
ixed intrinsic damping '), as follows Eq. (6) andA* in Eq. (9) then follow from a thorough analy-

2 sis of pristine PA properties. Previous studie€ adopt and
lr(N) c,(N)I . . .
on(w)= > E 5 5 (17) revise parameters that reflect various compromises under the
T v [o,N)- 0] +(T'2) constraint A=A*. Polymers with nondegenerate ground

tates are then accessible, at least approximately. By con-
rast, a reliable reference force field is a prequisite for our
approach and has yet to be constructed for polymers with
nondegenerate ground states. Their more complex backbone
structure certainly makes the task more difficult and another

as described by a single gaussian centerddoaand with a parameter to describe the intrinsic gap is minimally needed
Fat . _ _ _ 2 2 f .
standard deviatio: P(N)= exf —(N—N)72%"]/ y2m2.. The limitation to PA oligomers imposed by the need for a

As IS apparent from the f|ggre, asymmetric IRAV bands. Caleference makes possible quantitative vibrational analysis.
be §|mulated in samplgs W'th _symmetrlc chain-length distri- Our work primarily seeks to understand the physical ori-
butions. T_he dashed line in Fig. 6 cor_responds to th_e Specfjin of the peculiar vibrational properties of-conjugated
trum obtained foN,=25 and>. = 10. This spectrum, with a systems. The vibrational frequencies of PA segments are
broad, asymmetric band centered~a600 cm !, and a less )

intense and narrower band at1360, simulates the IRAV fully described by a single parametgy, that measures the

» m-electron susceptibility in response to the relevant
bands as measured by photoexciting a well ordered S’ampkeoordinaté'6 either the ECC in oligomers, or the DECC in
like the stretched Durham PZ&.As a continuous line we '

S soliton chains. This phenomenological picture is naturall
report the spectrum calculated for a distribution centered on b 9 P y

much shorter chain$Jy= 15, > =5. By shortening the chain understood in the approach proposed here. yhalues as

. ._extr from experimen mpar ntitatively with th
length, the IRAV spectrum becomes considerably less 'n'rencgdaeclt:?edic():tior? periment compare quantitatively with the
tense. Moreover, the lowest band broadens, and its center We calculate nonresonant Raman intensities of ECC in

tmhovE§ rl:pv:afrds by morg thgnblloo ;Ct[t] Ai(;clh:gens_)amecfime, oligomers and IRAV intensities of DECC in soliton chains.
€ highest Trequency ban ueshis » and ac- ppg superlinear increase of the IRAV intensity in soliton

quirgs intens_ity aF thg expense of the lowest ban_d. The be(:'hains(see Fig. 5, associated with the nonline& depen-
havior described in Fig. 6 for both, and v; bands is quite  yo 06 of the IRAV frequencies, leads to asymmetric IRAV
consistent with experimental photoexcitation data collectecgands even for simulated inhom,ogeneous PA samples with a
on PA Samp'e_s Vghose cham-le_ngth distribution is tuneq b3§ymmetric distribution of chain lengths. Our simulations ac-
copolymerizatiorf® While the simulated IRAV spectra in count well for the observed behavior of both and v,

Fig. 6 do not prove symmetric chain-length distributions inbandsz.s The calculated highly superlinear increase of the
actual PA samples, we underline that asymmetric distribu-

. . nonresonant Raman intensity of PA oligomers agrees with
tions are neither needed nor demonstrated by asymmetrig .- ble experimental data on oligomers up-do0 sites?®
IRAV bands. '

The N dependence of vibrational properties deserves fur-
ther analysis. The geometrical distortion associated with the
soliton defect extends over 14 sites. However, the physical

In this paper, based on simple physical considerations, wproperties of the soliton depend on the length of the chain
extend the Hakel model to account for the skeleton in an  where the soliton is embedded up to chain lengths well be-

IRAV spectra of a disordered PA sample are then easil
calculated by summing over the abavg(w), weighted by a
chosen distribution functior?(N). In Fig. 6, we report two
spectra calculated for different symmetREN) distributions

V. DISCUSSION
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yond 14 sites. The/(N) curve in Fig. 5(upper paneldoes tion to the imaginary part of the second hyperpolarizability
not saturates up te- 60 sites, suggesting that a soliton on an(x¥). In a different spirit, the IR intensity in soliton chains
infinite chain explores~60 sites: the geometrical length of scales as the leading term in the perturbative expansion of
the defect is~ 14 sites, yet its coherence length, as suggestethe vibrational contribution to the statig™™), whereas the
by x, is about four times as large. Whereas this observatioffonresonant Raman intensity of pristine PA gives the leading
is far from trivial, it can be easily rationalized in terms of the Vibrational contribution to the statig‘®.** IR and nonreso-
well-known nonlocality ofw electrons. More difficult is the hant Raman intensities are true ground-state properties
different behavior of the infrared intensity that, as shown inwhose calculation does not require excited-state properties
Fig. 5, lower panel, is sensitive to the chain length up to ovesuch as transition energies or dipoles. Thelependence of
100 sites, then suggesting an even larger coherence lengtfibrational intensities thus offers opportunities to follow the
Even more impressive is the nonresonant Raman intensity @volution of (low-frequency nonlinear responses from con-
oligomers(Fig. 2, upper pangthat saturates at much longer jugated molecules to polymers. The corresponding evolution
chain-lengths than either the correspondingFig. 2, lower ~ 0f NLO coefficients is an active current research dréas
pane) or | . In fact, the data in Fig. 2 suggest that true The widths of NLO spectra and poorly characterized excited
saturation occurs al>200. We can understand ti¢de-  States hamper accuratedependencies. _
pendence of g, by noticing that the electronic polarizabil- ~ 7-conjugated systems are intrinsically nonlinear, as dem-
ity [« in Eq. (14)] is largely dominated by the opticalB], c_)nstrated by the nonad_dltlwty of th_elr ground-state proper-
excitation, so that it is roughly proportional toAl/A being  ties. m-electron fluctuations extending over large polymer
the optical gap. The optical gap decreases with the chaiRortions are respor_13|ble for this nonhngarlt.y.. Understanding
length following a relationA~4ts+B/N, with B only fthe physical behavior of these systems is d|ﬁ|cglt: thg behav-
slightly depending ors.3! Since the ECC coordinate modu- 10 of short segments does not imply any obvious informa-
lates the alternation, we end up with,~1/A%. The pro- tion about Iong_er chains and, at the_same time, their re-
posed scaling ofga,With the optical gap is confirmed by the SPONses to a given orde_r need not give |nf_orme_1t|on abOL_Jt
direct comparison with ¥4, as shown in Fig. 2, and easily higher orders. Interp_retatlve models thgt ratlonallze_ experi-
explains the differenN dependence of the different physical mental data or detailed quantum-chemical calculapons are
properties. In fact, the optical gap is expected to saturatherefore extremely useful. We have presented a simple yet
whenB/N— 0, wheread g, saturates whenB/N—0, and reliable model, Whl_ch accounts in a con5|s'Fent frgmework for
therefore at chain lengths about four times longer than th&-€lectron fluctuations and for the force field originated by
optical gap. As it has already been recognized for nonlineaf’® o skeleton. This model is a good starting point to inves-
optical (NLO) properties?3for a given coherence length of tigate the subtle interplay between electron_lc and nuc!ear de-
the electronic motion, as measured for instance by the leng@€€S Of freedom that governs the physics of conjugated
whereA becomes independent Nf one will observe differ- polymers.
ent saturation lengths for different quantities. In this respect
the IR intensity of soliton chains apparently measures a non-
linearity of lower order than the Raman intensity, and, in The work at Parma was supported by the Italian Ministry
fact, as shown in Fig. 5, lower panel, it approximately scaleof University and Scientific and Technological Research
as 1AZ2. (MURST) under the project COFIN98, and by the National
The relation between vibrational intensities and NLO re-Research Counci{CNR) within its “Progetto Finalizzato
sponses is not unexpected: IR absorption is the imaginaryateriali Speciali per Tecnologie Avanzate I.” The work in
part of the linear polarizability ¥V) at vibrational frequen-  Princeton was supported by the National Science Foundation
cies, whereas the nonresonant Raman process is a contrilirough Grant No. DMR-9530016.
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