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Interchain coupling and localized vibration modes in conjugated polymers of finite length
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The effects of interchain coupling on vibration modes localized around a polaron in polyacetylene of finite
length are investigated. It is shown that the eight localized modes found in an isolated finite chain are
delocalized between chains due to the interchain coupling. New modes of lattice vibration emerge because of
the delocalization of the charged polaron. The well-known Goldstone zero-frequency mode becomes pinned by
the chain ends for sufficiently short chains. Our results can qualitatively account for the frequency shifts
observed recently in Raman scattering and infrared absorption sg&fi63-182807)04844-3

I. INTRODUCTION In realistic samples of herringbone structure, atomic dis-
placements and energy levels resulting from adding an elec-
Extensive studies of nonlinear electron-phonon couplingron to a cluster of-PA chains have been calculated for the
systems in recent years have led to a good understanding Bght-binding modef? The work was later extended to in-
various excited states in quasi-one-dimensional conjugategfude the coupling between chains of different lendth.
polymerst2 Much of the electronic and optical properties in was found that polarons stabilize only in long chains. If it is

degencrat o nondegenerat conductng poymersare ndECIEC 1) & 3108 Sha, WL IO [0 8 negriarn g
stood in terms of the low-lying excitations such as kinks, P

polarons, and bipolarors® Most of the early theoretical chain_s, even very weak ones. In the case of strong inte_rchain
predictioﬁs are based on the one-dimensional model of is coupling, the polaron delocalizes between chains. While the

Qffect of interchain coupling on static polarons has been well
lated chains. The single-chain calculations yield good a e P

R . ) Pstudied, effects on the lattice vibration around a polaron re-
proximation in many cases as spinless electrical conductivVy,ain open to investigation.

ity, dlmerlzat!on amp_htude, and optlcal_absorpuon. This is  vjipration modes around a polaron tigpolyacetylene and
because the interchain hopping energy is generally one ordgfound a bipolaron in polythiophene have been obtained for
of magnitude smaller than that of the intrachain hopging. finite chains?*2® Localized surface modes near free ends of
There are, however, also cases in which qualitative differthe chain are found in these calculations and the results of
ences may result from the interchain coupling. For exampleRef. 25 appear to be consistent with resonant Raman scatter-
the parallel ordering bonds on neighboring chéiiss pre- ing experiments. A recent study of electronic absorption and
ferred because of the change of the interchain electromibration spectroscopy of doped polymers revealed that it is
transfer’ and the interchain coupling may provide the nec-the polaron that is generated by doping in most nondegener-
essary binding for a stable bipolar6hOn the other hand, it ate conjugated polgmers instead of the bipolaron, as has been
is shown on the molecular crystal motfehat the interchain  generally believed® Charged solitons or polarons tARPA
coupling is too strong in polyacetylene for a polaron to beare important self-localized excitations, depending upon
stable'>~** A more careful numerical study of an extended Whether the number of carbon atoms in the chain is odd or
Su-Shrieffer-Heeger modélthen reveals that for both de- €ven. It is therefore interesting to calculate vibration modes
generate and nondegenerate conjugated polymers there exidf@und a polaron it-PA to help interpret Raman and infra-
a discontinuous change in the degree of delocalization at Bd Spectra. . _ _
critical value of the coupling streng#fi.A polaron remains We investigate in this paper effects of the interchain cou-

stable as long as the interchain coupling is smaller than thBliNG on the localized vibration modes in finite chains. We
critical valuet® . consider two parallet-PA chains with a charged polaron
Very recer|1tly a two-chain system with one- and two- Stimulated in one of them. It is found that the polaron is

bond random cc;uplings was considered to study the eleCQeIocaI.ized by ipcreas_ing _the coupling strength a.n.d at the
tronic diffusion. It was found that a particular type of con- SaMe time localized vibration modes can be identified. The
ducting band structure can explain the unusual transpor'POdeI Harmltonlan IS given n Sec. I, where the scheme of
properties of highly conducting polymet Furthermore, a a self_-c0n5|stent calculation is alsc_J outlined. In _Sec. I, we
number of experiments on films of polyacetylene, polypyr_descrlbe the results of our numerical computation and dis-
role, polythiophene, and polyaniline have indicated that in-c4SS the effects of interchain interactions.
terchain interactions and finite chain length have apparent
effects on the electroluminescence and photoluminescence
efficiencies of conducting polymers in light-emitting For the isolatedth chain, we assume the tight-binding

diodes!®21 SSH Hamiltonian
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where we have introduced the order parameige au, /t,
FIG. 1. Possible configurations for a pair of interacting chains,and electron-phonon coupling constant 2a?/ wKtgy, both
(A) t2=0 and @) t,#0. of which are dimensionless. We have also defidgd,= 1
— &m,n With the Kronecker deltas,, ,. The prime indicates
summing over occupied electron states only and the spin

- 1 T
Hj__nz; [to— a(Ujn+1=UDI(ClnCin+ 15T Cinr1sCins)  index is neglected. The subscrifit§ label the chain and
' m,n label the site on each chain which has a totaNaiCH)
1 3 21 2 groups.
+2K§n: (Ujn+17Uj,n) +2M§n: Ujn The calculation procedure is as follows. We first solve

Egs. (4) and (5) numerically for a given value of. The
, iteration begins with a stimulated lattice configuratiég in
+K En: (Ujn+17 Ujn), (1) each chain. The eigenvalues and eigenstates obtained from
Eq. (4) are substituted iri5) to find a more stable configu-
where the notation is standard. The transverse vibration igation. The calculation is repeated with this new configura-
not considered here because we are focusing on the intetion. The criterion for self-consistency is that the difference
chain interactions. The last term in E@) is added to stabi- between values ob; ., + ¢; , from two successive itera-
lize the free ends of the finite chain of sites andK’ =— tions is less than ICP. The resulting equilibrium configura-
4a/7.?% The interchain interaction is represented by the tion together with the electron eigenvalues and eigenstates is
electron transfer integral perpendicular to the chainthen substituted in Eq(3a). All vibration modes can be
direction?® found by diagonalizing the matriB; ; ,, , and we only pick
the localized ones for further investigation.
B i N To study the effects of free ends, we consider chains of
H= _HES t, (N)(C1psC2n,sTConsCin,s) (20 various lengths from 8 up to 12@H) groups. In this paper,

' the numerical work is carried out forP A with A =0.24. All
wheret, (n)=t;+(—1)", stands for the transfer integral €nergies are measured in unitstef and frequencies in units
between sites labeled by the same indean two different  0f (2/7\)"2w,, where wy=(4K/M)*? is the bare phonon
chains. There are four possible configurations for a pair ofrequency. We consider three cases with different coupling
identical chains, as shown in Fig. 1. Wher=0, the inter-  strengths between the two chains, that is, the weak coupling
chain couplingt=t; is a constant and the dimerization in t; <0.05, intermediate coupling 0.6, <0.1 and strong
each chain is not independent, resulting in the configurationgouplingt, >0.1.

Al andA2. The latter has lower energy according to calcu-
lations. Whent,# 0, the coupling between the pair of sites Ill. RESULTS AND DISCUSSION
labeled by odd or even is no longer the same. Numerical
calculation shows thaB1 has lower energy. For a singlet-PA chain of infinite or finite length with
For a small deviation from the equilibrium configuration periodic boundary conditions, we find eight localized vibra-
{Uj n}, the vibration matrix is given by tion modes around an electrgar a holé charged polaron.
Figure 2 shows their vibration configurations. Two peculiar
2 — - - modesg; and gg known as staggered modes which do not
Bixi,mxﬂzﬁ 3,i(Omndmat Omn-10mN+ Om-100m1 exist in the continuous model appear here. They are appar-
ently resulting from the discrete nature of the chain assumed
— r CunCuv in our calculationgq, 94, g, 9g are odd-parity modes and
+5m,n5m,N)+2(_l)m+n;, —Ei_’éy’ (3@ hence are infrared active, whilg,, gs, gs, andg-, are
even-parity modes and Raman active. A mode that has not,
to our knowledge, been reported thus fagiswhich is only
weakly localized. It has the same parity gsand its vibra-
+Zi’m’v(zi'mflﬁn’l_Zi’mﬂyl;m’N)_ (3b)  tion structure including the frequency and configuration is
also quite close tgs,.
The m-electron eigenvalues,, and eigenstateg, , , along For short chains, the periodic boundary condition is no
with the static lattice configuration are determined self-longer suitable. The free-end boundary condition introduced
consistently by the eigenequation in Ref. 25 for the treatment of finite chains is now applied to

iijn

Ciurr:}: Zi ,m,,u(zi,m— 1,v5m,l_ Zi m+ 1,v5m,N)
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TABLE I. Vibration frequency change due to the interchain
gg WM“ interaction.
LN Localized mode t,=0  t,=0.023,  t,=0.05Q,
[ V]
E e A — 01 0 0 0
= e, 92 0.799 0.723 0.324
g e Us 1.278 1.269 1.166
5 |e Oa 1.504 1.501 1.474
8 ~V\- 9s 1.716 1.710 1.574
O A Js 1.799 1.736 1.589
S g7 1.592 1.588 1.550
R s 1.897 1.795 1.702
] |2 " g’ 1.796 1.739
o Y g" 1.900 1.777
M 9" 1.792
‘ ‘ g” 1.917

Chain I Chain II
strength up to a critical valu¢, =t . Then the system
reaches a stable state in which the two “polarons” oscillate
with the same amplitude and share equal charge. Further
study the effects of chain ends on the vibration modes. It isncrease of the coupling then does not change the modes any
found that the frequency of all modes depends on the chaimore.
length as is illustrated in Fig. 3. For nonstaggered modes, the Because of the delocalization of a polaron between
frequency increases slowly with the decreasing chain lengtbhains, the vibrational structure may change greatly. We first
to N~40. When the length decreases further, the frequencgonsider the interaction of various strengths between an an-
increases at a much faster rate. Of particular interest are thiparallel ordered t,=0) pair of identical chains witHiN
frequencies of modeg; andgg, which are relatively insen- =120. For cases of weak interchain coupling with
sitive to the length change and vary little with the decreasing=0.025, and 0.0%,, the polaron can maintain its integrity
length. Moreover, we also find the enhancement of localizain the first chain with only a small fraction of charge trans-
tion of vibration modes as the chain shortens excepgfor ferred to the second. All eight modes around the polaron in
andgg for which the localization is again insensitive to the the first chain still maintain their structures. Our calculation
variation of chain lengths. indicates, however, that localized vibration modes emerge in
To study effects of the interchain coupling, let us considerthe second chain with a small amplitude for all nonstaggered
a negatively charged polaron initially stimulated in onemodes. They result from the secondary charged “polaron”
chain. When the interchain interaction is turned on, the elecexcited very weakly in this chain. On the other hand, the
tric charge of the polaron begins to share between the twamplitudes and configurations of tlie and gg modes re-
coupled chains. The amplitude of the original polaron de-main completely unchanged. Therefore, the interchain cou-
creases gradually and a secondary “polaron” with small am-pling has little influence on the staggered modes.
plitudes appears in the second chain. The process of charge Vibration frequencies of all localized modes are found to
transfer keeps going steadily with the increasing couplinglecrease with increasing interchain coupling strength accord-
ing to our calculation. Numerical results are shown in Table
I. This is not difficult to understand because the interchain
coupling delocalizes the polaron. It is also seen from the
2.5 : : table that the higher the vibration frequency the smaller the
gg resulting frequency shift is under the same coupling strength.
20l &s ) These results are consistent with recent observafiofs.
K &g Frequency shifts in Raman spectra have been reported re-
sl g, cently. From the observed Raman bands BfAafilm heavily
) e, i doped with SQ it is found thatp-type (n-type) doping re-
£s sults in upshift(downshif) of phonon frequencies. This
r.or 1 may be understood as follows. Thetype doping supplies a
&2 hole in the chain, and the negatively charged acceptor be-
0.5 | . tween chains works against the possible electron exchange
and hence tends to weaken the interchain coupling. Conse-
0.0 ‘ ; . J quently, phonon frequencies upshift uppndoping, as we
0 20 40 60 80 100 have seen from Table |. On the other hand,rkgpe doping
Chain Length (N) supplie_s an electron to the chain ar_1d the positive donor in the
delocalized polaron between chains enhances electron ex-
FIG. 3. Frequencies of localized vibration modes vs the chairchange. Thusn-type doping tends to strengthen the inter-
lengthN. chain coupling and downshifts phonon frequencies.

FIG. 2. Localized modes of lattice vibration in an isolated chain.

Frequencies (in units of (2/70\)1/2&)0)
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FIG. 4. Localized vibration modes in a pair of coupled chains
with t;=0.02%, andt,=0.
! 0 2 e -
We believe that the interchain coupling is responsible for 120
frequency upshifts observed in recent infrared absorption Chain 1 Chain II

measurements of Durham-polyacetylene after long-time ex-
posure in air. The observed upshifts of photoinduced infrared
absorption peaks are attributed tb) a charge transfer to
oxygen absorbed an@) chemical reaction of oxygen with
the chair’® In our opinion, the oxygen atom absorbed works

23??{%5;?32'5”9 which leads naturally to upshifts of pho- created due to the coupling. For=0.025,, we find an
As illustrated in Figs. 4 and 5, the weak oscillations of the€Ven-party mydeg ?t a frequenqyu —1.796 and an odd-
arity modeg” at »”=1.900, while four extra modes are

localized modes in the second chain are present but ndt?"
P excited fort, =0.05,, two even modes ab’'=1.739 and

®"=1.792, and two odd modes at"=1.777 andow””

FIG. 6. Same as Fig. 4 excefayt=0.078, andt,=0.

clearly seen in Fig. 4 because of the small interchain cou-
pling, but they become observable in Fig. 5. It is also found
from these figures that extra modes of localized vibration are

M*”NV\WWW =1.917. It is interesting to note that these extra modes all
g show larger amplitudes around the secondary polaron in the
" second chain than in the first chain.
For strong interchain coupling such ss=0.075, the vi-
A A bration frequency may change so much that modes can
@ g hardly be traced as more new modes are created. The results
9 obtained fort, =0.078, are shown in Fig. 6. The delocal-
=L AN — ization of polarons becomes apparent. The “polaron” in the
E first chain has a little more charge than that in the second
b g according to the numerical results but cannot be easily seen
g in the figure. It is clear, however, that the staggered modes
g 11 . are still least affected by the interchain coupling.
o & When the coupling strength increases further, each chain
2 YV has a polaron of the same charge of one half electron with
S equal amplitudes. The two chains become equivalent irre-
3 — VA spective of the initial condition. Figure 7 shows the resulting
D aVas 13 localized modes fot, =0.1Q,. The maximum ampli-
tudes of each mode in both chains are equal. The localized
. configurations in two identical chains for each mode have the
same parity, a property that does not depend on the strength
-W’* of coupling. It is difficult to trace these modes back to their
‘ 1‘20 ‘ initial states in an isolated chain. Hence they are no longer
) . labeled. On the other hand, there are still only two staggered
Chain I Chain II

modes that can easily be distinguished from others.
FIG. 5. Same as Fig. 4 except=0.0%, andt,=0. We now turn our attention to a pair of parallel ordering
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FIG. 7. Same as Fig. 4 excet=0.1Q, andt,=0.
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Localized Vibrational Modes
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FIG. 8. Same as Fig. 4 excefgt=0.078, andt,=1.5@;.

chains with a charge polaron stimulated in one of themFig. 8 in which four staggered modes are clearly identified,
Whent,~0, the results are found to be similar to what is namely, two even-parity modeg; and g7 and two odd-
discussed above. Wheg+ 0, we find more staggered modes parity modegyg andgg. Thus, the configuration ordering of
emerging in the case of strong coupling. For example, localthe two interacting chains determines the number and fre-

ized mode fort,=1.5%;, andt;=0.078, are presented in

quencies of the staggered modes.
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