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Abstract Conjugated organic polymers are intrinsically semiconductors but become conducting upon
doping and photoconducting after optical excitation. In the low doping regime they show usually con-
duction without an associated spin transport. Thus as charge carriers in this regime nonlinear quasi-
particles are assumed, such as charged solitons in materials with a degenerate ground state like e.g.
trans-polyacetylene or pernigraniline. In the case of materials with a non-degenerate ground state the
situation is often less clear but it is assumed that charged polarons or bipolarons are the charge carriers
in them.

We present a theoretical model for the description of the dynamics of such quasiparticles which
yields also information on their mobility, their nature and stability, as well as their spectral properties.
The model is based onmaelectron Hamiltonian including electron-electron interactions. On the basis
of the prototype material polyacetylene it is demonstrated how such a model can be parametrized with
the help of correlatedb initio or density functional calculations and applied. We discuss in some detail
the dynamics of the pristine material, as well as of doped and of electronically excited polyene chains.
With the help of these dynamics a scenario for the conduction mechanism assumed for polyacetylene is
given. Further we calculate optical spectra from the dynamics for charged solitons and for excited
chains which are in fair agreement with expents. Thethermal mobility of neutral solitons is also
studied.

Further we show how the model can be extended for applications to polymers different from poly-
acetylene. Such modifications could yield informations about the nature of nonlinear quasiparticles
involved in the process of charge transport in cases where the question is not completely solved. This is
the case irtis-polyacetylene where recent literature suggests that bipolarons should be instable. How-
ever, we could show that both charged polarons and bipolarons are stable in the material with bipolarons
favored over charged polarons.

Due to the fact that the model can be extended to other polymers, also to chemical stuctures not
yet synthesized, it could gain also predictive power after further development.
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[3]. The observed photo-induced low energy absorption was
assigned to excitations from photo-generated charged soliton
) , ) pairs which would absorb midgap in the SSH model [4]. The
Conjugated organic polymers nowadays play an import@figin of the photo-induced high energy absorption, however,
role as Synthetic Metals, because', though |ntr|r)5|cally semi-still not sufficiently clearBishop et al. [5] assign it to a
conductors, they become conducting upon doping or optiggbather excitation left between a separating pair of charged
excitation with conqluctlvmes even higher than that of metaly)itons. Wang and Martino [6] found an oscillating charged
lic copper for heavily doped samples (see Ref. [1a-d] fosgjiton-antisoliton pair with a breather vibration of the chain
moderately recent review in Rev. Mod. Phys. where also fhgween them to be responsible for this absorption, while Su
original literature is cited). It is in this field where concepﬁa] and Kivelsoret al.[7b] suggest a neutral (triplet) soliton
and ansatzstates as introduced in Davydov soliton theolysir a5 its orig. Therefore, itseems to be established that
and outlined in our previous papers in this Journal [1€-g] G inclusion of electron-electron interactions at least on the
be applied with slight modifications to study, for examplgxyriser-Parr-Pople (PPP) level in mean field form is neces-
the importance of lattice quanttin. Theinterest in these g5y to obtain a reasonable model of the dynamics of t-PA
materials as conductors originates from several facts. Firsgfins. Nowadays (see discussion and references in [8]) it is
all they are cheaper than for example copper, secondly tagyaplished that neutral solitons are indeed responsible for
can be synthesized in any desired amount and thirdly theX high energy absorption. However, for the purpose of des-
are easily processible. From the theoretical side the unuqygjing just the evolution of the chain geometry and the cor-
conduction properties especially of the lightly doped apgspondinga-spin densities in time it seems to be sufficient
photoconducting samples are most interesting, because theSgse the SSH model Hamiltonian. For this purpose a re-
materials can transport charge without the transport of Spificed value of the dimerization parameter (see Sectiog Il) u
i.e. the charge carriers cannot be simple electrons as in gofk 1o be used, to account for the shrinking of the neutral
ventional metals. For theoreticians the most interesting Sygfiton width upon inclusion of electron-electron interactions.
thetic metal naturally is polyacetylene because of the sim-The computation of the gradient of the electronic energy
plicity of its unit cell, while from the practical point of viewith respect to the geometrical degrees of freedom can be
materials like polyparaphenylene, polypyrrole or the diffefone in a time consuming way by a small shift of the coordi-
ent oxidation states of polyaniline are more interesting, Rgge of each CH unit [9-12], however, the use of exact ana-
cause in contrast to polyacetylene they are stable against Qjcal gradients is more efficient [13]. In t-PA the soliton
dation in air. We want to emphasize, that although we cqgyement is restricted to less than 50 CC bonds [2] probably
centrated in our previous work as well as in this paper gpe to impurities, crosslinks, ards-PA segments [14] or
polyacetylene, our models can be applied also to synthgfierchain inteactions. hus an open chain seems to be a
metals with larger unit cells, because we use the very simplgre realistic model than a cyclic one. Wang and Martino
semiempirical Pariser-Parr-Pople Hamiltonian for the descrigj ysed an extended Hubbard model with first neighbour
tion of therrelectrons of the polymers which play the majafjectron-electron intections. his seems to be consistent
role in the conduction meanisms. Tus in this work we \ith the first neighbour truncation of the resonance integrals.
want to demonstrate that our model is able to explain seveigivever, the resonance integrals decay very rapidly after the
properties of the charge carriers in polyacetylene and only;jiat neighbour term, while the two-electron integrals do not
the Conclusion we want to describe shortly its application[p;]_ In our simulations using the full PPP Hamiltonian and
polymers with larger unit cells. Applications to polyparane unrestricted Hartree-Fock (UHF) method we found that
phenylene are currently planned at the Chemistry Depafectron-electron interactions have a considerable influence
ment. Theexpgnmental fact Fhat polyacetylene ha_s a Sln%ﬁ soliton properties [15]. Its kinetic mass for example, is
EPR (Electronic Paramagnetic Resonance) line which exhllpgggmy doubled compared to that in the SSH model [1] and
motional line narrowing basically lead Su, Schrieffer ang haif width reduced in agreement with MNDO (modified
Heeger [1] already in the late 70-s to the idea that the chaiggect of differential overlap) calculations [16]. The MNDO
carriers in these materials could be nonlinear quasiparticlgathod treats all valence electrons explicitely and not only
in case ofranspolyacetylene charged solitons. However, th@e re-electrons as PPP does. However, in [16] restricted open
simple model used by them was not sufficient. shell HF (ROHF) was applied instead of a different orbitals
Since the introduction of the soliton model and the Sgy gifferent spins (DODS) method like UHF or annihilated
Schrieffer-Heeger (SSH) Hamiltonian [1] (for a recent conyyE (AUHF), which are more appropriate for open shell sys-
prehensive review see the article of Heeger, Kivelsagms Jike neutral solitons in (CH), (polymethine) chains.
Schrieffer, and Su [1]) for the explanation of various proper- |, 5 previous work we have studied the influence of
ties oftrans-polyacetylene (t-PA), it has been shown that it j§yelectronic substitutions of CH by N, NHand O within
necessary to go beyond the simple Hiickel type SSH mogigd sSH frameworkL0]. We found that a soliton is able to
A Huckel type model for example, cannot explain the spifass a nitrogen atom but not the oxygen. In another paper
densities in t-PA measured with the electron-nuclear (_10u &] site and bond impurities have been studied applying also
resonance (ENDOR) method [2]. Also for the explanation §fa SSH theory. It was found by Phillpet al. [17] that the
C-NMR line shapes the inclusion of explicit electron-elegy|iton moves unperturbed in a rather broad range of the im-
tron interactions into the model turned out to be essen%lrity strength. Since the soliton properties change con-
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siderably upon inclusion of electron-electron interactions [1]ined in the SSH Hamiltonian by using a larger dimerization
it is important to study the effects of site and bond impuritizan the experimental one [1,35] we restricted ourselves to
also within the PPP model. This was done in our previotle SSH model in that work [25] and discussed soliton dy-
work [18] and we found that in the PPP model free solitoimics within ouransatzstate as function of soliton width
movement is possible within a much smaller range arousmdd temperature. In these calculations temperature was in-
the parameter values appropriate for carbon than in S8Hded via random forces and dissipatiomnigr Theresults
models [10,17]. Similar conclusions were obtained fromveere compared to those obtained from the completely adi-
model where the spin contaminations inherent in the UldBatic model and close agreement was found. Reviews of
ansatzare avoided [19]. In a more recent work we attemptedr work on the influence of electron-electron interactions
to reparametrize the PPP Hamiltonian for polyenes and fouweye given in ref. [36].
that the electron-phonon interaction parameter has to be mucihe application of Heller's formula for the calculation of
smaller than that in the SSH Hamiltonian [20]. The resuitibrational spectra from dynamical simulations [37] is shortly
found in this study confirmed the assignment of the photoisiscussed in Appendix A ithe supplementary matal A
duced low energy absorption to charged solitons and of tliscussion on the possibilities to apply our methodology as a
high energy absorption to neutral solitons. general concept in theoretical materials science to predict
Since in all our studies using the PPP Hamiltonian vpeoperties of charge carriers in conjugated polymers together
found a rather small soliton half width of about 2-3 lattiogith examples is given in ref. [36] (second paper). Further
sites the question of the influence of quantum effects on soliteé@ mention also there thab initio density functional meth-
dynamics in the lattice arises (see also the review by Heegés (see for example ref. [38], for semiempirical applica-
et al. [1]). In an early work, Nakahara and Maki [21] distions, ref. [39] for applications to polyparaphenylene) can be
cussed quantum effects on the solitons on the basis of uked to study the stability of such polymers against oxidation
continuum version of the SSH Hamiltonian. The discrete SSiH-air theoretically. Examples of some of the different
Hamiltonian was applied bRRukh et al. [22] who used an functionals developed can be found in refs. [40-45].
ansatzawhich is a product of one-electron states and displacedr'he importance of conjugated polymers arises from the fact
oscillator states for the lattice. Thus thairsatzis similar to that they become electric conductors upon doping, with con-
the semiclassical |3 ansatzstate introduced by Davydovductivities up to the range of copper (synthetic metals).
[23] for the treatment of protein solitons, where coupled higlurther, they are easily processible. The conductivity is usu-
frequency oscillators interact with acoustical phonons in thBy attributed to a number of different nonlinear quasiparticles
lattice. Rukh et al. [22] found that quantum effects destrows charge carriers, for example, charged solitons, polarons or
the solitons when their size is small. Since in the PPP chgmlarons, depending on the nature of the ground state of a
the soliton size is rather small, one had to investigate qugiven polymer. In some of the materials even the nature of
tum effects further. Going bend theansatzof Rukh et al. these nonlinear excitations is still controversial. Our general
we used aransatzderived from Davydov's more sophisti-aim is to develop a methodology (see ref. [36], second paper),
cated |D> state [24] which is a better approximation to thehich is able to produce quantitatively correct answers to ques-
true quantum states of the Davydov Hamiltonian. Howevégns about form, stability and the motion of such quasiparticles,
in our case the state contains more than one quantum (eltiout using a large amount of computer time or memory. In
tron) in contrast to Davydov’s considerations. We derived ttiés way it should be possible to reach theoretical predictions
equations of motion from thiansatzfor the SSH Hamilto- about useful candidates for synthetic metals. Impoatauri-
nian [25]. Further we derived also the equations for somi@ investigations about the search for low-gap polymers (in
approximations to it, together with possibilities for the comlifferent directions regarding the chemical structure) were re-
sideration of temperature efits. hese include an interme-ported by Bakhsheét al. [46-51]. For a comprehensive review
diate one where the coherent state amplitudes for the lato€éhe large amount of work performed by the group of Ladik
phonons depend only on the lattice site and the wavenumibehis field see ref. [52]. More complete lists of references on
of the phonons and a most simple one where electronic #nd topic, where many more groups are active, can be found in
lattice wave functions are separatebl,>, corresponding to the review of Kivelson, Su, Schrieffer, and Heeger (KSSH) [1]
Davydov's |D> ansatzin proteins (extensive discussions o&nd in our paper on tPA [36].
Davydov’'s model andnsatzeas well as numerical applica- The present paper is structured as follows. In a first sec-
tions can be found in refs. [26-34]). On the numerical sitlen we want to describe without using any mathematics the
we restricted ourselves to applications of the equationsbafsic concept of solitons and polarons in polyacetylene. Then
motion for the ¢,> ansatzstate, where the product of onave want to demonstrate that our model is able to explain the
electron states is simply multiplied with a coherent state ®tperimentally known mobility of neutral solitons frans
the lattice phonons. However, the electrons were not assumpelyacetylene as functions of temperature. Following this we
to follow the lattice dynamics instantaneously, as it is theant to discuss some static properties of solitons in tPA stud-
case in the completely adiabatic modehisTansatzstate is ied with the help of geometry optimizans. Then we want
of interest, because Rukdt al. [22] used a similar model to give some examples for the dynamics of solitons again in
containing a product of electronic states with coherent phortcans-polyacetylene and a scenario for the conduction mecha-
states, but treated only the electron occupying the solittiems derived from these simulations. Further we show that
level explicitely. Since small soliton sizes can be easily aipsalitatively correct electronic spectra can be derived from



J. Mol. Model.1998 4 15

SN ~e

equidistant: u 1=O

u
UN N
Uy Us 1 Us -1

Phase A Phase B Phase A Soliton Phase B

Figure 1 Sketch of the metallic state and the two degenerdtigure 2 Sketch of the hyperbolic tangent form of solitons
bond length alternation patterns in tPA together with the defis derived from SSH theory
nition of the displacement coordinates

these dynamic simulations. Finally in a last section we waiple is nothing but a Hiickel model extended by a term de-
to discuss shortly our dynamic simulations on polarons asatibing the electron-phonon interaction, it follows [1] that
bipolaons in cis-polyacetylene. An outlook on future worksuch a soliton centered at a sitg With a half width L (in

will be given in the conclusion. For the details of the theolsttice sites) is described by a geometry (i denotes the lattice
behind all these calculations we refer the reader to the orgijte)
nal literature and to a number of small appendices which can

be found in the supplementary material. W; = uptan ENOL_ '% L)
The basic concepts of solitons and From SSH theory L=7 can be derived. Thus the form of the
polarons in polyacetylene soliton can be sketched as follows (Figure 2).

From this it is clear that a neutral solitoh Grries an

Q!;aired spin, while upon doping a neutral soliton changes

One of the basic facts which had to be explained (see ref.i’ S o
for example) is the presence of an EPR (Electron Paramrﬁc? charged one, which is the charge carrier in the conduc-

netic Resonance) line with reduced width in undoped salfl! Process and has no spin. However, only neutral solitons
ples. This is attributed [1] to the presence of mobile spiff@n P& changed to charged ones directly. If a chain which
(approximately one spin per 3000 CH units) in the pristiff@'Ti€s no ngqtral soliton is doped with an electron or a hole,
material. Further we have a spinless charge transport in lighfffy oPtain initially a polaron [1]. Polaron levels have been

doped (<0.06 e/CH) samples and in photoconducting ore” Spectroscopically in very lightly doped samples, since
In their famous theory Su, Schrieffer and Heeger (SSH) mlarons show a level structure in the gap which differs sig-
attributed these features to spinless charged solitons as charge

carriers. Their concept of solitons is based on the fact tha*

tPA exhibits two energetically degenerate groundstates, hav Energy

ing different bond alternation phases A and B as is shown it AN
Figure 1.

With the help of the local displacementsati each site
(projected on the polymer axis), phase A can be described t
u=(-1)*u, and phase B by®(-1)u,, where y is the so- 0 . +
called dimerization. In fact s the bond alternation AR, 48 S S
(larger and smaller CC-bond lengths), projected on the poly 0—-- Tttt T/
mer axis. The experimental value fqris 0.026 A (see refs.
[53,54] for theoretical calculations and references to experi:
ments therein). SSH introduced the staggered coordinate:
;=(-1)*u, such that the bond alternation phase A can be
described byp,=u, and phase B by,=-u,. The soliton is
then the border between segments of the chain having differ-

ent bond alternation phases. From SSH theory, which in pfgure 3 Midgap levels associated with neutral and charged
solitons in tPA as resulting from SSH theory

conduction band

valence band
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Figure 4 Idealized sketch of the structures of solitons arkdgure 5 Idealized sketch of the structure of a bipolaron and
polarons (in reality the change in bond alternation phasesiis decay into a pair of charged solitons (in reality the change
smooth) in bond alternation phases is smooth)

nificantly from soliton levels. In SSH theory all soliton levfl] are determined such that an SSH (Huckel) calculation on
els appear at midgap (Figure 3). an infinite, ordered and ideally dimerized chain results in a

This is one of the major shortcomings of SSH theory, sinedand width of 10 eV and a fundamental gap of roughly 2
experimentally charged solitons are seen below and neu#tdl M=13 m (in ordered chains) is the mass of a CH unit, K
ones above midga]@-9]. A soliton and a polaron have thds the spring constant due to tleelectrons between two
following idealized structures (concentrated on two, respewighbouring units. K and the linear potential constant A are
tively, three CC bonds; see Figure 4). In reality the geometigtermined such, that the ideally dimerized chain shown in
distortion goes over more smoothly to the ideally dimerizélde following sketch (Figure 6) represents the equilibrium
phases. Because of the degenerate ground states, the soligmmetry of the chain [26]. As shown in detail in Appendix F
or polarons are rather mobile in the chain. Important is timethe supplementary material, in the adiabatic approximat-
fact that a soliton has different phases at its two sides, whda the CH units are considered as classical particles moving
a polaron connects two identical phases. Thus without a chdrgéne potential created by tieelectrons and harmonic terms
on the chain a polaron cannot be stable. If an electron aiug to thes-electrons, which form a system of localized CC-
hole is added to chains without neutral solitons, a polarorb@nds, underlying the delocalizedsystem.
formed initially and levels in the gap are created. In Figure 6, the vare the projections of the displacements

A further charge will occupy such a level, forming a doublyf the CH units from the equidistant chain onto the polymer
charged polaron, or bipolaron, which is not stable in tPA aagiis, g is the lattice constant of the equidistant chain gnd y
dissociates into a pair of free, charged solitons (Figuré is the distance of the CH units from the chain axis, which is
brief explanation of the SSH model and of the method to cokept constant in the SSH mode). and y, are determined
pute dynamics from this model are given below, while the aqich that the long CC bond in equilibrium has a length of
plication of ab initio and PPP methods is described in ref$.450 A, that the short CC bond one of 1.366 A and that the
[55-60] and in the Appendices in the supplementary materi@CC angle has a value of 123.8 geometry which was ob-
with special emphasis on the problem of spin contaminatidased with the help of correlateab initio calculations on
in UHF calculations.

The Su-Schrieffer-Heeger Hamiltonian (SSH) [1] is given

b
y y
N uz ug
H':ZQBO_(OH_ﬂn+1)a]2(abtmlc+a‘&lcbm) Yo T S .
n o . . . )
21, o @) : : i X
+2p—,\r}|+§K(“n‘“n+1)z"°(%‘ UM)E g/ Y LD )/
—yo |'< ao >||U3 U5

In (2) R=-2.5 eV is the transfer or resonance integral be- _
tween two neighbouring CH groups=4.8 eV/A is the elec- Figure 6 'Sketc_h of the geometry and the coordinates we use
tron phonon coupling constant. The values of these constd@fgour simulations on trans-polyacetylene
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Phase B R. R, =1.4528 A
HF/MP2
Figure 7 Sketch of the two different bond alternation phas 6-316

r1gu y=126.59 °
in cis-polyacetylene

the infinite chain by Suhai [61-64]. uis the operator of the Figure 8 Definition of the displacement coordinates in cis-
displacements of the units parallel to the chain axis from thealyacetylene and the correlated ab initio geometry (6-31G**

positions in the equidistant chain, apy the corresponding Pasis sét, MP2 method) of cis-hexatriene

momentum operator. The opema ¢, (&, ) creates (anni-

hilates) an electron with spin orientatiorat unit n. Intrans
polyacetylene (t-PA) as can be seen from the above sk

two energetically degenerate bond alternation phases exggP it small. . .
In chains with an odd number of carbons we have an un- ' @PPly our procedure to this system, we have to define a

paired electron, which occupies a nonbonding level at mid%&gordinate which switches frothe A-phase to the B-phase

(ii) Since the formation of the B-segment is energetically
eﬁ;\vourable, the electron-phonon coupling would tend to

the soliton level. The soliton is a domain wall where the sy225€d 0n a geometry optimizationax-hexatriene. The re-

tem switches from one bond alternation phase to the otff&fltS aré shown in Figure 8. Results of our simulations on

Details of the time simulations in the usually used adiabatic Polyacetylene (cPA) are shown below. Now we want to

model are given in Appendix F in the supplementary mafén to the dynamics of tPA.

rial. In this case, using the SSH Hamiltonian, one observes a

stable and mobile soliton [1].
Turning now tocis-polyacetylene the two local minimaTemperature dependence of the mobility of

of the bond alternation phase can be sketched as followsédittral solitons in tPA

Figure 7. Obviously in this case the two bond alternation

phases are not energethally degenerate: phase B is h'gh%}Hperature is included in our treatment via Langevin equa-

energy thgn phase A. Smce' the two.phases are not degqm—;‘{é (see Appendix A in the supplementary material) for the

ate, a sollton.woulld result in a chain (O.f a !ength of N*Bttice. For this study we applied an exact solution of the

un|t§) of the idealized form ('%.')(B)m which is unstable. time dependent Schrddinger equation for the special case of

against thg form (A, Thus solitons cannot be formed "Mhe SSH Hamiltonian with a classical lattice (see Appendix

this material. A in the supplementary material for details). Since Langevin
&

Hower:ver, hetr1e p;olr?ronsl WOUldhbel stab:]e, fber?a%se depenfiiations are strictly correct only for classical systems, our

ent on the width o t e polaron the length of the B-segmepL s for very low temperature (T=10 K) are approximative.

could be ke;pt small: (A)(B)y~(A), Further !n.polarons the e had to use a very small time step size of 0.01 fs, because
central region of the polaron does not exh|b|t a fully formet\ e electron dynamics are much faster than the lattice dy-
B'Phas‘? k.’Ut rather a bond a!ternatlon which rgsembles MP4fhics. In the calculations discussed so far, it was always
the equidistant structure. Splnlgss charge carriers in the 26¥umed, that the electrons follow the lattice motions instan-
tem would then be bipolarons, i.e., doubly charged pOIaro%eously, thus a time step of 1 to 1.25 fs was sufficient. Since

The length of the B-segment, i.e. the wiglth of the bipolargfi,, study we want to simulate PPP results as accurately as
would then be determined by the repulsion of the two qu%l

i . ible with our exact SSH solutionpiendix A in the
charges and it would not decay into a central breather lementary material), we have to chopge2.5 eV and
two separated charged solitons as is the case in tPA. The widi 8 eV/A. The value c;folhas to be chosen sﬁch that it is
would be determined by the interplay between two effectgma'I .

. ) fih h df | ler than the experimental one, because from PPP and
(i) The repulsion of the two charges would favour a A"YFINDO calculations it is known that the soliton width L is
B-segment (B)
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Sh T=50K

Figure 9 Results of simulations using the exact solution kihetic energy was inspected. The error at 0 K was still quite
the classical SSH Hamiltonian (se@p&ndix A):Spin den- large; however, it was negligible compared to the thermal
sity (a-spin) on odd numbered sites (those on even sites anergies. Furthermore, simulations with 0.001 fs as time step
vanishing) $Sas functions of site n and time t.We used a neslhowed that the result is the same as with the larger one. In
tral chain with 51 units (K=17.0100 eVAAA=-5.68346 eV/ plots of the staggered lattice displacements besides the tanh-
A, = 1.09744 ps) and a soliton of tanh-shape with L=3shape of the soliton the thermal fluctuations are clearly vis-
and N,=26 as initial state 3,=-2.5 eV,a=4.8 eV/A, y=0.1 ible. The most interesting plot is shown in Figure 9, namely
A, time step 0.01 fs) at T=0K, 105 0.256657 (eV/A], the spin densities on odd numbered sites. We see clearly that
50K [o= 1.28328 (eV/A, 100K [o= 2.56657 (eV/X) the soliton is completely immobile at 0 K. At 10 K a very
small shift in position seems to occur. Then at 50 K tempera-
ture obviously the soliton is able to move more or less ran-
roughly equal to 3 lattice sites. However, the SSH Hamdemly in the chain, though, only from the center of the chain
tonian with experimental walues gives soliton half-widthsto its end. At 100 K, finally the soliton becomes freely mo-
around 7 lattice sites. To obtain the desired soliton width obi®e and moves due to the effect of temperature through the
sites, we used,g0.1 A. We placed initially a soliton of tanh-complete bain. In Appendix B in the supplementary mate-
shape with L=3 and centered =46 into a neutral chain of rial the relation of our method with the,}bstate is discussed
51 units. The initial values for the time dependent MO coéf detail.
ficients were obtained from a conventional static SSH calcu- This result agrees with experiments, where it was found
lation on the system with the initial geometry. Then we pehat between 10 K and 100 K the behaviour of neutral solitons
formed time simulations using the above derived formalismtPA changes from being completely immobile below 10 K
at different temperatures, namely T=0 K, 10 K, 50 K, and completely mobile above 100 K. Between these tempe-
100 K. For the four different temperatures the evolution rdtures a continous transition is observed. This is exactly the
the total energy (being simply an error at T=0 K) and of thehaviour that we expect from our theoretical calculations.
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Applications to tPA chains and the calculation of elec-
tronic spectra Er)\ergy (eV)

In our applications to tPA we want to distinguish betwe¢ 1
static calculations involving geometry optimizations, whic 0

; . . ; : S 37
we perform with our time simulation program by setting tf
lattice velocities to O after each time step. In this way v
obtain simply a gradient optimization scheme. However, \ 1.8 eV
can also multiply the velocities with a factor betweenOanc Q= - - - - == - - o e oo ee oo de e
after each time step. In this way the lattice is cooled do

slowly, and the system can override some local minima wh 1.8eV
are higher in energy than the total minimum. Further, v

want to show the results of some of our dynamic simulatiol s% o N B

However, since the material was published already previou _q ’ Jo.2ev

[36], we want to keep the discussion short, concentrating vV

the most important results. A description of methods is giv

in Appendix C in the supplementary material. Figure 10 Position of the energy levels of a neutral soliton

in the gap of tPA (all energies scaled such that the gap is 2

Static properties eV) calculated with the AUHF method

First of all we have to note here that in optimization proce-

tral solitons converges with increasing chain length N t0sgin contaminations to yield a reliable description of tPA,
half width of 2.5 lattice sites, while with UHF it divergesyhile the error obtained with AUHF is tolerable. Further, we
Further, we want to note that a half width of neutral solitoggmpared AUHF spin densities in g &nd a G, chain with

of around 3 lattice sites is in agreement with results gfsyits obtained by Soos and Ramasesha [60] with an exact
Boudreawet al. [16] obtained using a semiempirical all vagjigonalization of the Hamiltonian which is possible for such
lence electron (MNDO) method and a Restricted Open Shgia|| systems. However, note that even with the faster com-
HF (ROHF) scheme. In these calculations, instead of applyrters available nowadays exact diagonalizations are still far
ing a DODS (Different Orbitals for Different Spins) methogom possible for chains of realistic lengths (30-100 units),
like UHF, EHF or AUHF,one uses a simple RHF schemggpecially in time simulations where the procedure (for ex-
with occupation numbers of 0, 1 or 2 (instead of 0 or 2 #iple, the Lanczos method) would have to be repeated in
RHF for closed shells). Howevesur AUHF method now each time step. Although our comparison showed that the
leads to the correct expectation values of the square of §th density wave ithe AUHF method is somewhat more
spin operator for doublets. In chains with 101 units and &Rongly damped than in exact diagonalizations, and as shown
optimized soliton in the center of the chain, UHF convergggove the spin polarization becomes underestimated, the re-
to a solution which shows & >=10.8 & instead of the cor- sults are still reliable. On the contrary, the UHF results are

rect value for a doublet state of 3which is obtained with COMPpletely unrealistic. -~

the AUHF method. Further, we obtain a spin polarization with The following sketch (Flgurg 10) ShO,WS the energy Ieyels
both methods as it was found with ENDOR experiments. Holij-th€ gap due to a neutral soliton of width 2.5 in a chain of
ever, with UHF the spin density wave is undamped, and th&! Units, as obtained with the AUHF method and scaled
averaged values of the spin densities on consecutive sitesSHf8 that the value of the gap is 2 eV, which corresponds to
far too large. AUHF yields values in the correct range, butfte €xperimental value of the fundamental gap in tPA. Clearly
underestimates the spin polarization slightly. We used a chiif AJHF excitation energies as such are far too large as, is
of 41 units (the conjugation length in Shirakawa sampleslgfua”y found in HF cglculatlon. .Further, there is no reliable
tPA is roughly between 20 and 40 double bonds) and coff®y to.c.)btaln correlation corrections to AUHF energy levels.
puted the average spin densities S separately for odd n{[irddition, UMP (perturbation theory based on an UHF re-
bered (§) and even numbered {Ssites for the UHF and the erence) calculations are known to be rather questionable on
AUHF method and compared these numbers with the high Initio level and our expences withab initio applica-
temperature ENDOR results (measured spin densities arej s show that such scaling procedures are not unrealistic.

averaged by soliton movement). The results we obtained d/aUs We are quite confident that the level distribution shown
in our sketch based on scaled AUHF calculations is a quite

reasonable one. Note that thel&els (neutral soliton) split
into an occupiedi-spin level close to the valence band and a
virtual B-spin level close to the conduction band. However,

ENDOR § = +0.06 §=-0.02 alternating
AUHF S, = +0.05 §=-0.01 alternating
UHF S =+0.40 §=-0.40 alternating
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A Energy (eV)
2.2‘ T~ —_ C
/ 1.6 1 -2
/7
0.3 , Figure 12 Sketch of the end-kink geometry used for our simu-
oL ... .. LS lations as initial configuration (chain with an odd number of
-0.3 . -0,2 CH groups in phase A)
EVINENG } P
\ _ 5
'\0'8 N corrected with the coulomb- and exchange integrals (-0.44
. /'.1ﬁ v eV correction to the simple differences of state energies) be-
-2.2‘j'—/ ) tween the occupied and the virtual level taking part in the
SSH PPP MP2/PPP excitation pocess. his value is well below midgap as ex-

pected from expémnent. This &citation energy from the
soliton level to the conduction band amounts to 1.35 eV, or

Figure 11 Positions of the energy levels associated withSgaled such that the gap is 2 eV (factor 2.0/3.2), the excita-

negatively charged soliton in the gap of tPA calculated witlpn €nergy is 0.9 eV. Thus we can summarize our results
different methods (see text) obtained with the new parametrization as follows (N is the

chain length):

both levels are connected with the same excitation energyr3fitations:
about 1.8 eV. PLC, VS 1.8 eV exp.: 1.35 eV

This scaled excitation energy is still too large comparét C: V—S*: 0.9 eV exp.: 0.45 eV
to the photoinduced high energy absorption [2-4] found at
1.35 eV; however, it lies in the correct range, close to the ]
band edge. Note that we parametrized our PPP Hamiltonrgiiton widths (PPP): .
with respect to potential surfaces. Therefore, excitation en'e@sf) = 2.5 sites MNDO: 3 sites
gies still would need the usual correlation corrections.  L(S) = 5.9 sites (N=21) ab initio: 6 sites (N=21)

For the study of charged solitons we chose a chain of ") = 10 sites (N=121)  converged with increasing N
units length and a negatively charged soliton of width L=8
lattice sites in its center. The sketch below (Figure 10) shows . i )
the PPP-HF results which clearly indicate that the gap dBynamical simulations
tained is too large (4.4 eV), while the negative soliton level
lies 0.8 eV below midgap instead of above as the photoin-our dynamical simulations we obtained results which are
duced low energy absorption suggests. However, since hdose to experimental facts. We want to present here dynam-
we have to deal with a closed shell system we could apjady of neutral and charged solitons (see Appendix C in the
the usual correlation corrections to the energy levels, for expplementary material for the method). Further, we want to
ample, Suhai's method [61-64] for polymers, which can ald@scuss the dynamics of singly charged even numbered chains,
be applied for molecules (see for example ref. [62]). In thighere according to experience polarons are formed. In addi-
method the self-energies added to a level i (occupied) dion we study doubly charged even numbered chains where
(virtual) can be calculated on second order perturbation thebiyolarons should not be formed but free pairs of charged
(MP2) level as explained in Appendix D in the supplemeselitons which repel each other. Further, we calculated dy-
tary material. namics of excited states, and of disordered chains. For simu-

Then the correlation corrected energy levels denote byations on even numbered chains we start with an ideally
and w,, respectively, are calculated again foliog Appen- dimerized chain, while for those on odd humbered chains we
dix D in the supplementary material (based on an extendgat with an end-kink configuration (in both cagegt=0)/
version of Koopmans' theorem [52,61-64]). Note, that thg =1; see Figure 12 below). From initial configurations like
results given in ref. [36] were obtained with AO integrals ntitat, mobile solitons are formed, because a localized spin or
corresponding to the Ohno parametrization mentioned abasiearge prefers to be situated in the center of the chain, and it
which seems to be the best one for tPA. With this method paarizes the lattice around it to form a solitonic configura-
obtain a gap of 3.2 eV which compares very well with Suhaiisn.
best basis setb initio result of 3 eV [61-64]. Now the nega- In Figure 13, we show the spin density on odd numbered
tively charged soliton level appears close to midgap assites only (to avoid the oscillations between consecutive sites
SSH theory (-0.21 eV). due to spin polarization in the plot) for an initial end kink

However, in our case the excitation energy is not giveonfiguration in a chain of 31 units using the AUHF method

simply as the difference of the energy levels, but has todel our alternativansatzfor the o-potential (see Appendix
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AUHF (odd sites)

Figure 13 Spin densitiesq(-spin) §(t) at odd numbered car- ~ S_(t) (0dd sites) (b)
bons in a neutral chain of 31 units;£0.0238 A, g=1.2428
A and y=0.3307 A) and starting from an end kink configura
tion (¢ (t=0)/u,=1) as function of site n and time t (the tim¢ -
step is 1.00 fs), using the AUHF (K=35.070 e{/#=1.507
A) method

C in the supplementary material). Obviously the spin loc:
ized at the chain end moves away from it and travels throt
the chain with a more or less uniform velocity, which amour
to 2.9 km/s, much smaller than in the SSH case. This i
direct consequence of the smaller width of the soliton, sir
the smaller the width of the soliton, the more it tends to I
tice pinning. Note, that although the width of the soliton
the lattice is quite small (roughly 3 sites), the spin dens

wave associated with it extends over more sites, in fair agr
ment with experimental results [65], where the form of th
wave could be directly measured. Figure 14 shows the i

RHF (odd sites)

.04 t(ps)

n 10 .02

Figure 15 The normalized staggered lattice displacements

@)

"l e es)-

+ [qJn(t) + n+l(t)](1_ 6”N)}

the spin densitieso¢spin) $(t) (b) and the charge densities
Figure 14 Charge densities (@) at odd numbered carbonsQ,(t) (c) at odd numbered carbons in a singly charged (posi-
in a singly charged (positive) chain of 31 unitg@0238 tive) even numbered chain of 32 unit3<0.0238 A,
A, 3=1.2428 A and y=0.3307 A) and starting from an enda =1.2424 A and y=0.3311 A), starting from uniform dime-
kink configuration {,(t=0)/u,=1) as function of site n andrization ((t=0)/u,=1) as function of site n and time t (the
time t (the time step is 1.00 fs), using the RHF (K apd fitne step is 0.25 fsysing the ANHF (K=39.514 eV/A
determined with BHF on the corresponding uncharged?,=1.495 A, determined in the corresponding uncharged chain
chain, values as in Fig. 13) method using RHF) method
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S, (t) (odd sites)
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Figure 17 Spin densities-spin) $(t) at odd and even num-
bered carbons in a neutral even numbered chain of 32 units
(u,=0.0238 A, 3=1.2428 A and y=0.3307 A) starting from
uniform dimerization, (t=0)/u,=1) as function of site n and
time t (the time step is 0.125 fs), after an inii excitation
(m=1) using the AUHF (K=39.492 e\VAAR=1.495 A, de-
termined for the corresponding ground state using RHF)
method

namics of a singly charged (doped) odd numbered chain,
where the excess charge occupies the soliton level and a
charged soliton or charge carrier is formed.

Figure 14 shows the charge distribution on odd numbered

@)

0= (435, = 10 0180+

+[Wa(t) * Wpa(t)](1- 3}

is clear from the Figure that the width of the charged soliton
is larger than that for a neutral one, and consequently it has a
larger velocity (18 km/s). In Figure 15a we show the time
evolution of the staggered lattice coordinate for a singly
charged even numbered chain. It is clear that in this case no
free solitons are found. On the contrary, the lattice distortion
in the center of the chain relaxes to a minimum value larger
than -y, while a B-phase segment would show distortions

and the charge densities @ at odd b) and evend) num- smaller than -y because due to the excess energy a B-phase
bered carbons in a doubly charged (positive) even numbefgdhe chain would be overshooted. In contrast here we have
chain of 32 units (0.0238 A, 3=1.2424 A and y=0.3311 a typical polaron structure, with a distortion of 0 in its center,

R), starting from uniform dimerizatiog((t=0)/u=1) as func- slightly overshooted due to the excess energy over polaron
tion of site n and time t (the time step is 1.00 fs) calculatgding energy the chain gains by putting an extra charge
with the RHF (K=39.514 eVAAR=1.495 A, determined in into its electronic structure (an electron into the conduction

the corresponding uncharged chain using RHF) method. band or a hole into the valence band). In our case we re-
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AUHF, 5% disorder AUHF, 10% disorder
Sp(t) (odd sites)

Sp(t) (odd sites)

Figure 18 Spin densitiesq-spin) $(t) at odd numbered car- AUHF, 15% disorder
bons in a neutral chain of 31 units (& 0.0238 A, g =

1.2428 A and y= 0.3307 A) with a random distribution of Sp(t) (odd sites)
the electronic parameters. x is the maximum value of the dis-
order %, (-x<x,<x) given in % of the normal values of the
parametersa, = a(1+x,), B, , = B, (1+x,) and | = 1(1+x ) -5
(the ionization potential). Note, that for thyes we use here:

\Y, 1 .

Yom = dnm_E(In_An+|m_An')1 30
Ov o

0

U

+
&,
3

41,
central breather remains stable. The charge density on odd
: - numbered sites shows one of the positively charged solitons,
where A = A(1+x,) is the electron affinity. Here we use | 5 pjje the other one has its charge on the even numbered sites.
11.54 eV and A = 0.46 €V} is a random number between - yho chain would be longer, the two charged solitons would
and x and we start the simulations from an end kink configiisa ate completely, leaving the breather vibration between
ration (i;,(t = 0)/u, = 1). The spin densities are given ag o Thys a scenario for dopinguid be, that initially for
function of site n and time t (the time step is 1 15), using gy smajl dopant concentration in even numbered chains
AUHF method for three different disorder strengths, nameé}ﬁarged polarons would be formed. These polarons create
X = 0.05 (K = 34.2878 eVAAR, = 1.5084 A), x = 0.10 (K = oyeis in the gap. Thus the electrons from further doping will
33.2322 eV/A R, = 1.5115 A) and x = 0.15 (K = 27.9892ccupy such gap levels and form unstable bipolarons which
eVIR, R, = 1.5307 A) would decay into two free, separating charged solitons and a
central breather vibration between them. This is in qualitative
agreement with experimental findings and conclusions from
moved a charge from the valence band. Due to this excesigulations with the SSH Hamiltonian [1-4].
energy, the polaron oscillates back nearly to the undistortedFigure 17 shows the-spin density on odd numbered sites
chain and is formed again afterwlarAlso the spin (15b) as a function of time which developes from an even num-
and the charge density (15c) show a typical polaronic strivered chain after a m=+1 triplet exditm. We have chosen
ture. This result is in fair agreement with experiment, sinttés kind of excitation, because it can be described with one
in very lightly doped samples the spectral features of pol@tater deteminant. Thus we can use an AUHF simulation,
ons were found. Figure 16 displays the dynamics which evolveere we just changed the occupation numbers for the dif-
from an even numbered chain of 32 units with two positiverent spins accordingly. Namely, we remowee B-spin
charges. In contrast to the singly charged chain, here a w&lkctron and placed it into the first virtual orbitalcofpin.
developed B-phase segment occurs between the two sepa@iad-plot shows clearly that two neutral solitons are formed,
ing charged solitons. which move in their respective halves of the chain. The sec-
However, this structure decays into a breather vibrationd soliton would show up in a plot of the spin density on
between the solitons. Each soliton moves between its respg&en numberedites. Asimilar situation, however, with
tive chain end and the center of the chain, as the plot of tharged solitons forming from the initial excitations we found
charge density on odd numbered sites indicates, while tbe'B states which have to be described by at least two Slater
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Figure 19 Electronic spectra of an odd numbered chain @bnverted to neutral solitons. However, &sonet al. [7b]
61 units with one negative charge (left panel) and of an evauld show, that already second neighbour interactions in the
numbered chain of 60 units with two negative charges (righte-electron part of the Hamiltonian of very small strength
panel), calculated as described in the text and in Appendixizke the reaction'$S - 29 allowed and probable. The tem-
in the supplementary material. The vertical lines indicate tiperature dependence of the high energy absorption is then
soliton peak and the band to band excitation. The intensitesglained with a confinement of the neutral solitons in disor-
I(E) are in arbitrary units (corresponding to the equationdered regions of the chain, which would prevent them from
given in Appendix D in the supplementary material) recombination. Increasing temperature then could help the
solitons to escape from their traps and recombine. Thus it
remains to be shown that disorder can really function as a
deteminants [66]. An MCSCF formuten for singlet ex- trap for neutral solitons. For this reason we performed simu-
cited states has been developed and presented in our platiens in neutral odd numbered chains (31 units) with a ran-
ous paper [67]. dom sequence of values for the electronic parametgs,
Another interesting case is the behaviour of neutral solitogsand the on-site ionization potential I. We allowed fluctua-
in disordered chains. The generally accepted scenario fortthes around the usual values of the parameters within a given
origin of the high energy photoinduced absorption is the gmrcentage deviation. Simulations of this type are shown in
sumption that it originates from neutral solitons. Howevdfjgure 18. Indeed we found that even small fluctuations in
by alB, excitation only charged solitons are created via th# three parameters (maximum of +5% of their normal val-
lattice polarization due to the initially created electrons ires), are sufficient to hinder the soliton motion as our Figure
the conduction band and holes in the valence band. In shews. With 5% and +10% disorder in the chains the soliton
usual SSH or PPP Hamiltonians these excitations cannot be
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motion is restricted to a small number of sites, while with (iv) A chain length of only 30 double bonds could be too
+15% disorder the soliton becomes completely trapped, whizhall as compared to experimentally occurring levels. Fur-
is consistent with the assumed scenario for the high enettggr, in a real sample propably a distribution of chain lengths
absorption. should be present. The short chain length leads to a compres-
sion of the charged solitons, which have a rather large width
also in the PPP model, resulting from the chain ends, being
Electronic spectra too close to each other. Such a compression of the solitons,
especially when there are two of equal charge present on one

The method for the calculation of electronic spectra frop&in, could shift the frequencies to higher energies.

our dynamical simulations of polyene chains is outlined Our theoretical spectra show clearly the bleaching of the
shortly in Appendix D in the supplementary material. In Fi@and to band absorption with increasing dopinglleVhe
19 we show the spectra which we obtained from simulatid¥§aching rate in the calculated spectra suggests a doping
on chains containing 61 CH units with one negative char'&«‘;‘e' as expected from comparison with experiment (see be-
and with 60 CH units and two negative charges (both simd@)- In (CH);" the doping level is y=1/61 charges per CH
tions started from the same end-kink geometry). unit whlch is ap_proxmately equal to 0.Q17. We measqred

The figure clearly indicates that qualitatively our methd&e ratio x of the intensity at the peak maximum of the soliton
reproduces the experimental spectra quite well. Note, thafi§itation at around 0.8 eV to the peak maximum of the band
experimental spectra the structure showing a lot of shippPand excitation at 2 eV in the corresponding Fig. 34 from
minima and maxima is mostly smoothed out via couplings'@- [, which was reprinted there from ref. [69], showing
phonons and to the environment of the chains. Further i SPectra for polyacetylene as function of the (electrochemi-
limited chain lengths used in our calculations might playC&! doping) cell voltage. Using the heights of the maxima of
role in the creation of this artefact. However, there is still offe€ Pand to band absorptions measured from the figure, we
basic shortcoming in our results. Namely, the peaks are c8htained the corresponding doping levels with the help of an
sistently too high in energy. For the soliton peaks we exp&&Pression given by KSSH [1] (see Appendix D in the sup-
from experiment a frequency corresponding to roughly (Pmentary material). In Fig. 20 we show a plot of the dop-
eV, while we obtain 1.2 eV for the singly charged soliton aiftd 1evel y versus the ratio x, measured from Fig. 34 in ref.
a side peak at again 1.2 eV in the doubly charged case, widile From our spectrum for (CH) we obtain x from the
the peak of the soliton absorption in the latter case is at fignsities at 1.2 eV and 2.5 eV, respectivelyD&&lS. As
eV in our theoretical spectm. Theband to band excitation Shown in Fig. 20 this value of x suggests a doping level of
peaks at 2.5 eV in the singly charged case, while we idenfifpund y=0.021, which is in fair agreement with the actual
the side peak at 2.4 eV in the singly charged case as the Y& of 0-017. With the intensities measured for (¢FHat
to band excition. Theother side peaks correspond to ex-
citations from the soliton levels to the conduction band. Thus
our frequencies are all by about 0.3-0.5 eV too high in €
ergy. However, the reasons for that are well defined and 100y
under study in the moment:

(i)_ The level of electron (lzorrellation included in the ca 4 7] CH gb /@
culations (MP2, see Appendix D in the supplementary ma | - - - - - - - - - oo .
rial) might be too low for the present purpose. We are goi 3 - '
to implement MP3, the third order of perturbation theol
currently to be able to investigate if this is the reason for 1
error or not.

(i) The exciton corrections (in HF and conventional MP
calculations of energy level differences the interactions t 1
tween the electron in the conduction band and the hole in
valence band or the soliton levels is neglected) are calcule :
with the help of the HF wave function only, not with th 0 LI L D O O R Yo
correlated one. 0 2 4 6 8 10 12 14

(iif)Since we do not treathe o-electrons explicitely in
our method, we had to include a relative dielectric constarfigure 20 The doping level y from Table 1 in Appendix D in
in V=e?/(41e£) and also iry=y,/€, wherey is the on-site elec- the supplementary material (in charges per CH unit) plotted
tron-electron repulsion strength. In this work usee=1.5, against the ratio x of the experimental height of the soliton
which is commonly used [68] and appropriate for polydpeak at around 0.8 eV to the experimental peak hight of the
acetylenes [52,61-64]. It might well be that for polyacetyband to band to band transition at 2 eV in doped polyacetyl-
ene anotheralue of e would be better suited, although ouene as measured (shaded circles) from Fig. 34 in ref. [1] (re-
calculations on neutral chains indicate that wail.5 the printed from the results published originally by Feldblum et
band to band excitation peaks correctly at 2 eV. al. [69]). The dashed lines correspond to the measured val-

ues of x from Figure 19
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1.4 eV and 2.4 eV, respectively, we obtain x=1.409 and thusually pairs of oppositely charged solitons evolve, which
a doping level of y=0.034, in excellent agreement with tlaétract each other, and thus would move anyway closer to-

actual value of y=2/60 charges per CH unit.

gether also in reality. Thus such a pair of solitons would be

In Figure 21 we show finally the photoinduced spectrumuch less affected by the length of the chains under consid-
obtained from a simulation on the first excited singulet staeation. Further, as expected, we obtain a complete bleach-
1B, for (CH),,. Here the situation is clear. The soliton excitaing of the band to band excitation.

ion peaks at around 0.7 eV, again by roughly 0.3 eV too high
in energy as compared to the experimental value. We do not

expect an artificial compression of the resulting chargﬁd

solitons in this case, because from the excited singulet statmics of cis-polacetylene (cPA) chains [70]
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Figure 21 Electronic spectrum of an even numbered chait
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As mentioned already in the Introduction, in cPA we do not
have a degenerate ground state. Since such a system cannot
be described with a normal SSH model having the same re-
sonance integrals and electron-phonon coupling strengths, we
decided to perform a reparametrization of our PPP Hamilto-
nian for this system again. As in tPA we did that on the basis
of correlatedab initio calculations on a small segment of
cPA, namely cis-hexatriene. We found that in a model con-
taining electron-electron interaction it is not necessary to in-
troduce a symmetry breaking on the level of the one-particle
parameters as it is suggested in the Brazowskii-Kirova model
[71]. On the contrary, the symmetry breaking results almost
exclusively from the two-electron interaction term, because
there, the different geometrical arrangements in the two dif-
ferent bond alternation phases are naturally included via the
Ohno approximation which makes the two-electron integrals
geometry dependent. However, we found, that the resonance
integrals have a value of -3.1 eV in cPA, by 0.6 eV larger in
absolute value than in tPA, in order to match the dimerizat-
ion energies of the system as given in the literature [72] and
scaled for the inclusion of correlation. The symmetry break-
ing in the B parameter at alternating sites amounts only to
1.8% of the actual value quoted above. The energy differ-
ence between the two bond alternation phases is in our model

.
e St
' “‘

NN

RS
\“:“ S e,

of 60 units in the first excited singulet statB, ), calculated

as described in the terdnd in Apendix D in the supple-
mentary matdal. The vetical line indicates the position of
the soliton peak (charged solitons). The intensities I(E) are

in arbitrary units (corresponding to the equations given iRigure 22 The total potential energy FEper CH unit in a

Appendix D in the supplementary material)

cPA chain of 9 CH units as a function of the bond alternation

u (in A) and the resonance integi@l(the other parameters
are determined such that the results of our ab initio calculat-
ions are well fitted by the model)
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Figure 23 Distance between two neighbouring sites.d Figure 24 Distance between two neighbouring sites,.d
and the spin densities at odd numbered sitessSunctions and the charge densities at odd numbered sitessgfunc-

of site and time in a cPA chain with 70 units, carrying orte®ns of site and time in a cPA chain with 100 units in a pure
excess electron and an optimized polaron like distortion cloAgphase geometry initially, carrying two excess electron

to the chain end in the initial geometry

smaller than the theoretical values quoted in the literatudeubly charged chains we found bipolarons to be stable, which
however, these values differ significantly when calculated withturn serve as spinless charge carriers in this system instead
different theoretical approximations [72,73]. Thus we did nof the solitons found in tPA. In Fig. 23 we show the dynam-
bother to reproduce such values in our paramdiizaThe ics of a longer cPA chain carrying one extra charge and with
electron-phonon coupling strength we have determinedtls optimized polaron geometry placed at one end of the chain
being 0.068 eV/A with a symmetry breaking of only 3.7%n the initial geometry. The plot indicates clearly that polarons
This value is comparable to the one in tPA (note, that thee just as mobile as solitons in tPA. The charge density fol-
numerical value differs, because in both models the vallmss closely the spin density @nd therefore is not shown
refer to different definitions of the geometry). In Fig. 22 wieere. In the polaron we found [70] that as expected the
show the total potential energy of an odd-numbered cPA chaémlinear quasiparticle exhibits phase A geometry on both of
as function of the bond alternation u and the resonance iiitesides, while in its center there is no well established B-
gral B [70]. However, in this parametrization the bipolarophase geometry, but rather a short segment with the equidis-
width tends to increase with increasing chain length. Withiant geometry. To avoid the effects of spin contamination we
the criteria for our parameters we were able to increase hlage again used the AUHF approximation in our PPP calcu-
symmetry breaking considerably bringing it closer to thelations.
retical results given in the literature. With these sets of pa-Note, that simulations on singly charged even numbered
rameters the bipolaron width converges to a finite value withains in a pure A-phase geometry also showed the forma-
increasing chain length. Thus we are convinced that in c#n of singly charged polarons. However, such a polaron
doubly charged bipolarons are stable with respect to the fopuld not be a spinless charge carrier, because besides a
mation of a pair of singly charged polarons [70]. charge, it carries also a spin. Therefore we have studied the
In our geometry optimizations we found that for singlgtynamics of doubly charged even numbered chains inA-phase
charged chains polarons are the stable excitations, while for
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geometry initially. As Fig. 24 shows, a bipolaron is forme
from that initial condition. t=8 fs (min) =14 fs (max)
To show the fact that the formation of a bipolaron is fi
voured over that of two charged polarons, we have selec; 55
from the above simulation the times where the total poten
energy exhibits maxima and minima, plotted the distancs 45
between neighbouring sites d, (at odd n only) at these times
and compared it with the optimized bipolaron geometry in1.35
chain of that length. Note, that in the bipolaron, in contre
to the polaron, a fully developed segment of B-phase gec
etry is formed. The result is shown in F&bh. The igure
shows clearly, that the geometry at an energy minimum
ways corresponds best to the optimized bipolaron geome optimized bipolaron
while at the energy maxima of that simulation always tv t=21fs (min)  t=27 fs (max) geometry
charged polarons are formed. This indicates clearly, that "
contrast to the results reported by Shimoi and Abe [74] ¢
tained with the PPP-UHF method, a bipolaron is stable co1.44
pared to the formation of two separated singly charg
polarons. Weassume, that the UHF method used by Shim
and Abe [74] lead to different results due to spin contamir1.36|___... .
tions inherent in that method. o 10 20 30 4 5 8 70 8 9
SSH simulations on cPA [75] lead to results which a n
qualitatively similar to ours, however, a direct comparison _
not possible, because in that case the difference betweer b
energies of the two phases were far too large [75]. Howe\ _ . _ optimized bipolaron
our PgPP optimization results agree fairly well with those o eSS (min) =4l fs (max) geometry
tained with the Local Spin Density formalism [76]. Finally1->* )
the results on cPA indicate that our methodology does 1%
only work well for solitons in tPA but also for polarons an 46

bipolarons in cPA. 1.42 y
138

optimized bipolaron
geometry

@
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Figure 25 The distances g ,, for even numbers n as func-

To summarize, we have presented a simple and cheap mggglof site n from the simulation shown in the previous fig-
which ure, at different times t which correspond to minima (min)

(i) yields a semi-quantitatively correct description of thend maxima (max) of the total potential energy together with
dynamics of nonlinear charge carriers in conjugated potte optimized bipolaron geometry in a chain of 100 units
mers and of their spectra length

(i) can be applied to different systems by a simple
reparametrization

(iii)allows also a quantum description of the dynamicsready at the cost of a HF calculation, while the problems of

The chemical stability of conducting polymers can be iDFT methods with excited states do not play a role here.
vestigated with the help of corrédd ab initio calculations Further, methods for the treatment of local perturbations in
on the infinite systems. The methods used for such calcuidinite chains can be implemented on DFT level also.
tions are documented completely in the literature (see ref.For the future we want to extend our simulations with the
[52] for a comprehensive review and further references). Iiwelp of all valence electron semiempirical methods, like AM1,
portant for conducting polymers is their stability against oxM3 or others to be able to take into account also effects like
gen. Thus one can calculate the interaction energies of the breaking of bonds. However, this can, in principle, also
polymer with oxygen, by placing one oxygen molecule intee done by using a Morse-type potential for ¢helectrons
each elementary cell in different orietas. Also proper- instead the harmonic one. The Carr-Parinello simulation
ties like the bulk modulus and others can be computebbymethod using density functional theory is computationally
initio methods [52]. Single oxygen molecules interacting witbo costly for chains of our size. Further, we are convinced
an infinite chain can be studied with the help of Green'’s furthat our PPP model is already adequate to take most of the
tions methods [52]. For these purposes alsanitio density important effects into account. Calculations with better meth-
functional (DFT) methods would be appropriate, since thegs are planned only for comparisons and testing purposes.
yield results of MP2-quality for ground state properties aMll together, a combination of calculations such as
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Figure 26 Sketch of two different bond alternation phases
(aromatic) and B (quinoidal) in polyparaphenylene

B-Form

(i) the present model which yields information on existigure 27 Sketch of the two different bond alternation phases
ence, structure and mobility (including temperature effects,(aromatic) and B (quinoidal) in the polythiophene type
electric fields and neighbouring chains) of nonlinegmlymers (X=0, N or S)
quasiparticles and

(i) correlatedab initio crystal orbital methods which yield
informations on the chemical stability of a polymer and it® calculations on the polymer and its derivates have been
mechanical properties, published [39,46,47,49,77].

should be a reliable tool for the theoretical prediction of Other systems with two non-degenerate minimum struc-
useful chemical structures which can be used as synthetic metes are polyfurane (X=0), polythiophene (X=S) and
als. polypyrrole (X=N), polymers which are known to become

Other conjugated polymers, where nonlinear charge cemnducting upon doping. Here we have again an aromatic A-
riers can appear are too numerous to list them all here. &el a quinoidal B-form (Figure 27Ab initio studies on the
will just mention some of them where we also plan to tesfinite polymers and their derivates have been performed by
our method on. Mostly they do not exhibit degenerate grouBHakshi et al. [51]. However, in these cases even the exact
states, but bond alternation phases with slightly different emature of the charge carriers is still under discussion. Thus
ergies. hus in these systems solitons would be unstabdeir method, including a reparametrization of the PPP Ham-
because on one side of the soliton the energetically urfanian could be of help to settle the issAb.initio calcula-
vourable alternation phase woulkigt. An example is poly- tions would have to be performed again on a subunit, prefer-
paraphenylene, where we have an energetically low-lyiagly a trimer of each species.
aromatic phase Aand a higher lying quinoidal phase B as A very interesting system is the polyaniline with its dif-
sketched in Figure 26. However, here as in cPA polarons woligient oxidation states, which can partly form similar struc-
be stable, because dependent on the width of the polarontdhes as described above. One of its states, pernigraniline can
length of the B-segment could be kept small;{#8),-(A),,. also form solitons, because it has a degenerate ground state.
Spinless charge carriers in the system would then Here again electron-libron couplings can become important
bipolarons, i.e., doubly charged polarons. as a contribution to the nonlinear effects. Such rotations be-

To apply our procedure to this system, we have to definenaeen rings can be incorporated by representing the hopping
coordinate which switches frothe A-phase with aromatic integrals as a function of the rotation angles, most probably a
rings and long bonds between them, via the equidistant arwsine function, in addition to the usual electron-phonon cou-
where all bonds have equal length to the B-form wifhling. Further one would have to incorporate an additional
quinoidal structure having short bonds between the quinoitkim in theo-electron potential, which describes the sterical
rings. Then on a small model system like bi- or triphenyl wéndrance as function of the rotation angle. Such a term should
can optimize the two structures to fix the geometry on thave the form,
basis of high quality correlatedb initio or density functional K _
calculdgions. Then we can calculate aig onab initio level \,,, = —HH Zsinz[sj J.+1_(_1)',90]
the potential curve with respect to this generalized coordi- 2 i '
nate and parametrize the PPP-Hamiltonian such that it is able
to reproduce this potential curve. Then the PPP Hamiltonian ) . )
can be used to perform dynamic simulations on long chal#@ed;,, is the displacement of the rotation angle between
and to study the mobility and stability of the carriers at finiétes j and j+1, and, is the angle in the undistorted struc-
temperatures. Further, one can compute their spectra inttg. The hopping integrals for the bonds between rings are
gap. Another interesting feature of this system is, that th@dulated by a factor cdj(,;). The same reasoning holds
rings are rotated against each other and thus electron-lid@nPolyparaphenylene. The chemical structures of two oxi-
coupling can also contribute to the nonlinear effetsini-

®3)
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