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The interruption of conjugations in polyacetylene, (CH),, is studied with the use of a tight-

binding model Hamiltonian capable of describing various chain defects in (CH),.

The effect of

twisting, local impurities, cis segments, chain bending, and attached side groups on electronic transi-
tion energies and intensities is investigated. Rotations around ‘“‘double” C=C bonds of the conju-
gated (CH), chain lead to the formation of a soliton-antisoliton pair. To study the effect of sp>-type
defects or crosslinks in polyacetylene, all-valence-electron model calculations are performed for
smaller model systems. It is found that rotations around single C—C bonds, carbonyl side groups,
and sp3-type chain defects lead to a partial interruption of the conjugation. To account for experi-
mental findings from, e.g., resonance Raman scattering, such types of defects must be present in a
relatively high concentration which is possible only if certain domains with a very high density of
defects exist in polyacetylene while keeping the average defect concentration at a low value.

I. INTRODUCTION

Polyacetylene continues to attract considerable interest
from physicists and chemists, particularly in the area of
basic research.! This is due to its very simple chemical
structure and its high crystallinity."® In addition, the
high metalliclike conductivity after doping and unusual
magnetic properties stimulate research work. As it turns
out, a detailed understanding not only of the structure of
the pristine material but also of the defects along the
chains is required. This holds true not only for problems
concerned with conductivity, where a strong interaction
between the intercalated species and the polymer and the
relaxation of the chain is expected to be important, but
also for spin motion along the chain and for problems
concerned with electronic transitions like optical absorp-
tion or Raman scattering. In particular, the experimental
results of the unusual dispersion effect of the resonance
Raman lines of trans-polyacetylene suggested a particle-
in-a-box—type behavior of the 7 electrons on the chains.
Thus, the latter are assumed to be statistically interrupted
by defects?>~® and the physical properties of the polymer
may be described by a distribution of chains or segments
of various lengths. The anomalous resonance Raman ef-
fect (vide infra) can be described quantitatively within
this model, and the fitting of calculated Raman lines and
Raman intensities to experimental results facilitates
evaluation of the sample-specific distribution function for
the segment lengths.

The resonance Raman effect of trans-polyacetylene is
anomalous in the sense that the shape and position of
several Raman lines changes dramatically with the fre-
quency of the exciting laser. Line shifts up to 60 cm™!
for laser quantum energies between 1.8 and 3 eV have
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been observed. The description of this effect is based on a
photoselective resonance process. Red and blue laser light
excites resonantly only the specific part of the polymer
which is accommodated in long and short segments,
respectively. Thus, for the resonance excitation with the
blue laser electronic transition energies of the order of 3
eV are required which are characteristic 7-7* transition
energies for chains with five double bonds. Accordingly,
so far complete interruption of the m-electronic system on
the chain into segments of various lengths was assumed
phenomenologically.

The purpose of this paper is to give a realistic and
physical interpretation of the term “interruption of conju-
gation,” rather than a sophisticated quantum-chemical
treatment of the system. Thus, by using simple models,
we study the electronic structure of polymer chains con-
taining various types of well-characterized defects on the
conjugation. We investigate to what extent these defects
interrupt the conjugation without interrupting the chain,
and to what extent these interruptions lead to physical
properties equivalent to a complete chain interruption.
The underlying models and methods are specified in Sec.
II. Numerical calculations were performed on a general-
ized Hiickel or on the “spectroscopic complete neglect of
differential overlap” (CNDO/S) level. Chain end effects
are automatically included. In Sec. III the results on elec-
tronic excitation energies and transition moments are
presented for various kinds of conjugation interruptions.
The following defects will be discussed: several types and
arrangements of twists on a polyene chain, chain bending
and local impurities, cis segments in a trans chain, side-
groups and crosslinks, and relaxation of bond lengths.
Preliminary results of these investigations have been pub-
lished recently.’
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II. METHOD OF CALCULATION
A. Generalization of the Hiickel model

1. Model Hamiltonian

In order to describe the m-electron structure of finite,
long, pure polyene chains the simple Hiickel tight-binding
Hamiltonian of the form

H= 3 B,a] ,a,41,+Hc) 2.1)
B,o

is appropriate with open end boundary conditions. In Eq.
(2.1) a, , creates an electron on the atomic orbital (AO)
X, with spin o, while B, is the resonance integral between
the AO’s X, and X, ;. The AO’s are represented by 2p,
Slater-type orbltals (STO’s),® one on each carbon. Only
the m electrons are treated explicitly. This m-electron
Hamiltonian is diagonalized by the unitary transforma-
tion

vi= 2 Xy s 2.2)
"

which leads to
H=3 ey,
io

where ¥ (¥77) create (annihilate) an electron on the
molecular orbital (MO) ¢; of Eq. (2.2), and the ¢; are the
orbital energies. The total 7-electron energy is given by

E= zg,-s,- N (2.3)

g; being the occupation number of the MO ;. Excitation
energies corresponding to the i—j* transition are ob-
tained as

Ag, *=Ejs—E . (2.4)

i—j

In the present study we shall also pay attention to the in-
tensities of the electronic transitions, which are character-
ized by the transition moments Pijs: The latter can be

evaluated in the dipole velocity formalism:
p(j" —‘/iAElj.(lh | e | ‘/)]'

(in atomic units), where the factor V2 arises from spin
adaptation and the matrix elements of the gradient opera-
tor V can be obtained by inserting the expansion of Eq.
(2.2):

(2.5)

(¥ |V 1/’,--)'_— zci#cj‘vv!"' .
TR

As it is consistent with the spirit of the Hiickel theory, the
V., integrals over AO’s have been evaluated in the
nearest-neighbor approximation. The remaining matrix
elements are calculated over carbon 2p, STO’s at the actu-
al bond distances. We note that numerical checks showed
the importance of second-neighbor gradient integrals to be
negligible.

The Hamiltonian of Eq. (2.1) can describe only pure
(CH), chains. In order to describe various defects along
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the chain, it is necessary to generalize our model. We ap-
ply the following model Hamiltonian:

H=7 [a,,a;,am, +B(ry) (cosqa“)(alwayﬂ,,, +H.c.)]
"o

+ 3 fulry) . (2.6)
o

The first term of Eq. (2.6) describes diagonal disorder in-
duced by impurities on the chain. The second term is
capable of describing off-diagonal disorder induced by
twists of the chain or relaxation phenomena (electron-
phonon coupling), while the last term considers contribu-
tions from the o electrons in a phenomenological way,
permitting us to describe relaxation effects. The factor
cosg at the resonance integral takes into account the de-
crease of the B integral upon twisting the chain around
the corrtsponding bond by an angle of ¢. The o-core po-
tential in Eq. (2.6), f,,(r,), is determined in the spirit of

the model by Longuett-Higgins and Salem (LS).° Accord-
ingly,
fulry)=2B(r,@—1.54r,)/0.15, 2.7

and the resonance integral is taken as an exponential func-
tion of the corresponding bond distance 7,:

Br,)=—Aexp(—r, /a),

where a and A are parameters in units of A and ev,
respectively. The parameters are chosen to recover
Coulson’s linear relationship between r, and the 7-
electron bond order P, at optimum geometries in the
form

ry,=1.5-0.15P, 2.9)

The LS method closely by parallels the Su-Schrieffer-
Heeger (SSH) model'® for (CH),. The differences are that
in the SSH Hamiltonian the B(r) function of Eq. (2.8) is
expanded in a Taylor series up to the first order only, and
the usual parametrization violates the Coulson relation-
ship of Eq. (2.9). This feature may lead to improper bond
lengths and thus to incorrect values for transition mo-
ments. For this reason we prefer to use the LS-type Ham-
iltonian, which has previously been applied in studying
geometry distortions due to soliton phase kinks in polyace-
tylene.!l:12

(2.8)

2. Choice of the empirical parameters

The original parametrization of the LS model,’ fitted to
the force constants of ethylene and benzene, leads to reso-
nance integrals unsuitable for spectroscopic purposes.
Therefore we reparametrized the LS model in the follow-
ing manner. To describe the pristine chain, we took

B,=-—3.35eV
and

B.=—2.65¢eV
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for the alternating double and single bonds, respectively.
These values reproduce the infinite gap of trans-(CH),,
1.4 eV, and the lowest allowed m-7* electronic transition
of butadiene, 4.5 eV. Diagonalizing the electronic part of
the Hamiltonian (2.6) for an infinite, pure regularly alter-
nating chain (i.e., taking a,=0 and ¢, =0 for all u), we
obtain for the w-electron bond orders P_=0.438 and
P_=0.818. This corresponds to the equilibrium
geometry r, =1.434 A and r_=1.377 A according to
Coulson’s relationship of Eq. (2.9). The bond lengths thus
obtained, together with the resonance integral values given
above, determine the parameters A and and a in Eq. (2.8):
A=965.67 eV, a=0.243 A.

B. CNDO/S calculations

The model Hamiltonian introduced in Sec. II A is un-
able to account for the mixing of o- and m-type orbitals.
Such mixing occurs if the system in question is not pla-
nar, e.g., if twists or sp3-type defects are considered in
(CH),. In order to estimate the role of o-7 mixing in
transition energies and intensities, and also to perform cal-
culations when the o-7 separation is inadequate, we used
the semiempirical CNDO/S method'? in some cases. This
is an all-valence-electron self-consistent-field (SCF)
method taking electron-electron interaction explicitly into
account. Relative to the Hiickel-type studies, the
CNDOY/S method requires considerably increased amount
of computation; thus only shorter chains have been treat-
ed by this approach. We note that the importance of
electron-electron interaction in (CH), has also been
stressed recently by Soos and Stafstrém'* on the basis of
Hubbard- and Pariser-Parr-Pople— (PPP) type models;
the CNDOY/S is superior to these since it accounts also for
the o-m interaction. In the following we give a short
description of the basic features of the CNDO/S method,
because it has been rarely used in solid-state calculations.

The ground-state wave function is represented by a
Slater determinant of occupied valence MO’s. The latter
are obtained by diagonalizing an empirically parametrized
Fockian self-consistently. The underlying basis set con-
sists of the valence AO’s of the atoms forming the mole-
cule and is assumed to be orthonormalized. In any in-
tegral, the zero-differential-overlap (ZDO) condition is
used; that is, any integral containing the product of two
different AO’s is taken to be zero. However, resonance
integrals entering the off-diagonal elements of the Focki-
an are taken to be proportional to the corresponding over-
lap matrix elements. The factor of this proportionality,
the one-center repulsion integrals, and the ionization po-
tentials of atoms entering the diagonal elements of the
Fockian are handled as empirical parameters. Two-center
electron repulsion integrals are evaluated by means of the
Mataga-Nishimoto formula.'®

The excited-state wave function for a singlet state is
given by

¥ =75 3 Cla s diat ¥oghin) | %0)
ij
where |W¥,) is the ground-state wave function, a and B
stands for spin labels, and the C,f coefficients are deter-
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mined variationally. That is, a configuration-interaction
(CI) procedure is performed including single excitations.

The CNDO/S method can be considered as a generali-
zation of the m-electron Pariser-Parr-Pople method!® to
the all-valence-electron level. It has been widely used to
calculate optical properties of various molecules.!’

It is to be noted that the Hiickel- and PPP-type Hamil-
tonians possess the so-called electron-hole symmetry if no
impurity (diagonal perturbation) is considered. That is,
these Hamiltonians are invariant under a transformation
which converts the electrons and holes into each other.
As a consequence, the energies of the occupied and virtual
levels in these models have the same absolute value if the
Fermi energy is chosen to be zero. This is, of course, far
from being true in reality and represents an oversimplifi-
cation in the Hiickel and PPP approaches. The CNDO
model, however, does not necessarily possess electron-hole
symmetry, due to the presence of second-neighbor and
o-m interactions in nonplanar structures. This feature
permits us to obtain much more realistic orbital energies
for these systems.

III. RESULTS
A. Chain twisting

1. Single twist

For the study of the chain twisting the Hamiltonian of
Eq. (2.6) with @, =f,(r,)=0 for all u was used. That is,
no diagonal disorder is considered and the role of
electron-phonon coupling is neglected. The effect of a ro-

- tation around a particular C—C bond p is considered as a

partial interruption of the conjugation via decreasing the
overlap of the corresponding 2p, orbitals. This is ex-
pressed by the factor cosg, in our model Hamiltonian. It
can be seen immediately ft;‘om the Hamiltonian (2.6) that
@, =90 interrupts the conjugation completely at the posi-
tion p and thus separates the chain into two parts. Mix-
ing between o and  orbitals is neglected by Eq. (2.6). As
will be shown by the CNDO/S calculations below, this is
a good approximation for ¢ < 80°.

The results of a calculation as obtained by diagonaliz-
ing our Hiickel-type model Hamiltonian for a (CH)¢ chain
are shown in Figs. 1(a) and 1(b) as circles, for optical tran-
sition energies and transition moments, respectively. The
solid lines are guidelines for the eye. Here and in the fol-
lowing the MO’s identifying the transitions are counted
from the top of the valence band (7 band) and from the
bottom of the conduction band (7* band).

In order to demonstrate the reliability of the Hiickel-
type model in studying the effect of twisting, we have
compared the Hiickel-type results based on the Hamiltoni-
an (2.6) with those obtained by the more sophisticated
valence-electron SCF-CI-CNDO/S method. The results
presented in Figs. 1(a) and 1(b) (crosses) show very good
agreement for twists up to 60°—80°. At about 90° the as-
signment of the transitions by the CNDO/S wave func-
tion becomes difficult due to the increased o-m mixing
and also due to the considerably increased mixing of pure
excitations in the CI calculation. The Hiickel-type transi-
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FIG. 1. CNDO/S-CI versus Hiickel results on transitions for
various twist angles @ in a (CH)¢ chain. (a) Transition energies;
the Huickel results are scaled by 1.4. (b) Transition moments in
arbitrary units; the Hiickel results are scaled by 2.0.

tion energies become degenerate at 90° if the twist is in the
middle of the chain. This is not exactly the case in the
CNDO/S model, where the degeneracy is split due to o-7
interaction. However, it is seen that the simple Hiickel
model is useful in studying the effect of twists on low-
lying w-7* transitions; only the conclusions concerning
twists around 90° should be handled with some care.

In the following, the Hiickel-type model Hamiltonian
of Eq. (2.6) will be used, which allows us to treat long
polyene chains with reasonable effort. The more elaborate
CNDO/S calculations will be performed only in cases
when the purely -electron picture is inadequate (see Sec.
IIIC).

An immediate extension of the results presented above
is the study of a single twist of angle @ on the electronic
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properties of an extended chain with N double bonds.
The twist is assumed in the middle of the chain. Figure 2
shows the first three occupied orbital energies €; for three
different values of @ as a function of the chain length N.
The odd-numbered transition energies increase consider-
ably with increasing twist angles, particularly for short
chains. The energies of even-numbered vertical transi-
tions behave in an opposite manner.

Figure 3 shows the influence of similar twists on transi-
tion moments p,«. The larger the twist, the less intense

the first transition, and the more intense the second verti-
cal transition. This is in agreement with the observed
monotonic relationship between transition energies and
transition moments.®!® We note, however, that for the
90° twist, due to the degeneracy of the corresponding
states, p=(p31. +p§2.)‘/ 2 is the only physically relevant
quantity.

The investigation of the influence of the position of a
single twist on the electronic ground-state energy revealed
an interesting result. Figure 4 shows the total energy
E,+E, of a chain as a function of the location u of a
twist of 40°. Apparently, the rotation is easier around a
bond near the chain ends. Positions in the interior of the
chain are energetically equivalent if an equidistant
geometry is used (crosses). This result holds true even for
a relaxed geometry (open circles) and is the opposite of the
case of soliton-type defects, for which the potential energy
is shown schematically in the top of the figure.

4 B o\p=O°
x @ =40°
B *=90°
3 -
toL €, kp=0,4090)
3
w
2 -
1 -
1 (k.P:O,loO,gO)
S N TR WY N S N |
6 10 14 18

FIG. 2. Orbital energies ¢; for various twist angles ¢ as func-
tions of the chain length N (number of double bonds).
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FIG. 3. Transition moments p; for vertical transitions for
various twist angles @ as a function of the chain length N.

2. Accumulation of twists

The results of Fig. 2 show that even a strong single
twist on a long chain does not strongly increase the elec-
tronic transition energies. In a realistic case of the po-
lyacetylene chain, the effect of a statistical distribution of
twists may sum up to an opening of a large gap. Thus, we

E,, (arb. units)

soliton

regular alternation \

relaxed geometry

<7694 -

©
0

3 E
2 (e\T/%T»

=77021

FIG. 4. Total o+ energies for a (CH)y chain as a function
of the place u of a twist of 40°, for regularly alternating
geometry (X ) and for energy optimized bond lengths (O). The
top curve shows the energy of a soliton schematically.
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have performed a series of calculations containing ten
twists of 40° at randomly selected places. The results are
plotted in Figs. 5(a) and 5(b) as a probability histogram
for the five lowest vertical transitions. The twists on the
chain obviously increase the transition energies and de-
crease the transition moments. In addition, the evaluated
energies depend on the selected places for the twists.
However, the total range of transition energies for a par-
ticular transition covers only about 0.4 eV. Thus, the in-
crease of the transition energy is not strong enough to
reach the range of 3 eV for the first transition in a 50-
double-bond chain.

We may ask how many twists we have to accommodate
on the chain in order to get close to 3 eV for the first tran-
sition. Figure 6 shows the increase of the lowest excita-
tion energy as a function of the number of 60° twists ()
on the (CH)oo chain. It is seen that one has to assume a
concentration of ~ 20 twists of 60° in order to reach ~2.7
eV for Aal_“..

We have also studied a helical or wormlike chain.
Twists of equal size are accommodated in this case on n
consecutive C—C single bonds in order to establish a total
twist of 90°. Figure 7 shows the change of the first four
orbital energies as a function of the individual twist angle
@ (i.e, n twists of 9=90°) for a (CH)g chain. The single
90° twist in the middle of the chain (n=1) leads to a de-
generacy of the two consecutive states. However, for
smaller individual twists (larger values of n) the increase
of Ae is small. For n=9 twists of 10° each, one has, e.g.,
nearly no influence on the electronic states. The changes
in the electronic transition moments were again found to
be correlated in the usual way to the changes in the transi-
tion energies.

B. Twisting around double bonds

In the above study we have considered only rotations
around a “single” C—C bond in the polyene chain. In
reality, there are no pure single and double bonds in (CH),
as a consequence of the strong conjugation. Therefore it
is important to check the possibility for a rotation around
a “double” C=C bond as well.

(a) (b)
(=]
= = 25
= - °
= ° =
20 R = ° TZO— = o
' = = o 3 =
- [s -
L= o
s 5 225k B
= g o
& - =3
<10 0'10 - =
r Osr
e ! 1 | P! [ L L !
1 2 3 4 5 1 2 3 4 5

= | —

FIG. 5. Probability histogram for a (CH);o chain with ten
twists at randomly selected places. (a) Transition energies; (b)
transition moments for the five lowest vertical transitions i (—)
and for the undisturbed chain (O ).
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FIG. 6. The lowest transition energy (Ag;;) of a (CH)po
chain as a function of the number of 60° twists (n) having an
equidistant distribution along the chain.

In general, internal rotations around pure single bonds
are almost free, the corresponding energy barrier being a
few kcal/mol, while rotations around true double bonds
are hindered. For instance, the barrier to the internal ro-
tation in ethylene is ~ 60 kcal/mol.!

In the case of polyacetylene, one can assume that the
value of the barrier to a rotation around a particular bond
i, V;, depends on the m-electron bond order P; of that
bond. As a first approximation, this dependence can be
taken as linear: V;=a+bP;. Fitting the parameters a
and b to the experimental barriers of ethylene (P;=1.0,
V; =63 kcal/mol=2.7 eV) and butadiene (P; =0.45 with
our B’s, V;=5.1 kcal/mol=0.22 eV), we obtain the
barrier-bond order relationship in the form

V,=—1.8+4.5P, (ineV). (3.1)

For long polyene chains, we have P_=0.438 and
P, =0.818 (cf. Sec. IIB). By Eq. (3.1), this leads to an
estimation for the barriers to rotation ~0.2 eV around
“single” C—C bonds, as opposed to ~1.9 eV around
“double” C=C bonds in the (CH), chain.

If one allows the geometry of the chain to relax upon
twisting, i.e., one deals also with the o part of the model
Hamiltonian of Eq. (2.6), one finds a much larger relaxa-
tion energy for a rotation around a “double” C=C bond

1 i
10 20 30 40 50 60 70 80 90
¥ — deg

FIG. 7. Orbital energies in a (CH)g chain containing a
wormlike twist in the middle, as a function of the value for the
individual twists.
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than around a “single” C—C bond. This is quite natural
since a twist around a double bond strongly influences the
bond-length alternation: a soliton-antisoliton pair has
been found when optimizing the geometry for a twist of
an angle @ > 60° around a “double” bond. The relaxation
energies upon the formation of this soliton-antisoliton
pair were found to be comparable with the barrier to rota-
tion around a double bond as estimated by Eq. (3.1). A
similar mechanism for generating soliton-antisoliton pairs
in (CH), has been described recently by Gibson et al;?° in
that study the rotation is supposed to be motivated by the
presence of remanent cis units and thermal activation.

As to the transition energies of a chain possessing a
twist around a double bond, the most important point is
that, due to the presence of the soliton-antisoliton pair,
one has two midgap states. This indicates that bond-
length—relaxation effects tend to close the gap in this
case. Accordingly, twists around “double” bonds are not
responsible for explaining the increased excitation energy
observed from resonance Raman experiments.

It is to be emphasized that rotations around single
bonds in (CH), require much less energy so they can be
considered not only as excitations but also as defects of
the (CH), chain.

C. Inclusion of cis segments

cis segments can formally be obtained by considering a
180° rotation around the relevant C—C bond axis. The
bond lengths and the corresponding overlaps do not
change upon this rotation to a first approximation. Some
non-nearest-neighbor integrals, however, would change,
but, as we have checked numerically, their changes do not
have any appreciable effect on the electronic structure be-
cause even the second-neighbor integrals are rather small
themselves in any reliable parametrization. Another ef-
fect of the cis-trans isomerization is that the equilibrium,
i.e., the energy-optimized bond lengths, slightly depend on
this geometrical change.?! This suggests use of different
first-neighbor B integrals for the corresponding bonds. A
similar modeling was applied recently by Ban and
Kaneko?? to study the cis-trans isomerization.

The Hamiltonian used for our calculation has been de-
rived from Eq. (2.6) by omitting the diagonal term and
the relaxation term. The B integrals used for the cis-trans
isomer is given in Table I, which lists our results on the
energy levels in a (CH)3 chain. It is seen that the changes
of the orbital energies are very small. Of course, a larger
deviation in the f’s would lead to a larger change in the
energy levels. However, such values are very unlikely
from the quantum-chemical point of view.

TABLE 1. Orbital energy levels in (eV) of a (CH)so chain in
different isomerizations.

All trans® One cis segment cis-transoid®
€ 0.852 0.859 0.873
€ 1.233 1.230 1.242

B =—2.65eV, B, =3.35¢€V.
®8 . =—2.60¢€V, B, = —3.33 eV.
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Transition moments are much more sensitive to the
orientation changes in the chain than on the changes of B
integrals. If, for example, only a single cis segment is in-
corporated, without any constraint of the crystalline lat-
tice, it causes a change in the orientation of the chain and,
for this reason, a significant change in the transition mo-
ment p. However, the absolute value of p, which is usual-
ly of primary interest, is given by

lp| =i+p3+ Ip1| P22 (3.2)

if the bending angle is taken 60° as is the case for the
nonalternating geometry [p=p,+p, and the (p,p,) angle
is 120°]. The |p| of Eq. (3.2) reaches its minimum value

at |p;| = |p2| =|po| /2, where p is the transition mo-
ment for the trans geometry. In this case we find
V3
lpl=—3"lpol -

Thus, this effect can decrease the transition moments, at
most, by a factor of 0.8. More than one remnant cis seg-
ment can, however, significantly alter the geometry and
the value of the transition moment. Although, as indicat-
ed by the third column of Table I, the cis-trans isomer is
very similar to the all-trans one in this primitive model.
We note that the experimental results on the first transi-
tion energy for cis-(CH), are rather uncertain. An all-
valence-electron SCF calculation on the role of a remnant
cis segment will be reported for in Sec. III G.

D. Chain bending

The in-plane bending of the polyene chain does not af-
fect the matrix elements of the Hiickel Hamiltonian in the
first-neighbor approximation, similar to the case of
cis-trans isomerization. Thus we have investigated the
possibility of introducing second-neighbor matrix ele-
ments to describe such geometry changes, but no signifi-
cant effect was found for the electronic energies. The
transition moments do change even in the first-neighbor
approximation where the wave function and the transition
energies remain the same. A bending with an angle 6
yields

p*=pi+pi+2pipycosh ,

where the original transition moment is po=p;+p,. So,
one expects a small decrease of the transition moments
upon bending and also a small component of p perpendic-
ular to the chain. For reasonably small bending angles,
however, both effects are indeed small and unimportant.

E. Local impurities

Local impurities on the chain, e.g., heteroatoms or side
groups not affecting the hybridization state of the corre-

TABLE II. Changes in transition energies AE (in eV) and

transition moments p due to a local impurity of strength a (in
eV).

Transition a=0 a=5 a=10
1-1* AE 1.46 1.32 1.15

p 2.73 1.71 1.04

2-2* AE 1.63 1.64 1.64

p 2.22 1.59 1.01

1-2* AE 1.55 1.37 1.19

P 0.0 1.08 1.23

2-1* AE 1.55 1.59 1.59

p 0.0 1.60 2.08

sponding carbon, can be modeled by the Hamiltonian of
Eq. (2.6) omitting the relaxation term and using ¢, =0 for
all yu, but using different values for a at the perturbed
centers. Such modeling of impurities is widely applied in
the literature.”> The substitution of a hydrogen atom by a
CH; methyl group or the substitution of a carbon by an
sp? nitrogen can, e.g., be modeled in this way. In the
latter case the parameter a describes the difference be-
tween the carbon and substituent 2p, orbital energies. In
the former case the electron donor or acceptor nature of
the side group is simulated by changing the carbon 2p,-
orbital energy.

To study the role of an impurity on the transition ener-
gies and intensities, we considered first a (CH)g, chain and
we took a4=0, 5, and 10 eV, respectively, while a, for
p+40 is kept zero. The result is shown by Table II. It is
seen that the energy of the first transition decreases with
increasing a, so such modeling of local impurities does
not seem to be responsible for interrupting the conjuga-
tion. It is of interest to note, however, that while the in-
tensities of vertical transitions strongly decrease with in-
creasing a, the off-diagonal transitions 1—2* and 2—1%,
which are completely forbidden for a=0, become the
dominant ones if a strong impurity is present. This is also
indicated by Table III, which shows that significant off-
diagonal transition moments may appear in a long chain
even for a=2 eV. We should point out that in the accept-
able range of a values, a <5 eV, one cannot speak about
true “localized impurity level” because the highest occu-
pied orbital is only slightly perturbed from the one corre-
sponding to a=0. We can therefore conclude that the in-
terruption of conjugation observed experimentally has
nothing to do with the presence of local impurities of this
type on the chain.

TABLE III. Diagonal and off-diagonal transition moments in a (CH);o chain in the absence and in
the presence of an impurity of 2 eV in the middle of the chain.

a=0 eV 1* 2% 3* a=2 eV 1* 2% 3*
1 2.8 0 0 1 24 0.8 0.8

0 2.4 0 1.0 22 0.3

3 0 0 2.0 3 0.9 0.7 1.6
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F. Side groups and crosslinks

Side groups not affecting the bond-length alternation
and conjugation seriously, such as methyl substituents,
can be modeled at the Hiickel level as described in the
preceding subsection. Side groups linked by a double
bond to the chain, such as the carbonyl (—C==0) group,
or crosslinks via a double C=C bond which does not
change the sp? configuration of the carbons, should be
considered as contributing additional electrons and orbi-
tals. They can be described by the straightforward exten-
sion of the Hamiltonian of Eq. (2.6) and the appropriate
changes of the parameters.

To study the effect of C=0 groups on a long polyene
chain we have performed a series of calculations for a
(CH),qo chain containing 10 carbonyl side groups at ran-
domly selected places. The result is shown in Fig. 8 in a
way similar to that demonstrated in Fig. 5 for the ran-
domly distributed twists. As a general tendency, transi-
tion energies increase while transition moments decrease
due to the carbonyls, as is typical for a partial interrup-
tion of conjugation. It is found that both the energies and
intensities are rather sensitive to the distribution of the
carbonyls. Transition energies can increase by 50% and
the transition moments can decrease to 70%. This situa-
tion is the opposite of that observed for randomly distri-
buted twists in a (CH) g9 chain (cf. Fig. 5), where the dis-
tribution of energies and moments is rather narrow.
However, even in this case a resonance transition energy
in the range of 3 eV cannot be obtained unless a consider-
able higher concentration of carbonyl groups is assumed
along the chain.

G. All-valence-electron calculations

Other type of defects, where the inclusion of all the
valence electrons is necessary, are the sp> configurations
and the single-bond cross links. We examined the follow-
ing model systems shown in Fig. 9:

Model I is a simple (CH), chain containing an sp> car-
bon in the middle with two hydrogens below and above
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FIG. 8. Probability histogram for the effect of ten carbonyl
side groups at statistically distributed places in a (CH),qo chain.
For notations, see Fig. 5.
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FIG. 9. Model systems to study chain defects and crosslinks
in polyacetylene.

the molecular plane. The all-trans isomer is considered.

Model II is the same as model I, but one cis segment is
assumed in the vicinity of the sp3 carbon.

Model III consists of two chains of type of model II,
linked by a crosslink at the sp* carbons instead of one of
the hydrogens. The two chains are situated in parallel
planes.

Model IV is a crosslink between two (CH)y chains with
all carbons being in states sp2. Accordingly, the chains
are linked with a formal double bond.

Model V is a single (CH), chain containing one carbonyl
sidegroup in the middle.

Model VI is simply butadiene modeling the complete
interruption of the conjugation in the above cases.

As to the geometry, in all the above models the follow-
ing bond lengths have been used: r_=1.327 A,
r.=1477 A, rcu=1.085 A, rc=c=134 A,
rc.c=1.54 A, and rc—o=1.22 A. Bond angles are
standard trigonal (120°) or tetrahedral (109.47°) angles.
We point out that models III and IV may not exist in the
all-trans form because H atoms would get too close to
each other in that case.

For the above models, transition energies and moments
have been evaluated by the CNDO/S SCF + CI method,
using the seven highest occupied and the eight lowest vir-
tual MO’s in the CI calculation. Thus our excited-state
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TABLE IV. Transition energies and transition moments for models I-VI, as obtained by the

CNDO/S-CI method.

I 11 III v v VI
AE, 5.48 5.52 5.41 3.15 4.9 6.04
AE, 5.78 5.82 5.49 4.44
AE, 6.27 6.09 5.65 4.47 6.20
AE, 6.35 6.18 5.74 6.34
pi 1.82 1.42 2.04 1.56 1.82 1.33
P2 0.22 0.82 1.36 0.59
3 0.70 0.84 0.74 0.22 0.88
P 0.27 0.80 0.78 0.47

wave function is a linear combination of 56 singly excited
configurations.

The results of the calculation are compiled in Table IV.
By comparing models I and II, we can see that cis-trans
isomerization at one segment does not affect the transition
energies too strongly, especially for the lowest excitations.
The decrease of the first transition moment from 1.82 to
1.42 is mainly a consequence of the change in the orienta-
tion of the chain due to the cis segment. In fact, the value
of 1.42 is in a good agreement with the estimation based
on Eq. (3.2), which gives us p=1.58 for the cis segment
being in the middle. The small difference is to be attri-
buted to non-nearest-neighbor effects, the mixture be-
tween o and 7 orbitals, and the mixing of configurations
in the CI calculations. The minor role of the cis segment
found by the more sophisticated CNDO/S-CI calculations
supports the conclusions based on the Hiickel-type ap-
proach of Sec. IIIC.

The difference between the spectrum of the model III
and those of models I and II is significant but not drastic.
The energies of the transitions decrease slightly while the
transition moments increase. This is because the conjuga-
tion is not completely interrupted at the sp® carbons: hy-
perconjugation effects permit the two-chain to interact,
leading to an extension of the “effective” size of conjuga-
tion.

The situation is very different in the case of crosslinks
via double bonds (model IV). They cause a strong red
shift of all transitions. Clearly, this effect is due to the
extension of the conjugation transmitted by the short
carbon-carbon double bond as a crosslink. The absence of
such intense low-energy transitions in the experimental
spectrum of (CH), is evidence for the lack of such
crosslinks in the samples.

It is not difficult to correlate the transitions of model V
with those of model I. The second transition of the latter
is absent from the spectrum of the former, which has a
completely planar structure excluding the possibility of
any o-m mixing. For the first m-7* transition only a
small red shift is observed (from 5.48 to 4.99 eV) due to
the stronger conjugation at the carbonyl moiety.

Model VI is useful for comparison with the transitions
of lowest energy of the other compounds. We see that the
interruption of the conjugation is far from being complete
in the case of models I-V, the largest transition energy

(5.52 eV for model II) being still less by 0.52 eV than that
of butadiene (6.04 V) corresponding to a complete inter-
ruption.

IV. DISCUSSION OF THE RESULTS

The comparison of the calculations at the Hiickel level
and at the all-valence-electron level shows that the former
gives good insight into the physical and chemical behavior
of defects accommodated along the chain, except for ex-
treme geometrical distortions and for geometries for
which a Hiickel calculation is not adequate. Thus, such
results can be used to check on the possibilities of explain-
ing the dispersion effect of Raman lines by distributed de-
fects of the conjugation.

The general trend is that even a small defect like a twist
around a single bond with a small angle leads to an in-
crease of the optical transition energies and thus to similar
effects as known for an interruption of the chain. Howev-
er, some of these perturbations, like the weak twist, the
bending, or the trapped cis segments, are quite small and
can be ruled out as a basic origin for the dispersion. Even
stronger perturbations, like large twists, sp3 carbons, or
double-bonded side groups, yield only small increases in
transition energies if they are distributed on chains of the
order of 100 carbons. This may be due to the fact that an
interruption of a long chain yields two still long chains.
The role of a single sp> is remarkable. Though it is a
point defect on a one-dimensional chain, it interrupts the
conjugation only to about 64% if the optical transition en-
ergies of butadiene, octatetrene, and the corresponding
chain containing an sp* carbon are considered.

Accumulated defects turn out to yield a stronger
change in the electronic structure. However, a concentra-
tion of 10% turns out to be not large enough to establish
resonance conditions in the range of 3 eV on a long chain.
For the 60° twists a concentration of 20% would rather be
appropriate. Carbonyl groups have a stronger effect on
the electronic structure, but even here a concentration be-
tween 15% and 20% is required for a reasonable opening
of the gap.

This result has to be compared with the analysis of ex-
periments from Raman scattering. For very-high-quality
samples the distribution of conjugation lengths shows that
85% of the polymer is in segments with N >20 double
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bonds, which means a gap smaller than 1.8 eV.?* Thus,
according to the results presented, this part of the poly-
mer can be described by chains with a dilute distribution
of defects. For the remaining 15% of the material the
distribution of conjugation lengths peaks at 10 double
bonds, corresponding to an optical transition energy of 2.3
eV. Thus a certain amount of very short chains or
domains of high defect accumulation must exist in trans-
polyacetylene. This is in agreement with the analysis of
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the Raman results which recovered a bimodal distribution
for the conjugation lengths.*—%24—26
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