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Recently longer chains of polyketene, which is a variant of trans-polyacetylene (#-PA) where
every second hydrogen atom is substituted by a hydroxyl group, have been synthesized. We per-
formed minimal-basis-set ab initio band-structure calculations on polyacetylene and polyketene. In
agreement with experimental findings, we found that the fundamental gap of the polymer does not
change due to substitution of H by OH. Soliton dynamics within the Su-Schrieffer-Heeger Hamil-
tonian in polyketene shows a moving soliton in this system, however, with a reduced velocity com-
pared to t-PA. Together with our previous results that a C=0 group in a #-PA chain behaves as a
soliton trap and the fact that =30% of the CO groups in polyketene are in the keto form instead of
the enol form, we can explain the experimental findings of both localized and mobile spins in this

material.

I. INTRODUCTION

Solitons are widely used for the interpretation of vari-
ous experimental results both in physics and chemistry,
although the soliton models are frequently questioned.
To give at least some examples, let us mention the dy-
namics of magnetic materials,"? rotations around o
bonds in polymers,® and phase changes in solids.* An in-
teresting example is the Davydov soliton,® which was in-
troduced to explain energy storage and transport in pro-
teins. In the dynamics of the sugar phosphate backbone
of deoxyribose nucleic acid (DNA), a soliton was also
found.® For the explanation of the long-range influence
of carcinogens on DNA,” a soliton model was suggested
and formulated.® The dynamics of these solitons have
also been studied numerically.” A very famous example
is the soliton model in trans-polyacetylene (¢-PA) intro-
duced by Su, Schrieffer, and Heeger (SSH).!° This model
gives an explanation for the motional line narrowing in
electron paramagnetic resonance spectra and for the
spinless charge transport in lightly doped #-PA.!° Simu-
lations of the dynamics of this soliton have been per-
formed for pure r-PA (Ref. 11) and also for impurity-
containing chains.'> Since the importance of electron-
electron interactions in ¢-PA has been shown,'® dynamic
simulations using the Pariser-Parr-Pople (PPP) model
Hamiltonian have also been performed.!* It was shown
that also within PPP theory, a soliton exists in z-PA.
However, its width is reduced upon inclusion of
electron-electron interactions.'*

Recently a new material, long chains of polyketene,
was synthesized.!>!® According to the experimental
data, this material contains rather long segments of the
enol form [Fig. 1(a)] interrupted by C=0 groups (keto
form). Actually, 30% of the material consists of the keto
form. The stoichiometry of the material also suggests in-
tramolecular condensation, resulting in a structure as
shown in Fig. 1(b).!® The experimental findings which
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have to be explained are the following: (i) from uv spec-
tra it is deduced that the optical gap in polyketene is
roughly the same as in -PA (=2 eV) and (ii) in both ma-
terials'>1® there are unpaired spins with a localized (near
oxygen) and a mobile fraction.!® The fact that far fewer
unpaired spins are found in the material than in t-PA
should be due to the ionic polymerization mecha-
nism.'>'® Upon doping, the conductivity can be changed
only by four orders of magnitude, in contrast to #-PA.
This might be consistent with solitons as charge carriers
in the low doping regime, since their concentration in
poly- ketene is much smaller than in t-PA.

To investigate point (i) (the optical gap) we have per-
formed ab initio Hartree-Fock (HF) crystal-orbital!’ cal-
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FIG. 1. Suggested structure of polyketene (Ref. 16) without
(a) and (b) internal condensation.
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culations on #-PA and polyketene. To study the soliton
properties (ii) we have applied the Su-Schrieffer-Heeger
Hamiltonian'® and performed dynamical simulations.

II. METHOD

The ab initio HF crystal-orbital (CO) method used here
is well documented in the literature,!” thus we do not
want to elaborate on it here. We used the CO version of
the program IBMOL for our calculations.!® For the
geometry of the three compounds considered, we used
standard bond lengths and angles, as shown in Fig. 2.
The OH groups have been assumed to be in a conforma-
tion that allows hydrogen bridging. All two-electron in-
tegrals larger than 10 % hartree had been retained. The
number of neighbors considered explicitly (strict-
neighbor cutoff) was varied. We applied Clementi’s
minimal (73/21;4/1) (Ref. 19) and double-zeta
(95/42;6/2) (Ref. 20) basis sets. The notation (73/21;4/1),
e.g., implies that for nonhydrogen atoms (C,0), seven
primitive s-type Gaussian functions are contracted to two
s-type atomic orbitals (1s,2s) and three sets of primitive

(a) H

[— 1.00 & K] H
(b) / T~

(c) ~ <

geometrical parameters
as in (b)

N

FIG. 2. Geometries for the three compounds considered (all
angles are 120° unless otherwise mentioned): (a) trans-
polyacetylene (#-PA); (b) polyketene (PK) in enol form; (c) po-
lydihydroxyacetylene (PDHA).
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Cartesian p-type Gaussians are contracted to one set of
p-type atomic orbitals (2p). For hydrogen (and helium),
four primitive s-type Gaussians are contracted to one s-
type atomic orbital (““contraction” denotes a linear com-
bination such that the atomic total energy is optimized).
The same type of notation is used for the double-zeta
basis set. Several studies on the electronic structure of
conjugated polymers have shown that for comparative
purposes, minimal basis sets can be used safely.z“a) For
instance, values of band gaps obtained by minimal-basis
HF calculations are 6.5 eV for t-PA, 8.1 eV for po-
lythiophene (PTP), 8.9 eV for polyfurane (PFU), and 9.1
eV for polypyrrole (PPY).2®" This sequence of calculat-
ed band gaps compares qualitatively well with the corre-
sponding sequence of experimental gaps: 1.5 eV (#-PA),
2.0 eV (PTP), 2.7 eV (PFU), and 3.0 eV (PPY). This
holds as long as the gap values relative to each other are
considered. However, for accurate calculations of, e.g.,
the fundamental band gap, larger basis sets and correla-
tion effects have to be introduced (see Ref. 22 for a recent
review).

Our dynamical simulations are based on the SSH mod-
el, which is of Hiickel type.!® The CH and C—OH
groups are considered as point masses moving in an adia-
batically determined potential. Let u; be the displace-
ment of group i (CH or COH) from its position in the
equidistant chain (u;=0). Then for an ideally dimerized
(alternating) chain u;=(—1)'"'u,. The staggered coor-
dinates ; are defined as

Y=(—1) "1y, . (1

Thus in the alternating chain ¥; =u, holds. For u, we
have chosen the experimental value for -PA of 0.03 A»
The soliton manifests itself as the domain wall between
dimerization phases A4 (Y;=uy) and B (Y;= —uy).
From continuum theory we know that the ideal shape of
a soliton is'”

¥; = —uytanh )

i_NO ]

where N, is the center of the soliton and L is its half-
width, which is seven sites in the SSH model of t-PA.'°

The potential in which the groups are moving is given
by

g Ve
V=_2‘ > (¢i+¢i+l)2
i=1
— A (=1 "Yy 1+E, . (3)

Here the first term is the harmonic potential between the
units, the second one is the linear part of the Taylor
series, while E _ is the m-electron energy of the system. K
and A are determined such that the predefined equilibri-
um values of dimerization (u,) and chain length are a
minimum of ¥.!> N is the number of mobile units in the
chain, i.e., the number of carbon atoms. The Hiickel ma-
trix for the determinations of E . consists of two parts:

H=H>"+H'. “4)
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HSSH 5 the usual SSH Hiickel matrix

HrSsSH:Br,r+185,r+1( 1 _SrNC )+Br,r—18s,r—-1( 1 _Srl) ’

where (7,5 < N, all other elements of H are zero)

Brr+1=—Bot(—1) (¢, +¢, 4 Ja . (6)

Here B,=+2.5 ¢V and a=4.1 ¢V/A.!° Note that Van-

Here?*
0 if r corresponds to a CH site
I,=1{—0.1 By if r corresponds to C of a COH site
—2.0 B, if  corresponds to O of a COH site .
Bc.o= —0.858, (Ref. 25) and Q,, is equal to 1 if r and s

correspond to a C—O bond and are O otherwise. Thus H
has the dimension N X N with N =N+ N, where N is
the number of oxygen atoms and N the number of CH
and COH units together.

Diagonalization of H,

Hc,=¢;c; , ($)

yields the eigenvalues (g;) and eigenvectors (c;) and thus
the charge-density bond-order matrix is

N
P,= (0f+0p)c,c,; (10)

i=1
(O} is the occupation number of the ith orbital for spin
v) and the total m-electron energy is

N
E, =3 P.H, =3 (0#+0P; . (11)

r,s i=1
The dynamics of the system can be obtained by?¢
v

oY,

where m; are the masses of the CH or COH units. The
gradients of E occurring in!2 are computed exactly:?’

m; = (i<Ng), (12)

O, =3 e (13)
rs ad}r " a'/}l
This is made possible by the fact?’ that
OP (14)
rs azpl

Analytical calculation of dH,, /9, is trivial. For compu-
tation of the dynamics we used the algorithm applied by
Su and Schrieffer® (w; =1, ):
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derbilt and Mele?* give a larger value for « (8 eV/A) and
also a larger one for K (about 70 eV/A?) on the basis of
infrared data. However, with the parameter values of
SSH (Ref. 10) at dimerization u#,=0.03 A one obtains
reasonable values for band gap and width and X is then
determined such that u,=0.03 A is the equilibrium
structure within the model. In H' the matrix elements
due to the presence of oxygen are included:

HrIS =Ir8rs +BC-OQrs . (7

(8)

o(t+7r)=w,(t)—T

v () /m
Y, v

Y, (t +7)=v¢;(t)+70,(t +7) .

(15)

The time step 7 was chosen as 1 fs, which guarantees a
sufficiently constant total energy. As starting
configurations for our soliton simulations we used the
end-kink geometries shown in Fig. 3.

@ /\/\/\
® .+

(b)

(c)

|+

(d)

e, +

OH OH OH OH

FIG. 3. End-kink configurations (where the soliton is initially
localized at the unsaturated carbon in the terminal long bond of
the chain) used in our simulations as start at t =0 (@, +, —
stand for neutral, positively, and negatively charged kinks, re-
spectively): (a) all-trans-polyacetylene; (b),(c) polyketene with
the two topologically different kink positions; (d) polydihydrox-
yacetylene.
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III. RESULTS AND DISCUSSION

A. Band-structure calculations

In Table I we show the net charge distribution ob-
tained by Mulliken population analysis?® for the three
compounds under study: polyacetylene (z-PA), poly-
ketene (PK), and polydihydroxyacetylene (PDHA), where
t-PA and PK chains are experimentally known. Obvious-
ly, in the case of the minimal basis (MB) set, calculations
on t-PA and PK the charge distributions are sufficiently
converged in the third-neighbor calculations. Thus
PDHA was computed only in this approximation, and
also double-zeta (DZ) basis-set calculations have been
performed only for this case. In case of the DZ basis, the
oxygen atom is more electronegative than in the minimal
basis. The net negative charge on oxygen increases by
~0.le, while the negative charge on the carbon not at-
tached to oxygen decreases by nearly the same amount.
Table II gives some details of the band structures of our
systems. Again it is obvious that all quantities shown (to-
tal energy, band gap, and widths of valence and conduc-
tion bands) are sufficiently converged in the third-
neighbor interaction approximation. However, their lim-
its are still not fully converged. There is no big difference
between t-PA and PK, as one can see from Table II. In
both cases, the upper limit of the valence band is about
—9 eV in minimal basis. In PDHA the valence band is
shifted upward by roughly 1 eV. However, the width of
the valence band reduces from 7.4 eV (¢-PA) to 5.6 eV
(PK) and further to 5.1 eV (PDHA). The conduction
band is shifted upward from —1.7 eV (#-PA) to —1.2 eV
(PK) and does not change anymore in going to PDHA.
Its width changes between 8.8 and 9.3 eV in the three po-
lymers. The fundamental gap increases from 7.15 eV in
t-PA by =0.2 eV to 7.37 eV in PK. The DZ basis
reduces both gaps by 0.4-0.5 eV, and their difference is
increased to =0.3 eV.

Although the absolute values of the gap in MB or DZ
calculations are certainly not realistic, the qualitative re-
sult that -PA and PK should show roughly the same fun-
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damental band-gap values should be correct. This finding
agrees with experiment,'>1¢ which shows a gap of =2 eV
in both polymers. As demonstrated clearly in papers by
Suhai® and Liegener®® on ¢-PA the inclusion of electronic
correlations at least on the level of Mgdller-Plesset (MP)
many-body perturbation theory in second or third order
is of utmost importance to obtain agreement with experi-
ment for the gap, which can be corrected using the elec-
tronic polaron concept (see also Ref. 22 for a recent re-
view). It is shown’® that in the Hartree-Fock limit (gap
value converged with respect to the size of the basis set)
the gap of -PA is =~6.2 eV, which is reduced to =1.8 eV
on MP2 and again increased to =~2.0 eV on the MP3 lev-
el. The shoulder around 1.5 eV in the spectrum of -PA
might be due to excitonic transitions.’*® However, the
theoretical exciton binding energy of ~1.4 eV (Ref. 30)
would then be somewhat too large, probably due to the
neglected lattice-relaxation effects. From a qualitative
point of view, one can argue that the interaction of the
filled-7 lone pair of oxygen with the 7, 7* orbitals of the
backbone results in first-order perturbation theory (on
the Hiickel level) in a constant shift of both backbone or-
bitals, which does not change the gap. In PDHA, howev-
er, the gap is reduced to 6.56 eV already in the MB calcu-
lation. Thus the presence of OH groups at all carbons
seems to affect the backbone stronger than an OH group
at every second carbon.

Finally, in Fig. 4 we show the valence- and
conduction-band regions of the three polymers. Compar-
ing the valence-band regions of t-PA [Fig. 4(a)] and PK
[Fig. 4(b)] one sees that the valence band () is somewhat
compressed in PK, but its upper limit is not changed too
much. This is easy to understand. The interaction of the
7 band with the oxygen lone pair (O 2p) shifts the 7 band
upwards, but does so in its lower region more strongly
than in the upper region, as expected, due to the smaller
energy separations between the bands in the lower region
of the valence band. Note that the lone-pair band lies
mostly below the valence band. For the bands 1-3 the
same holds, but their forms are not changed too much.
However, in PK the three bands are crossed by the band

TABLE 1. Net charge distributions of the three compounds studied as functions of the number of
neighbors (N) taken into account and of the basis set applied (the asterisk denotes the DZ basis, all oth-

er results are in the minimal basis).

(C,H,), (C,HOH),
N Clgu=—qc) H, C, C, 0, H,
1 —0.211 0.211 —0.267 0.176 —0.573 0.454
2 —0.210 0.212 —0.283 0.190 —0.582 0.463
3 —0.210 0.212 —0.295 0.201 —0.585 0.466
3* —0.164 0.186 —0.205 0.260 —0.687 0.446
4 —0.210 0.212 —0.300 0.206 —0.586 0.468
5 —0.209 0.212 —0.303 0.209 —0.586 0.469
6 —0.209 0.212 —0.305 0.211 —0.587 0.469
[C,(OH), ],

H, 0, c c, 0, H,

3 0.469 —0.589 0.120 0.122 —0.589 0.466
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FIG. 4. Valence- and conduction-band regions for the three compounds studied (OLP denotes oxygen lone pair): (a) (C,H,),,
third-neighbor interactions, MB; (b) (CHCOH),, third-neighbor interactions, MB; (c) [C,(OH),],, third-neighbor interactions, MB;
(d) (C,H,),, third-neighbor interactions, DZ; (¢) (CHCOH),, third-neighbor interactions, DZ.
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TABLE II. Total energy (E,), upper limit and width of the valence band (v), and lower limit and
width of the conduction band (c) for the three compounds studied as functions of the number of neigh-
bors (N) taken into account and of the basis set (the asterisk denotes the DZ basis, all other results are

in the minimal basis).

Valence band

Conduction band

Upper limit width Lower limit width
E, (eV)? E, (eV) (eV) (eV) (eV)
N (E,+2083 eV) (CH,),
1 —0.671 6.06 —9.30 8.08 —3.25 8.79
2 —1.084 7.07 —9.03 7.41 —1.96 9.06
3 —1.096 7.15 —8.89 7.39 —1.74 8.80
3* —8.110 6.67 —7.09 7.63 —0.42 8.36
4 —1.095 7.19 —8.81 7.36 —1.62 8.84
5 —1.094 7.22 —8.76 7.35 —1.54 8.79
6 —1.094 7.23 —8.72 7.34 —1.49 8.80
(E,+4115 eV) (CHCOH),
1 —0.096 6.56 —9.07 6.06 —2.51 8.70
2 —0.512 7.32 —8.74 5.59 —143 9.06
3 —0.535 7.37 —8.60 5.59 —1.23 8.87
3* —12.127 6.96 —17.40 6.16 —0.44 8.71
4 —0.540 7.41 —8.52 5.57 —1.11 8.90
5 —0.541 7.43 —8.46 5.56 —1.03 8.86
6 —0.542 7.45 —8.42 5.55 —0.97 8.86
(E,+6146 eV) [C,(OH), 1,
3 —0.607 6.56 —7.81 5.08 —1.25 9.33

Since the total energy in eV is a large number, we added to all E, values in the corresponding part of
the table the indicated number (E, + number) to make the effects of NV and of the basis set more clearly

visible.

corresponding to the oxygen long pair. The conduction
band does not change too much due to the OH groups.
However, its lower limit is somewhat more shifted up
than the upper limit of the valence band, resulting in a
small increase of the gap. Comparison with the corre-
sponding DZ band structures [Figs. 4(d) and 4(e)] shows
that the better basis set results in a shift of the
conduction-band region to lower energies. The overall
forms and relative positions of the bands are not changed
too much. In the conduction-band regions, the band
structures become more complicated due to band cross-
ings.

In the case of PDHA [Fig. 4(c)] we can identify again
the bands 7 and 1-3 in the valence-band region. Howev-
er, now 1-3 are crossed by two oxygen lone-pair bands.
The conduction-band region is not changed too much.
However, due to the interaction with two oxygen lone-
pair orbitals, the upper limit of the valence band is
pushed up more than in PK, resulting in a considerable
decrease of the gap.

B. Soliton properties

Besides performing dynamical simulations, we have
also optimized the soliton half-width L, determined the
dimerization energy, which is the difference of energy be-
tween alternating (alternating long and short bonds,

dimerized system, ¥; =u,), and equidistant (all bonds of
equal length, metallic system, ¥; =0) chains, the energy
difference between an optimized soliton in the middle of
the chain and the equidistant chain (E; -E,), and the en-
ergy difference between a soliton in the middle of the
chain and the end-kink configuration (E;-E;). These
quantities are collected, together with spring constants
(K) and soliton velocities (v;) for different chains in
Table III. Let us first concentrate on the neutral solitons
in the different chains (N =31, 51, and 71). In all three
cases the alternating chain (with a kink at the chain end)
is more stable than the equidistant one (Ep;,), and an
optimized soliton in the middle of the chain (E;-E) is
further stabilized (compared to the end kink) by roughly
1 eV. The same holds for the OH-containing groups and
the charged chains. These quantities increase naturally
with the chain length and diverge for N— . However,
E, -E, should converge to a constant value for N — .
It corresponds to the maximal energy a soliton can carry,
starting from an end kink. We find —0.891 eV for
N =31, —0.922 eV for N=51, and —0.935 eV for
N =71. We have found similar values for oxygen-
containing chains. The energy values do not change with
charge, since the electrons are added to (removed from)
the soliton level, which has an energy of zero (midgap) in
the Hiickel case by symmetry. Another converging quan-
tity is the spring constant (K) for which we find 19.318
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TABLE III. Dimerization energy (Ep;y, ), optimum soliton width (L), energy difference (E;-E,) for a soliton in the middle of an
alternating chain and an equidistant chain, energy difference (E; -E ) for a soliton in the middle of a chain and an end-kink geometry,
spring constant K of a chain, and soliton velocity (v,) for chains of different lengths (N), charge (C) at the carbon atoms, and for
different positions of OH groups (no OH groups, OH at odd-numbered carbons only, OH at even-numbered carbons only, and OH at

all carbons).

N Cle)) OH Epim (€V) L E.-Eg (eV) E.-E, (eV) K (eV/A?) vs (km/s)
31 0 1o 0.145 4 —1.036 —0.891 19.318 75.8
odd 0.123 4 —0.962 —0.839 18.202 60.6
even 0.123 4 —0.962 —0.839 18.202 60.6
51 0 no 0.343 5 —1.265 —0.922 20.217 82.8
odd 0.278 5 —1.144 —0.866 18.990 66.3
even 0.278 5 —1.144 —0.866 18.990 66.3
all 0.298 5 —1.135 —0.837 18.361 27.6
51 +1 1o 0.343 5 —1.265 —0.922 20217 86.4
odd 0.278 5 —1.144 —0.866 18.990 71.0
even 0.278 5 —1.144 —0.866 18.990 71.0
all 0.298 5 —1.135 —0.837 18.361 27.6
51 -1 - no 0.343 5 —1.265 —0.922 20217 86.4
odd 0.278 5 —1.144 —0.866 18.990 71.0
even 0.278 5 —1.144 —0.866 18.990 71.0
all 0.298 5 —1.135 —0.837 18.361 27.6
71 0 no 0.558 6 —1.493 —0.935 20.603 82.2
odd 0.440 6 —1.316 —0.877 19.329 67.2
even 0.440 6 —1.316 —0.877 19.329 67.2

eV/A? (N =31), 20217 eV/A? (N =51), and 20.603
eV/A2 (N =71). However, as expected from previous
work,’! the soliton half-width L converges very slowly
from L =4 (N=31) to L=6 (N=71). For N—,
L =7 is the width in the SSH case.!®2¢ Interestingly, L
does not change at all upon the addition of OH groups.
For N =71 we show some soliton properties in neutral
chains in Fig. 5. Without any OH groups, in Fig. 5(a) we
see the usual spin distribution of a soliton (L =6) in the
middle of the chain. Obviously, the spin distribution ex-
tends further from the soliton center than the lattice dis-
tortion. From Fig. 5(a) one can deduce that the energy of
an optimized (L =6) soliton at the chain end is roughly
0.5 eV compared to its equilibrium position. The energy
E;-E, in Table III is the energy of an end kink (ideally
dimerized chain) and not of a soliton of six-lattice-site
width and is thus larger. The energy of the soliton as
function of its position in the chain (L =6) shows that
obviously between units 25 and 45 (note that the curve
extends symmetrically to the displayed part from sites
36-71) the soliton can move freely without loss of ener-
gy. Since the Hiickel-type model Hamiltonian is spin in-
dependent, it cannot describe the experimentally ob-
served spin polarization in the material. Figure 5(b)
shows the spin and charge distribution in a chain with
OH groups at odd-numbered carbons. Obviously, a frac-
tion of the spin density is now located at the oxygens
(stars). We see that the negative charge is mainly located
at even-numbered carbons (dashed line), however, in a
rather uniform manner, while at odd-numbered carbons

(solid line) we find a solitonlike structure in the charge
distribution. The oxygens (stars) carry uniformly a posi-
tive charge, since they are 7 donors (and o acceptors). If
the oxygens are attached at even-numbered carbons, they
carry no spin [Fig. 5(c)], and now the major contribution
of negative charge is carried by the odd-numbered car-
bons. If OH groups are attached to each carbon, we see
that the spin and charge distributions [Fig. 5(d)] are com-
binations of those discussed above.

From Table IIT we see that the velocities of neutral sol-
itons converge from 75.7 km/s (N =31) via 82.8 km/s
(N =51) to 82.2 km/s (N=71). If OH groups are at-
tached to every second carbon, v, is reduced from 82.8 to
66.3 km/s for N =51. To which sites the OH are at-
tached (odd or even) plays no role in this case. If OH
groups are attached to all carbons, the soliton velocity is
reduced drastically to 27.6 km/s.

The time evolutions of the spin density at odd-
numbered carbons are shown in Fig. 6. From compar-
ison of Fig. 6(b) with Fig. 6(c) we see that the spin-density
fraction at oxygen (attached to odd-numbered carbons)
follows the soliton. The same holds if the OH group is
attached to all carbons [Figs. 6(e) and 6(H]. If OH is at-
tached at even-numbered carbons, the oxygens carry no
spin.

If we turn to negatively charged solitons, we see from
Table III that charged solitons are by =~4-35 km/s faster
than neutral ones (in the cases of -PA and PK). Positive-
ly charged solitons behave identically to negatively
charged ones. In Fig. 7(a) we see the usual charge distri-
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bution of a negatively charged solition in a #-PA chain.
Figure 7(b) shows the distribution for a chain with OH at
odd-numbered carbons. Similarly to the spin distribution
in neutral solitons, we find a soliton structure for odd-
numbered carbons and oxygens; however, the oxygens
are positively charged. The even-numbered carbons
show a rather uniform charge distribution. If the OH
groups are attached to even-numbered carbons [Fig. 7(c)]
the charge at the oxygens becomes uniform, as expected.
With OH groups at every carbon [Fig. 7(d)] we find again
a kind of superposition of Figs. 7(b) and 7(c). Finally, in
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Fig. 8 we show the time evolution of the charge distribu-
tion for a negatively charged end kink. The results are
rather similar to neutral solitons. Thus in chains with
OH groups attached we find solitons with properties
similar to the corresponding ones in -PA. Only quanti-
tative changes in the velocities are found. The wiggles in
the charge-density evolutions, especially in Figs. 8(b) and
8(c), are due to the influence of the oxygen atoms (which
are located only at every second carbon) on the corre-
sponding carbon atoms. In addition, phonons also
influence the charge-density evolutions.
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FIG. 5. Different soliton properties in neutral N =71 chains. (a) Spin density for an optimized soliton in the middle of the chain
and its energy as function of its position. (b) Spin and charge distribution for an optimized soliton in the middle of the chain with OH
groups at the odd-numbered carbons (solid lines, odd-numbered carbons; dashed lines, even-numbered carbons; stars, oxygen). (c)
Same as (b), but with OH groups at even-numbered carbons. (d) Same as (b) but with OH groups at all carbons and N =51.
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51 carbons with an optimized soliton in the middle of the chain
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numbered carbons; stars, oxygen). (a) No OH groups; (b) OH
groups at odd-numbered carbons; (c) OH groups at even-
numbered carbons; (d) OH groups at all carbons.
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IV. CONCLUSION

On the basis of our ab initio HF CO calculations we are
able to explain the experimental finding that the band gap
in -PA and PK is essentially the same.!>!® We have also
discussed details of the band structures. Our results are
in agreement with qualitative arguments based on Hiickel
calculations and first-order perturbation theory. We pre-
dict that polydihydroxyacetylene should have a smaller
gap than -PA (10-15 %), if it could be synthesized.

From experiment it is known'>!® that in pristine PK
the concentration of unpaired spins (neutral solitons) is
much smaller than in #-PA.!>!® In agreement with the
soliton model of conductivity, this would result in a re-
duced conductivity in lightly doped samples of PK as
compared to t-PA. Although it was shown experimental-
ly that neutral solitons most probably play no role in the
mechanism of photoconductivity of t-PA,3? this does not
imply that in case of doping extra electrons or holes
would not occupy neutral soliton levels in odd-numbered
chains within the material. However, our calculations
give no transport properties of the material. Further, ?-
PA samples (e.g., Naarmann) are known where lower
spin concentrations are not accompanied by a reduced
conductivity. In addition, the charge transport in heavily
doped systems is most probably not related to solitons.
Therefore, we concentrate on the properties of neutral
solitons in the materials and leave the question of con-
ductivity to future work. Our soliton simulations indi-
cate that in PK and PDHA solitons exist that are very
similar to those obtained in #-PA. Only quantitative
changes in their properties are found. Thus we assign the
experimentally found'*>!® mobile fraction of the spins in
pristine PK to solitons moving freely in parts of the
chains that show the enol form of the material.

From our previous calculations on t-PA chains con-
taining one C=0 group'? we know that a CO group is a

N\ =
\\\\}\x\\ggi/:;‘\

CHARGE
0.0
\
N
~0.2 ///////////,‘ \&":‘\":X’\';"\ﬂ'": S \\\\\\g/) 7 THHE (£9)
) 200
> 150
30 100
SITE 20

10
0

50

FIG. 8. Charge distribution (g, ) at odd-numbered carbons as function of site (k) and time 7 (in fs) for a negatively charged chain
of 51 carbons. (a) No OH groups; (b) OH groups at odd-numbered carbons; (c) OH groups at even-numbered carbons; (d) OH groups
at all carbons.
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trap for neutral solitons. Such a trapped soliton transfers
a considerable fraction of its spin to the oxygen. Thus we
assign the experimentally found localized fraction (main-
ly at the CO groups) of the spins in pristine PK to neutral
solitons trapped at C==0 groups in the material. There-
fore, we could explain the basic properties of PK on the
basis of ab initio HF CO theory and the concept of soli-
tons within the SSH model. If we would use the Pariser-
Parr-Pople model instead, we expect quantitative (width
and velocities) differences in the soliton properties but no

WOLFGANG FORNER AND JANOS J. LADIK 43

qualitative changes.!* Thus our basic reasoning would be
unchanged.
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