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Using the ab initio HF SCF MO method optimized molecular structures were calculated on twenty five
model compounds of doped polyacetylene, which were charge-transfer complexes between dopants (Na, Li, and
Cl atoms) and trans-polyenes (Cs¢Hg, CsHig, C12H14, C14His, and C16His) or trans-odd polyene radicals (CsHs-,

CsHy+, CrHg+, CgH11+, C11His+, and CizHise).

at the vertex of the trigonal pyramid, whose basal triangle consists of an allylic group, (CH)s.

In alkali metal-doped complexes, each alkali atom is located

On the other

hand, each chlorine atom is coplanar with the (CH),, chain and is connected with an allylic group by hydrogen
bonding. The allylic group acts as a bidentate or tridentate ligand, forming an ionic closed-shell structure with
the dopants. The molecular orbitals of the singly doped complexes are correlated with those of parent trans-
polyene or odd polyene radical chains. The molecular orbitals of doubly doped complexes are analyzed on the
basis of those of singly doped complexes. The molecular structure of the polson unit is presented, which is

important for heavily doped polyacetylene to be metallic.

Polyacetylene changes from an insulator to a semi-
conductor and, finally, to a metallic conductor in the
process of doping. Both an electron donor and accep-
tor can be used for doping. During the doping proc-
ess charge-transfer occurs between the polyene chain
and the dopant. Rice! as well as Su, Schrieffer, and
Heeger® have suggested that the charged soliton is the
product at the initial stage of doping. It is immobile
because it is pinned adjacent to the ionized donor or ac-
ceptor. The charged soliton has a charge, but no spin.
From a chemical structural view the charged soliton is
modelled by a trans-odd polyene radical ¥ combined
with a dopant.

A polaron was proposed as a unit for metallic poly-
acetylene by Kivelson and Heeger.®) A model of polaron
may be a polyene molecule combined with a dopant,
since it has a spin and a charge. However, a chain
structure consisting of polaron units has not been fully
studied from a chemical structural point of view. The
structure of the combined chain of polaron units is de-
pendent on the mode of combination.® Actually, the
origin of the metallic state in heavily doped polyacetyl-
ene has not been well understood.>®

We proposed that the charged species called a polson
is a good candidate for a unit of metallic polyacetyl-
ene.*”® It has a spin and two charges, and has a sym-
metrical structure that is suitable as a repeating unit of
the conducting chain.

The doped polyacetylene comprises a sequence of
many short trans-(CH), chains, each of which is coor-
dinated by dopants.? In this regard, it is important to
determine the molecular structure of the charge-trans-
fer complexes of a short trans-(CH),, chain with a small
number of dopants.

To elucidate the molecular and electronic structures
of doped polyacetylene, fully optimized structures of

fThe term ‘odd-polyene radical’ is used in this paper for a
radical chain having the structural formula —(CH)2n41—.

model complexes were calculated by using ab initio
RHF and UHF SCF MO methods. The model com-
plexes are classified as follows:

(1) Models of a charged soliton in which a trans-odd
polyene radical is coordinated by a univalent dopant
atom,

(2) models of a polaron in which a trans-polyene is
coordinated by a univalent dopant atom,

(3) models of a polson in which a trans-odd polyene
radical is coordinated by two univalent dopant atoms
from the same side, and

(4) models of a charged soliton-antisoliton pair and
the central part of a polson-antipolson pair in which a
neutral trans-polyene is coordinated by two univalent
dopant atoms.

We discuss not only the geometries, but also the elec-
tronic structures of the complexes on the basis of the
molecular orbitals, atomic charge densities and atomic
spin densities. The energy band structure of the doped
chain will be discussed in a succeeding paper.

Methods

We used the Gaussian 82'® and the Gaussian 86'") pro-
grams of the Institute for Molecular Science for ab initio
RHF and UHF SCF MO calculations. The basis functions
are 3-21G. The convergence limit for geometry optimiza-
tion was set to CONVF=0.0003—0.001 in the Gaussian pro-
grams.

We first calculated the optimized geometry of (Z, Z)-
CeHgLiz (1) using the 3-21G basis function, and com-
pared the results with the experimental results of (Z,
Z)-CgHgLiz(tmeda), determined by the X-ray method'?
(Table 1 and Fig. 1). The agreement between these two
structures is quite satisfactory. We also compared the geom-
etry of the allyl radical optimized by 3-21G to the molecular
structure obtained from infrared diode laser spectroscopy;'®
the calculated values of the C-C distance and the C-C-C
bond angle are 1.3884 A and 124.30°, and the experimental
values are 1.3869 A and 123.96°, respectively. Accordingly,
we believe that the optimized structures obtained by the
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RHF and UHF SCF MO calculation with the 3-21G basis
function are reasonable for further studies of both closed-
and open-shell systems. We used Na and Li atoms as elec-
tron donors and chlorine atoms as electron acceptors.

Results and Discussion

1. Class-(1) Complexes. Complexes of class-(1)
comprise the (odd)-trans-polyene radical and a dopant
atom. Both components are in the doublet spin state;
accordingly, the complexes are either in the singlet or
triplet state.

First of all, the optimized geometries of C3H;Li (2),
CsHsNa (3) and C3H5Cl (4,5) were calculated, since
they represent the basic structure of the doped poly-
acetylene. The geometries of 3 and 4 are illustrated in
Fig. 2 and Table 2, where the dopant atom is located at
the vertex of the trigonal pyramid, whose basal plane
consists of C atoms of the allyl radical. The Cl complex
of the allyl radical has another conformation, which is
planar, as shown in Fig. 2 (CsH5Cl (5)). The confor-
mation 5 is more stable than 4 by 0.023 eV in HF total
energy due to the formation of hydrogen bonding.

The HOMO coefficients of 3, 4, and 5 are illustrated
in Fig. 3, together with those of the dopant atoms in
order to illustrate the molecular orbitals involved in the
charge-transfer interaction. Since the three m-electrons
of the allyl radical occupy a-HOMO, a-NHOMO, and
B-HOMO, the electron in the a-HOMO is easily trans-
ferred to the acceptor atom; on the other hand, its (-
LUMO can accept an electron from the donor atom.
In the interaction of the S-LUMO of the allyl radical
with the Na atom in 3, the electron in the 3s orbital
of the Na atom is promoted into the 3py orbital; then,
the electron transfer occurs smoothly, since the phase
of the 3py orbital matches that of the C2pz orbitals of

CeHg Lip (1) 0 -

Fig. 1.  Optimized molecular geometry of (Z,2)-
CeHgLi2 (1), (a) projected onto the best plane of
(Z,2)-Ce¢Hs, (b) projected onto the plane perpendic-
ular to it.
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the S-LUMO of the allyl group (Fig. 3a).

In the formation of complex 4, the C2pz orbitals of
a-HOMO of the allyl radical interacts with the 3py or-
bitals of the Cl atom (Fig. 3b). In complex 5, the 3py
and 3px orbitals of Cl (Figs. 3¢ and 3d) have matched
phase with the H1s orbitals of the CH ¢* MO; accord-
ingly, a back charge-transfer can occur through hydro-
gen bonding from the Cl 3px and 3py orbitals to the o*
orbitals of the CH bonds.

In Fig. 4 the total atomic charges of 3, 4, 5 are il-
lustrated. The amount of transferred charge to the
Cl atom is larger in 5 than in 4. Since almost all of
the transferred charges are on C4 and C5 (Fig. 4), the
Coulomb interaction between the dopant ion and the
allylic group is most strong on these atoms. This is the
major reason for bidentate coordination. In addition
to the electrostatic Coulomb interaction, in complex 5
the hydrogen bonding between the Cl~ and the C4-
H6 and C5-H7 also contributes to the stability of the
complex. In the hydrogen-bonded system represented
by X-H---Y, the charge-transfer interaction between the
non-bonding orbital of the proton acceptor (Y) and the
o* orbital of the X-H bond was found to be important
in the formation of a hydrogen bond.'*) The complexes
2—75 have a closed-shell electronic structure. They com-
prise the allylic ion and a dopant. This pair is denoted
A in the following discussion in order to illustrate the
chain structure in compact form.

Next, complexes CsH;Na (6) and C;H7Cl (7) were
calculated to find the optimized geometries and molecu-
lar orbitals which will be used in a later discussion. The
total atomic charges of 6.and 7 are shown in Fig. 4.

0dd polyene radicals that are longer than C3Hjs have
more than one site to which the dopant can coordinate
(Fig. 5). The location of the A unit in the chain deter-
mines the spin state of the resultant complex. As shown
in Fig. 5, the carbon atoms of an odd-(CH),, chain can
be divided into two sets, (starred and unstarred), such

Table 1. Optimized Geometrical Parameters of
(2,Z)-Ce¢HgLiz Compared with the Experimental
Values of (Z,Z)-CeHgLiz(tmeda)z!?

(2,7)-CeHsgLiz (1)
Molecular symmetry C;

Atomic distance (A) Calculated Experiment
C2-C1 1.491 1.456
C3-C1 1.399 1.378
C5-C3 1.391 1.363
Lil15-C2 2.194 2.404
Lil5-C1 2.102 2.263
Li15-C3 2.151 2.210
Lil5-C5 2.255 2.269
Bond angle (deg.)

ZC3-C1-C2 121.9 123.7
ZC5-C3-C1 126.3 130.1
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Fig. 2. Optimized molecular geometries of CsHsNa (3), C3HsCl (4), and C3HsCl (5).
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Fig. 3. Shematic representation of the MO’s concerned with a charge-transfer interaction in the coordination region.

Table 2. Optimized Geometrical Parameters of CsHsLi (2), CsHsNa (3), C3H5Cl (4), and C3sHsCl
(5) The representation of dihedral angles are illustrated in the figure, which is used in other

tables.

Basis set 3-21G (CgH5)Li(2) (CgH5)Na(3) (03H5)Cl(4) (C3H5)Cl(5)
Molecular symmetry Cs Cs Cs Cav
Total energy (HF) (Hartree) —123.22822 —276.67014 —573.06647 —573.06730
Atomic distance (A)

Dp3-C1 2.098 2.427 2.983 3.745
Dp3-C4 2.145 2.475 2.758 - 3.248
Dp3-H6 2.444 2.725 2.664 2.248
C4-C1 1.394 1.393 1.371 1.373
H2-C1 1.080 1.082 1.070 1.071
H6-C4 1.083 1.082 1.069 1.089
H8-C4 1.072 1.073 1.072 1.074
Bond Angle (deg.)

/Dp3-C1-H2 119.59 117.65 121.44 180.00
/Dp3-C1-C4 72.65 75.40 67.20 58.60
ZC4-C1-H2 116.43 115.71 120.35 121.40
£C4-C1-C5 125.97 128.09 116.57 117.19
ZH6-C4-C1 119.08 118.93 121.88 119.31
/H8-C4-C1 119.89 119.86 121.16 120.90
Torsion Angle (deg.)

C4-C1(H2)-Dp3 84.22 86.35 80.31 —
H6-C4-C1-C5 —28.56 —23.41 —20.53 0.00
H8-C4-C1-C5 178.71 184.05 161.83 180.00

Dihedral angle P-Q-R-S

Dihedral angle P-Q(R)-S
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that no two members of the same set are bonded to-
gether (Fig. 5).1% If the two adjoining starred carbon
atoms are ligating atoms in the A group, the product
is a singlet complex, since each carbon chain on both
sides of the A group contains an even number of car-
bon atoms. On the other hand, if the two adjoining un-
starred carbon atoms are ligating atoms in the A group,
the product is a triplet complex, since an odd number
of carbon atoms exist on both sides of the A group.
To find the structure of the charged soliton, we calcu-
lated the model compounds of the singlet complexes as
follows: C7H9L1 (8), C7H9Na (9), and CllngNa (11)
where C; symmetry was assumed, and C;HyCl (10),
and C11H13Cl1 (12) where Cs, symmetry was assumed.

In contrast to C3H5Cl (4), only the planar conforma-
tion was obtained in the Cl complex of C;Hg. There-
fore, the planar conformation was assumed in the cal-
culation of C;;H;3Cl (12). The optimized geometries
of C11Hy3Na (11) and C;;H;35Cl1 (12) are shown in Ta-
ble 3. For the other complexes, the geometrical pa-
rameters of the coordination regions are summarized in
Table 8.

* * * * . *

Fig. 5. Starred and unstarred carbon atoms of the
odd-polyene radical. The carbon atoms of an odd
polyene radical chain are divided into two sets,
(starred and unstarred), such that no two members
of the same set are bonded together.15)

038 036 031

\ /,
N ’

“or
-0.86

10.
0.04 0.02 -0.07 -0.11 -0.07

CH,Cl

Na .
029 973 029 011 550 03 032 o0

\ ,

12

o
-0.87
CyH Cl -0.03 -0.06 -0.12 006 -0.03
0.13 017 029 0.29 0.17 0.13
“or
-0.88

0.03 000 008 -027+0.73 030 -0.13
Na*

Na*

0.13 030 443 027 -008 0.00 0.03 0.02

Total atomic charges with hydrogens summed into carbon atoms. The number of complexes is mentioned in

CiHia Na (11)

HOMO
Nae
a-HOMO CiHis B-LUMO
o~ |
a-NHOMO B-HOMO
C,H,3Cl (12
o o
CoH;1 Na (13) Triplet CgHyy
W\O} a-LUMO
0-NHOMO #a a-HOMO
a-NNHOMO { a-NHOMO
B-HOMO ~ B-HOMO
Fig. 6. HOMO coefficients of class-(1) complexes;

C11HisNa (11) (top), C11Hi1sCl (12) (middle), and
triplet CoHy1Na (13) (bottom) comparing with MO
coefficients of related orbitals of C11His and CoHis.
" The black and white circles represent the relative val-
ues and the signs of the coefficients of the m-orbitals.
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Table 3.

Molecular and Electronic Structures of Model Compounds of Doped Polyacetylene

Optimized Geometrical Parameters and the Projection of C11H13Na (11) and C1;H13Cl

(12). Dopant atoms, Na and Cl, are expressed as ‘Dp’ in the Table. (a) The geometry projected
onto the best plane of C11Hi3, (b) projected onto the plane perpendicular to it.

CuH13Na(11) 011H1301(12) Basis set
Molecular symmetry Cs Cov 3-21G
Total energy (HF) (Hartree) —582.51585 —878.95326

Atomic distance (A)

Bond angle (deg.)

Dihedral angle (deg.)

361

Ci11HisNa C11Hi3Cl C11HisNa Ci1Hi3Cl C11Hi13Na
Dp3-C1 2.449 3.868
Dp3-C4 2.524 3.363 /Dp3-C1-C4 76.74 58.61
Dp3-H14 2337  /Dp3-CI-H2 11583  180.00 Dp3-Cl(H2)-C4  —87.32
Z/C4-C1-H2 116.08 121.39
C4-C1 1.391 1.379 Z/C4-C1-C5H 127.59 117.22 H2-C1-C4-C6 4.13
C6-C4 1.442 1.419 ZC6-C4-C1 122.84 125.89 C6-C4-C1-C5 178.04
C8-C6 1.338 1.344 /C8-C6-C4 127.13 119.23 C8-C6—C4-C1 173.59
C10-C8 1.456 1.450 ZC10-C8-C6 123.44 124.61 C10-C8-C6-C4 179.22
C12-C10 1.325 1.325 ZC12-C10-C8 125.56 122.10 C12-C10-C8-C6 180.24
H2-C1 1.083 1.073
H14-C4 1.083 1.083 /H14-C4-C1 118.44 116.38 H14-C4-C1-C5 —-16.19
H16-C6 1.081 1.074 ZH16-C6-C4 115.38 119.88 H16-C6-C4-C1 —6.73
H18-C8 1.077 1.077 ZH18-C8-C6 119.77 118.41 H18-C8-C6-C4 —1.63
H20-C10 1.078 1.074 ZH20-C10-C8 115.65 117.31 H20-C10-C8-C6 0.47
H22-C12 1.075 1.074 /H22-C12-C10 121.75 121.78 H22-C12-C10-C8 —0.02
H24-C12 1.073 1.072 /H24-C12-C10 121.76 121.64 H24-C12-C10-C8 180.32

Cy4Hy3 Na(11) ,",
¥'Na3

The total atomic charges shown in Fig. 4 indicate that
the charge transfer occurs effectively, and that the total
charge on the chain is larger in Cl complexes (p-doping)
than Na or Li complexes (n-doping). The excess charge
is distributed over the starred carbon atoms (Fig. 5),
and is more extended in the p-doped chain than in the
n-doped chain. However, most of the charge remains in
the central A region in both types of complexes. The
charge distributions in the A region of 6, 9 and 11 are
almost the same as that of 3, and those in the A region
of 7, 10, and 12 are almost the same as that of 5. This
means that the -(CH)3X~ (X=Na, Li, and Cl) group in
the chain is a stable unit.

The molecular structure of the chain is deformed due
to the electron transfer. Most of the bond lengths are
longer, in C;;H;3Na (11) than in C;;H;3Cl (12) be-
cause more electrons exist on the C;;H3 chain of the
former (Table 3). In 11 the Na atom is located at the
vertex of the trigonal pyramid, as was found in 2, 3, 6,
and 9. The bond alternation is clearly shown in Table 3
in the carbon chains of C6-C8-C10-C12 and C7-C9-
C11-C13. The central A group is connected to these
conjugated double bonds at both sides by the single
bonds. If symbol E represents polyene comprising an

even number of carbon atoms, the complex is expressed
as E-A—E. In general, the chain lengths of E’s are not
necessarily the same, since the dopant can react to any
two adjoining starred carbon atoms of the chain. The
patterns of the bond alternation in both E groups are
symmetrical with respect to the plane of symmetry of
A group. The chain structure, E~A—E, corresponds to
the molecular structure of a unit of the so-called charged
soliton chain.

The MO coefficients of C11Hi3, 11 and 12 are illus-
trated in Fig. 6. The HOMO coeflicients of 11 is almost
the same as those of the a-HOMO and the S-LUMO of
C11H;3; this indicates that charge-transfer occurs to
the 8-LUMO of C;1H;3 in n-doping. The HOMO co-
efficients of 12 show the pattern of superposition of §-
HOMO and o-NHOMO of C;;Hi3, since the electron is
removed from the a-HOMO of C;1Hy3. The coefficients
of LUMO of 12 represent the population of hole.

The pattern of the HOMO of 11 and the LUMO of
12 in the A region are almost the same as those of
the allylic anion and cation, respectively. The excess
charge, either electrons or holes, is localized in the A
group, and the Coulomb attraction between the excess
charge and the dopant ion is most significant.
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Optimized Geometrical Parameters and the Projection of C12H14Na (17) and C12H14Cl (18). Dopant

atoms, Na and Cl, are expressed as ‘Dp’ in the Table. (a) The geometry projected onto the best plane of
C12H14, (b) projected onto the plane perpendicular to it.

C12H14Na(17) C12H14CI(18) Basis set

Molecular symmetry Ch s 3-21G
Total energy (HF) (Hartree) —620.76688 —917.20272
Atomic distance (A) Bond Angle (deg.) Dihedral angle (deg.)

Ci2H14Na  Ci2H14Cl Ci2Hi4Na  C12H14Cl Ci2H14Na
Dp27-C2  2.392 3.824
Dp27-C1  2.600 3.354 £Dp27-C2-C1 81.95 60.05 Dp27-C2(H14)-C1 90.76
Dp27-C4  2.556 3.337 £Dp27-C2-C4 79.95 59.34 Dp27-C2(H14)-C4 —88.31
Dp27-H13 2.348 ZDp27-C2-H14  109.29 179.62
Dp27-H16 2.324
C12-C11 1.367 1.368 £C12-C11-C7 124.49 123.60 C12-C11-C7-C5 179.94
C11-C7 1.420 1.417 £C11-C7-C5 124.00 123.16 C11-C7-C5-C3 179.95
C7-C5 1.394 1.395 ZC7-C5-C3 124.67 123.56 C7-C5-C3-C1 180.83
C5-C3 1.401 1.394 ZC5-C3-C1 124.92 121.17 C5-C3-C1-C2 181.22
C3-C1 1.409 1.400 ZC3-C1-C2 125.89 123.49
C2-C1 1.406 1.386
C4-C2 1.409 1.386 ZC4-C2-C1 125.80 119.39 C4-C2-C1-C3 185.34
C6-C4 1.415 1.403 £C6-C4-C2 125.40 123.78 C6-C4-C2-C1 176.61
C8-C6 1.386 1.380 /C8-C6-C4 125.63 120.81 C8-C6-C4-C2 176.77
C9-C8 1.424 1.423 ZC9-C8-C6 124.13 123.66 C9-C8-C6-C4 179.40
C10-C9 1.364 1.362 ZC10-C9-C8 124.89 122.95 C10-C9-C8-C6 179.92
H26-C12 1.073 1.072 ZH26-C12-C11 121.52 121.33 H26-C12-C11-C7 180.12
H25-C12 1.074 1.074 ZH25-C12-C11 121.43 121.49 H25-C12-C11-C7 -0.13
H24-C11 1.077 1.075 ZH24-C11-C7 116.92 11741 H24-C11-C7-C5 0.07
H19-C7 1.077 1.076 ZH19-C7-C5 118.45 118.73 H19-C7-C5-C3 —0.48
H17-C5 1.079 1.075 ZH17-C5-C3 117.42 117.64 H17-C5-C3-C1 1.25
H15-C3 1.080 1.076 ZH15-C3-C1 117.57 119.64 H15-C3-C1-C2 0.25
H13-C1 1.084 1.082 ZH13-C1-C2 117.24 116.85 H13-C1-C2-C4 9.73
H14-C2 1.082 1.076 /H14-C2-C1 117.24 120.33 H14-C2-C1-C3 4.33

ZH14-C2-C4 116.96 120.28 H14-C2-C4-C6 —2.38

H16-C4 1.084 1.083 ZH16-C4-C2 117.38 116.76 H16-C4-C2-C1 —-10.77
H18-C6 1.080 1.075 ZH18-C6—C4 116.90 119.66 H18-C6—-C4-C2 —2.67
H20-C8 1.078 1.076 ZH20-C8-C6 118.58 118.04 H20-C8-C6—-C4 -1.35
H21-C9 1.077 1.075 £H21-C9-C8 116.75 117.73 H21-C9-C8-C6 0.18
H22-C10 1.075 1.073 ZH22-C10-C9 121.45 121.40 H22-C10-C9-C8 -0.18
H23-C10 1.073 1.072 ZH23-C10-C9 121.57 121.38 H23-C10-C9-C8 180.27

(b)

CyoHis Na(17)

H17

CiHis CI18) 7

Weizr

‘6'Na27

Next, the optimized geometry of CoHy;Na (13) was
calculated as a model complex in the triplet state, as-
suming C; symmetry. The dopant is coordinated by the
allylic unit in the center of the chain. The A group is
formed in the center by coordination at two unstarred
carbon atoms (Fig. 5), and is connected to two allylic
radicals at both ends of the chain. As shown in Fig. 7,
the sum of the spin population in the A group is almost
zero; effective spin densities, however, exist in the allylic
groups at both ends, while excess charge does not exist
in these groups. This indicates that the chain is ex-

pressed as O-A-O, where the symbol “O” represents
a chain comprising an odd number of carbon atoms. In
general, the chain lengths of O’s in O-A-O are not
necessarily the same.

The large spin population on both O groups clearly
shows that the original radical chain is changed to a
complex chain containing two allylic radical chains at
both ends.

The MO coefficients of the a-HOMO of CgH;1Na
(13) indicates that n-doping occurs in the a-LUMO of
CoH;; (Fig. 6). The correspondence between the MO
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Fig. 7. Total atomic charges and atomic spin densities with hydrogens summed into carbon atoms. The number of

complexes is mentioned in the text.
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Fig. 8. Comparison of the MO coefficients of C12H14Na (17) (left), C12H14Cl (18) (right), and C12Hi4 (triplet) (center).

of the reactant and the product is extremely good, since
they are both open-shell systems, and the electron cor-
relation is properly taken into account in the UHF MO
calculation.

2. Class-(2) Complexes. The class-(2) complex
comprises a neutral polyene and a dopant atom; accord-
ingly, the complex is in the doublet state. The molecu-
lar orbitals were calculated on CgHyoLi (14), CgHioNa
(15), CsHlocl (16), 012H14Na (17), and 012H14Cl
(18). The optimized geometries of C1oHi4Na (17) and
C12H14Cl (18) are shown in Table 4. A planar confor-
mation was assumed for C;2H;4Cl (18) following the
results of C1;H;3Cl (12). The total atomic charges and
the atomic spin densities of these complexes are illus-
trated in Fig. 7. In the Na complex, the total atomic
charge on the C2 atom is larger than that in the case of
the class-(1) complex. This shows that the allylic group
acts as a tridentate ligand in the class-(2) complex.

The geometries, the total atomic charges in the co-
ordination region, C1-C2-C4, are in fairly good agree-
ment with those of the A region of class-(1) complexes.
The sum of the atomic spin densities in this region is al-
most zero (Fig. 7). This shows that the allylic group and
the dopant forms a similar stable closed shell to those
found in class-(1) complexes, which is represented as
A. On the right side of A, conjugated double bonds are
formed with an even number of carbon atoms, (-C6-C8-
C9-C10), as represented by E. The E and A combine to
form a closed-shell structure with ca. 80 percent of the
total excess charge. On the left side of A, a radical chain
is formed with an odd number of carbon atoms, (C12—
C11-C7-C5-C3-), which keeps ca. 80 percent of sum
of the atomic spin densities (Fig. 7). Accordingly, the
complexes, (Cle14)*Na+(17) and (012H14)+Cl_(18),
are represented as O~A-E, which comprise the radical
part O, —CsHg, and the ionic closed-shell part A-E, —
(C7Hg)~Na™, and —(C7Hg)* Cl~, respectively.

The MOQO’s of the charge-transfer complexes are com-
pared with those of triplet C15Hy4 in Fig. 8. The a-

HOMO, B-HOMO, and a-NHOMO of 17 are closely
correlated to the a-HOMO, B-LUMO, and o-NHOMO
of triplet C12Hy4, respectively. Similarly, the c-HOMO,
[5-HOMO, and a-NHOMO of 18 are closely corre-
lated to the a-NHOMO, S-HOMO, and a-NNHOMO of
triplet CioHy4. If an electron is transferred from the a-
HOMO of triplet C12Hy4 to the Cl atom, the a-HOMO
becomes empty, and the a-NHOMO, 8-HOMO and o-
NNHOMO of Cy2Hy4 become the a-HOMO, f-HOMO
and a-NHOMO of 18. On the other hand, the -LUMO
of triplet C15H4 becomes the 8-HOMO of 17 by receiv-
ing an electron from the Na atom. The a-HOMO’s of 17
and C;2Hi4 have the same pattern, since their origin are
common. This close correlation found between the MO
coefficients of the complex and the polyene in the triplet
state does not necessarily mean that the actual charge
transfer proceeds via the triplet state of polyene. How-
ever, the MO calculation on the polyene-dopant system
showed that a charge-transfer cannot occur in a chain
with a structure optimized with the singlet polyene,
which has normal conjugated double bonds. On the
other hand, the chain of triplet polyene comprises two
radical parts; if one of them reacts with the dopant to
form A and the other remains as O, a class-(2) complex
is formed. On the basis of these results, it is considered
that a charge-transfer reaction occurs in polyene with a
deformed conformation whose structure is very close to
those found in the triplet state.

3. Class-(3) Complexes. In the above disccusion
concerning class-(1) and -(2) complexes, group A has
a closed-shell electronic structure. Three chain struc-
tures, E-A-E’, O-A-O’, and E-A-O, cover all types
of chain sequences in a singly-doped (CH),, chain. In
the following sections we discuss the structures of dou-
bly doped systems.

A class-(3) complex comprises a trans-odd polyene
radical and two univalent dopant atoms, in which each
dopant atom is coordinated by a set of two adjoining
starred carbon atoms (Fig. 5), such that at least one
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Table 5. Optimized Geometrical Parameters and the Projection of C13H15Naz (20) and C13Hi15Cl2 (21). Dopant
atoms, Na and Cl, are expressed as ‘Dp’ in the Table. (a) The geometry projected onto the best plane of
C13His, (b) projected onto the plane perpendicular to it.
C13H15Na2(20) Cl3H15012(21) Basis set
Molecular symmetry Cs Cov 3-21G
Total energy (HF) (Hartree) —819.81901 —1412.67550
Atomic distance (&) Bond angle (deg.) Dihedral angle (deg.)
CisHisNaz  CisHi5Clo CiaHisNap Ci13H;5Cla Ci3HisNag
Dp29-C5 2.644 3.411
Dp29-C7  2.406 3.790 ZDp29-C7-C5 83.56 63.73
Dp29-C9 2.449 3.215 /Dp29-C7-C9 74.70 55.57 Dp29-C7(H19)-C5 93.83
Dp29-H17 2.447 /ZDp29-C7-H19 111.96 175.88 Dp29-C7(H19)-C9 —83.38
Dp29-H21 2.169
C3-C1 1.399 1.398 £C3-C1-C4 124.95 121.52 C3-C1(H2)-C4 —182.13
C5-C3 1.419 1.409 Z/C5-C3-C1 125.06 122.98 C5-C3-C1-H2 0.54
C7-C5h 1.399 1.385 Z£CT7-C5-C3 125.48 121.90 C7-C5-C3-C1 184.32
C9-C7 1.417 1.393 ZC9-C7-C5 126.53 119.30 C9-C7-C5-C3 183.40
C11-C9 1.434 1.410 £C11-C9-C7 123.70 124.44 C11-C9-C7-C5h 179.10
C13-C11 1.354 1.358 £C13-C11-C9  127.31 119.11 C13-C11-C9-C7 172.94
H2-C1 1.080 1.075 ZH2-C1-C3 117.50 119.24
H15-C3 1.080 1.076 /H15-C3-C1 117.65 118.47 H15-C3-C1-H2 182.74
H17-C5 1.085 1.082 ZH17-C5-C3 116.77 120.65 H17-C5-C3-C1 —2.49
ZH17-C5-C7 117.42 117.45 H17-C5-C7-C9 10.24
H19-C7 1.082 1.075 /H19-C7-C5 116.64 120.39 H19-C7-C5-C3 0.30
/H19-C7-C9 116.77 120.31 H19-C7-C9-C11 2.20
H21-C9 1.084 1.088 /H21-C9-C7 117.69 116.60 H21-C9-C7-C5 —16.39
H23-C11 1.082 1.074 £H23-C11-C9  115.41 120.13 H23-C11-C9-C7 —6.72
H25-C13 1.076 1.074 /H25-C13-C11 121.67 120.57 H25-C13-C11-C9 -1.73
H27-C13 1.073 1.072 ZH27-C13-C11 121.46 121.61 H27-C13-C11-C9 180.20

Fig. 9.
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a-HOMO coefficients of class (3) complexes; C13H15Nag (20) (left) and C13H15Cly (21) (right), showing the

patterns of HOMO'’s of n-doped and p-doped polson units. These patterns are explained using the HOMO coefficients
of CsH7Na (6) and C5H-Cl (7), and o-HOMO and a-NHOMO coefficients of C3Hs.
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Table 6. Optimized Geometrical Parameters and the Projection of C14H16Na2 (23).
(a) The geometry projected onto the best plane of C14His, (b) projected onto
the plane perpendicular to it.

C14H16Na2(23) Basis set

Molecular symmetry C; 3-21G

Total energy (HF)(Hartree) —858.04415

Atomic distance (A) Bond angle (deg.) Dihedral angle (deg.)

Na31-C5 2.534 £Na31-C7-C5 77.74

Na31-C7 2.437 £Na31-C7-C9 75.49

Na3l-C9 2.488 £Na31-C7-H21 115.89 Na31-C7(H21)-C5 —88.51

Na3l-C7(H21)-C9  85.72

C2-C1 1.455

C3-C1 1.337 ZC3-C1-C2 124.76 C3-C1-C2-C4 180.00

C5-C3 1.450 £C5-C3-C1 126.79 C5-C3-C1-C2 178.98

C7-C5 1.384 Z£C7-C5-C3 123.42 C7-C5-C3-C1 174.67

C9-C7 1.401 £C9-C7-C5 127.91 C9-C7-C5-C3 176.50

C11-C9 1.448 ZC11-C9-C7 122.42 C11-C9-C7-Cb —179.63

C13-C11 1.331 ZC13-C11-C9 127.68 C13-C11-C9-C7 —170.30

H15-C1 1.079 /H15-C1-C3 118.97 H15-C1-C3-C5 -1.31

H17-C3 1.081 ZH17-C3-C5 115.40 H17-C3-C5-C7 —5.62

H19-C5 1.084 ZH19-C5-C7 118.48 H19-C5-C7-C9 —-15.71

H21-C7 1.083 /H21-C7-C5 115.99 H21-C7-C5-C3 3.10
ZH21-C7-C9 115.81 H21-C7-C9-C11 —6.21

H23-C9 1.083 /H23-C9-C7 118.13 H23-C9-C7-C5 18.61

H25-C11 1.082 /H25-C11-C9 114.84 H25-C11-C9-C7 9.85

H27-C13 1.076 /ZH27-C13-C11 121.84 H27-C13-C11-C9 1.62

H29-C13 1.073 /H29-C13-C11 121.57 H29-C13-C11-C9  —179.66
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starred carbon atom remains between the sets. The
molecular orbitals of CgH;;Lis (19), C;3H;5Nag (20),
and Cy3H;5Cl; (21) were calculated assuming C; sym-
metry for the two former and C;, symmetry for the
latter. The optimized geometries of Ci3H;5Nay (20)
and Cy3H;5Cly (21) are shown in Table 5.

The total atomic charges and atomic spin densities
are illustrated in Fig. 7. The values of the geometri-
cal parameters in the coordination region, C5-C7-C9
and C6—C8-C10, are in good agreement with those of
A group in the class-(1) and -(2) complexes. This con-
firms that the allylic groups and the dopants form sim-
ilar stable closed-shells to that of the A groups found
in the class-(1) and -(2) complexes. The sum of the
atomic spin densities shows that the (CH)s group in
the center, C3—-C1-C4, maintains an unpaired electron;
consequently, it is regarded as being an allyllic radical,
O. Accordingly, the complexes are represented as E-A—
O-A-E, and are in the doublet spin state.

The MO’s of 013H15N32 (20) and 013H15012 (21)
are compared with those of the allyl group, CsH7;Na

CiaHis Nay (23)

(6) and CsH;Cl (7) in view of finding a relation be-
tween them (Fig. 9). The a-HOMO of 20 comprises
an antisymmetric combination of HOMOQ’s of 6 and the
a-HOMO of the allyllic radical. In contrast, the a-
NHOMO is a symmetric combination of the HOMO’s
of 6 and the a-NHOMO of the allyllic radical. Similarly,
the a-HOMO of 21 is an antisymmetric combination of
the HOMO’s of 7 and the a-HOMO of the allyllic radi-
cal. The a-NHOMO of 21 is a symmetric combination
of the HOMO’s of 7 and the a-NHOMO of the allyllic
radical. The pattern of a-HOMO of the allyllic radical
appears in both the a-HOMO of 20 and the a-HOMO
of 21.

The above-mentioned result indicates that the orig-
inal uniform chain of C;3H;5 is changed into a mixed
structure comprising two A units and a O unit, and two
E units at both ends, namely an E-A-O-A-E chain,
is formed. This chain structure is called the “polson”
structure. Group A plays the role of partition between
the E and O groups.

On the basis of the above discussion, heavily doped
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Projection of Ci¢HigNap (triplet) (24) and

C16H18Clz(triplet) (25). Dopant atoms, Na and Cl, are expressed as ‘Dp’ in the Table. (a) The geome-
try projected onto the best plane of Ci6His, (b) projected onto the plane perpendicular to it.

CleHlsNa2(24) CIGH18012(25) Basis set
Molecular symmetry C; C; 3-21G
Total energy (HF) (Hartree) —934.49986 —1527.36792

Atomic distance (A) Bond angle (deg.)

Dihedral angle (deg.)

Ci16H1sNay Ci16Hi18Cl2

Dp35-C5 2.474 3.283
Dp35-C7 2.412 3.831 /Dp35-C7-C5  75.64
Dp35-C9 2.629 3.394 /Dp35-C7-C9  82.67
Dp35-H21 2.245 /Dp35-C7-H23 110.91
Dp35-H25 2.399
C2-C1  1.465 1.461
C3-C1  1.342 1.345 /C3-C1-C2  124.57
C5-C3  1.444 1.425 /C5-C3-C1  127.20
C7-C5  1.411 1.382 /C7-C5-C3  123.09
C9-C7  1.397 1.385 £C9-C7-C5  126.69
Cl11-C9 1.414 1.402 ZC11-C9-C7  125.68
C13-C11 1.410 1.404 ZC13-C11-C9 124.57
C15-C13 1.374 1.374 Z/C15-C13-C11 125.19
H17-C1  1.079 1.076 /H17-C1-C3  119.14
H19-C3 1.082 1.074 £H19-C3-C5  115.31
H21-C5 1.083 1.084 /H21-C5-C7  118.05
H23-C7 1.083 1.074 /H23-C7-C5  116.56
ZH23-C7-C9  116.62
H25-C9  1.084 1.083 /H25-C9-C7  117.34
H27-C11 1.079 1.075 /H27-C11-C9  117.82
H29-C13 1.078 1.075 /H29-C13-C11 116.90
H31-C15 1.075 1.074 /H31-C15-C13 121.38
H33-C15 1.073 1.071 /H33-C15-C13 121.51

Ci1s6H1sNay C16H18Cl2

CisHigNayz Ci16H1sClo

56.73
61.43  Dp35-C7(H23)-C5  —83.92 0.0
17779  Dp35-C7(H23)-C9 92.22  180.0
123.10  C4-C2-C1-C3 180.00  180.0
118.99  C5-C3-C1-C2 178.36  180.0
12529  C7-C5-C3-Cl 17383  180.0
118.16  C9-C7-C5-C3 178.13  180.0
12361  C11-C9-C7-C5 185.24  180.0
121.34  C13-C11-C9-C7 ~177.72  179.83
12309  CI15-C13-C11-C9  —179.04  180.14
119.12  H17-C1-C3-C5 ~1.36 0.0
120.12  H19-C3-C5-C7 —6.69 0.0
11659  H21-C5-C7-C9 ~16.97 0.0
121.06  H23-C7-C5-C3 2.43 0.0
120.78  H23-C7-C9-Cl1 0.94 0.0
11693  H25-C9-C7-C5 10.79 0.0
119.53  H27-C11-C9-C7 155  —0.08
117.50  H29-C13-C11-C9 1.46 0.12
121.49  H31-C15-C13-Cl11 03¢  —0.03
121.12  H33-C15-C13-C11  —179.33  179.96

qCl 36

C,gHqs Nagp (24)

'\ Na35
-]

polyacetylene can contain many open-shell-O—-units
which are connected by the A-E—A groups. If the O
group is not sandwiched by the A groups, but is con-
nected directly to the E chain, the combined chain be-
comes an odd polyene radical chain, which is chemically
and physically unstable.

Unpaired electrons of the open-shell unit contribute
to metallic conduction. Keeping unpaired electrons sta-
bly in the doped chain is essential for a polymer to
show metallic properties. The polson structure is a fun-
damental unit for doped polyacetylene to have an un-
paired electron and to be metallic. An energy band cal-
culation concerning the polson chain will be discussed
in a succeeding paper.

4. Class-(4) Complexes. The class-(4) complexes
are dimers of class-(1) and -(2) complexes. One com-
prises two class-(1) complexes, and the other comprises

CyHis Cla (25)

two class-(2) complexes. The two units are joined by
the end groups, E, with an inversion symmetry, where
the center of symmetry is placed in the middle of the
connecting bond. When the chain related by an inver-
sion is indicated by ( )*, the two types of the complexes
are expressed as E-A-E-(E-A-E)* and O-A-E—(E-
A-O)* respectively.

The optimized structures and the molecular orbitals
of the singlet C¢HgLis (22) and C14H;6Nas (23) were
calculated. The geometry of 23 is shown in Table 6.
As shown in the figure of Table 6, two Na ions are lo-
cated at opposite sides of the polyene chain to each
other. The bond lengths of the chain between the two A
groups clearly show bond alternation. The total atomic
charges are given in Fig. 7. The distributions of excess
charge on CgHgLiz (22) and Ci14Hi6Nag (23) are ex-
actly the same value as those in C3HsLi and C;HgNa
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Table 8. Optimized Geometrical Parameters in the Region around the Coordination Bonding. Dopant atoms, Na,
Li, and Cl, are expressed as ‘Dp’, carbon atoms as A,B,C,D,E,F, and G, and hydrogen atoms as H,, Hy, and H..
The correspondence between these symbols and the positions of atoms are illustrated in the attached figure.
Basis set Li complexes Na complexes Cl complexes
3-21G Class(1) Class(2) Class(3) Class(1) Class(1) Class(1) Class(2) Class(1) Class(1) Class(2)
(8) (12) (19) (6) 9) (13) (15) (7) (10) (16)
Complexes C7H9Li CngoLi CgH11Li2 CsH7Na C7H9Na CnglNa CngoNa. CsH7Cl C7HQCI CgHwCl
singlet doublet  doublet  singlet  singlet triplet  doublet  singlet  singlet doublet
Molecular Cs Ci Cs Ci Cs Cs C, Cs Co Cs
symmetry
Atomic distance (A)
Dp-A 2.107 2.087 2.117 2.438 2.442 2.441 2.398 3.851 3.831 3.810
Dp-B 2.176 2.270 2.349 2.455 2.507 2.510 2.598 3.467 3.329 3.342
Dp-C 2.176 2.163 2.065 2.529 2.507 2.510 2.518 3.218 3.329 3.321
Dp-Hb 2.516 2.308 2.337
Dp-Hc 2.154 2.308 2.307
A-B 1.393 1.402 1.389 1.395 1.391 1.396 1.403 1.350 1.377 1.386
A-C 1.393 1.411 1.431 1.389 1.391 1.396 1.411 1.404 1.377 1.385
D-B 1.456 1.418 1.428 — 1.450 1.453 1.409 -— 1.432 1.399
E-C 1.456 1.441 — 1.450 1.450 1.453 1.430 1.417 1.432 1.416
F-D 1.327 1.409 1.396 — 1.330 1.390 1.413 — 1.332 1.407
G-E 1.327 1.350 — 1.330 1.330 1.390 1.359 1.339 1.332 1.358
Ha-A 1.082 1.080 1.080 1.082 1.083 1.083 1.082 1.072 1.073 1.075
Hb-B 1.084 1.085 1.085 1.082 1.083 1.084 1.085 1.081 1.084 1.083
Hce-C 1.084 1.084 1.083 1.083 1.083 1.084 1.084 1.089 1.084 1.084
Bond angle (deg.)
/Dp-A-B 73.71 78.48 81.27 74.13 76.25 76.37 81.69 63.54 58.65 60.09
/Dp-A-C 73.71 73.53 68.08 77.39 76.25 76.37 78.03 53.42 58.65 59.20
/Dp-A-Ha 118.81 115.45 116.89  117.66  116.77 116.87 11091  174.43 - 180.00 179.53
/B-A-C 126.22 125.07 12545  128.05  127.87 128.09 126.02 116.96  117.30 119.29
/D-B-A 122.56 125.35 125.01 — 122.70 122.62 126.01 —  125.22 123.29
/E-C-A 122.56  123.58 — 122.80 122.70 122.62 12441  126.37  125.22 123.77
/F-D-B 126.73 124.25 124.61 — 127.34 125.19 124.49 — 119.33 121.40
ZG-E-C 126.73  126.31 — 12751 127.34 125.19 126.65  117.56  119.33 120.43
/Ha-A-B 116.49  117.26 116.79 11590 115.91 115.82 116.93  122.03 121.35 120.39
ZHa-A-C 116.49  117.33 11716  115.69 11591 115.82 117.02 121.01 121.35 120.32
ZHb-B-A 118.26  117.37 117.73  118.98  118.38 117.93 117.12  119.88  116.87 116.98
ZHc-C-A 118.26  117.79 11720 118.44  118.38 117.93 117.84 116.04 116.87 116.91
Dihedral angle (deg.)
Dp-A(Ha)-B 85.21 89.79 93.75 84.92 87.09 87.23 91.18
Dp-A(Ha)-C —85.21 —83.83 —77.86 —88.78 —87.09 —87.23 —86.88
D-B-A-C —175.55 —173.06 —173.54 — —178.70 —180.46 —174.10
E-C-A-B 175.55 176.71 — 17772 178.70 180.46 177.94
F-D-B-A —-170.66 —176.24 —175.24 — —=171.57 -169.95 —178.43
G-E-C-A 170.66  171.71 —  173.21 171.57 169.95 176.02
Ha-A-B-D —6.19 0.03 -2.71 — —5.35 —6.81 3.77
Ha-A-C-E 6.19 3.63 — 4.93 5.35 6.81 0.07
Hb-B-A-C 22.77 15.32 15.08 23.28 17.58 18.14 10.29
Hc-C-A-B —-22.77  -20.24 -33.18 -—-17.15 —17.58 —18.14 —12.75
CsHy;Na  CgHy CI CjHgLi CyHgNa CqHgCl CoHyyNa triplet
Ha Ha Ha
| | | | | | | |
\B/A\ /E\G/ \F/D\B/A\ /E\G/ /kF/D\B/A\C/E\G)\
I
Hb op " ') oo e ! I wb op he !
CgHioli  CgHigNa CgHyoCl CgHyy Lip
o C®
/‘\F/D\B/A\C/E\ MF/D\B/A\C/
! HL l!Ic ! ! HJ: Ilic
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Fig. 10. MO coefficients of class-(4) complexes; C14Hi6Nao (23), Ci6H1sNao (triplet) (24), and Ci6H18Cl2(triplet) (25).

of the class-(1) complex, respectively. The patterns of
the HOMO and NHOMO of Cl4H16Na2 (23) (Flg ].O)
are antisymmetric and symmetric combinations of the
HOMO of C7H9Na (9)

Next, the dimer of a class-(2) complex is discussed.
The optimized structures and molecular orbitals of
triplet complexes, C16H1gNay (24) and C16H;5Cl2(25),
were calculated; the geometries are shown in Table 7.
The complexes have effective spin densities in the two
allyl groups at both ends (Figs. 7 and 10). The ex-
cess charge exists mostly in the A region, as is found
in class-(1), -(2), and -(3) complexes. Accordingly, the
chain structure is represented by O-A-E—(E-A-O)*,
where the unpaired electrons are on the O groups. The
chain of central E-E*, C3-C1-C2-C4, clearly shows
bond alternation.

The MO coefficients of the triplet C6HigNay (24)
and Cy6H;5Cl2(25) are illustrated in Fig. 10. The pat-
terns of the a-HOMO and o-NHOMO are obtained
by antisymmetric and symmetric combinations of the
HOMO of CgHjpNa (15) and CgH;oCl (16), respec-
tively.

In both types of complexes discussed in this section,
the central carbon chain connecting the A groups is a
normal conjugated double bond, E. This indicates that
the A group shields the central carbon chain from the
influence of the O group and vice versa. The central
A-E—(E-A)* chain of the triplet complex connects the
two O units, thus, keeping an unpaired electron on each
end groups. If two polson units (class-(3) complex) are
connected, a polson—antipolson pair, E-A-O-A-E—~(E-
A-O-A-E)* is obtained. Since O-A-E~(E-A-O)* is
the central part of the polson—-antipolson pair, the struc-
ture of triplet complexes 24 and 25 show a geometry
which connects the two polson units.

Although the doping process of 24, (n-doping), is dif-
ferent from that of 25, (p-doping), the both complexes
have a common feature in the patterns of MO coeffi-
cients in the region of O groups. Both complexes have
O groups at both ends of the chain. Each O group has
an unpaired electron. The interaction between the a-
HOMO'’s of O groups produces the a-HOMO and a-
NHOMO of the complex. The pattern of the MO co-
efficients show that the a-HOMO and a-NHOMO are
antisymmetric and symmetric combinations of the a-
HOMO’s of O groups, respectively. This represents a
basic interaction to form a one-dimensional metallic en-
ergy band. The chain structures of 24 and 25 are used
in an energy band calculation in the succeeding paper.
Chain structures with many polson units have a conduc-
tion band which is half filled with electrons. This is the
actual case expected in metallic doped polyacetylene.

Conclusion

This paper presents optimized structures and MO’s
of fundamental model compounds of doped polyacetyl-
ene. The mode of coordination of Na, Li, and Cl to
trans-polyene chain is clarified. The polson structure, a
class-(3) complex, is an essential unit for heavily doped
polyacetylene to be metallic. It includes an unpaired
electron and can form a metallic energy band when
they are properly joined with long polyene by forming
[~(polyene)—(polson)—(polyene)—(antipolson)—(polyene)
—]n chain. This point will be discussed in the succeed-
ing paper. A basic pattern of the interaction between
the MO’s of a singly doped chain is found in the MO’s
of class-(4) complexes. The symmetric combination of
two MO is more stable than that of the antisymmetric
combination. The change in the orbital energies of MO
by forming a dimer and a polymer will be discussed in
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the succeeding paper.
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