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Dependence of Young's Modulus of trans-Polyacetylene upon Charge Transfer
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The effect of charge transfer (CT) on the Young's modulus of trans-polyacetylene was studied with a
molecular-orbital cluster incorporating a charged soliton and with an infinite-chain model using band
theory. The results of both models agree with one another very well. The Young's modulus (Y) of
trans-polyacetylene changes up to 7% with CT of up to 0.25e per CH unit. The calculated changes of
the geometry upon CT agree with experiments. The asymmetry of the variation of structure and Y with
respect to the sign of the CT is due to second-neighbor antibonding interactions in both the soliton and
band models.

PACS numbers: 62.20.Dc, 61.41.+e, 71.20.Hk

Polycetylene (PA) has attracted interest as a conduct-
ing polymer because it shows dramatic changes in con-
ductivity' ' and magnetic susceptibility upon doping.
Undoped PA has a dimerized structure with alternating
short and long bonds due to Peierls distortion of the tr

electron system. Charge transfer (CT) due to doping
of PA with donors or acceptors affects the tr electronic
system causing changes of geometrical and electronic
structures. A soliton model was presented and, espe-
cially at low-doping levels, has been demonstrated9 to be
essential for interpreting the unusual experimental obser-
vations. As shown in this Letter, however, a simple mod-
el using partially filled bands successfully predicts cer-
tain properties, such as the Young's modulus and the
average geometry of a doped polymer, as can a soliton
model. The observed asymmetry with respect to the sign
of CT is in agreement with our theoretical predictions.

Improving preparation techniques ' are pushing up-
ward the intrinsic conductivities and elastic properties, "
such as Young's moduli (Y), of conducting polymers. It
would be important to know the upper limit of Y of a
conducting polymer in its pristine state and the variation
of Y as a function of dopant concentration.

We used an infinite-chain model and a cluster model
of C2~H23. In the latter model, a soliton was incorporat-
ed at the center of the cluster with the CT of ~e. For
energy-surface calculations, we employed a Hartree-
Fock-based semiempirical quantum-chemical method
[modified neglect of diatomic overlap' (MNDO)] and
its solid-state-theory form. ' The method is very reliable
in predicting molecular and polymeric geometries and
produces good force constants when used in conjunction
with force-constant scaling, ' a widely used process for
empirically correcting the Hartree-Fock force-constant
overestimation problem. '

The Young's modulus Y for one-dimensional crystals
is defined in terms of the second derivative of the poten-
tial energy E of a unit cell with respect to the c-axis lat-
tice spacing c; Y=cA '(d F/dc ), where A is the
effective cross-sectional area perpendicular to the c axis.

Therefore, information on the energy surface around the
equilibrium geometry enables one to calculate Y. Since
such information can be obtained from the distortion of
geometry and force constants K;i, Y can be also ex-
pressed as follows: '

Y cA 'QQK~)Q QJ,

where Q; are the internal coordinates of atoms making
up the unit cell and the prime denotes the first derivative
with respect to c. Assuming K;J's are constant near the
equilibrium geometry, a set of Q variables fully deter-
mine Y. The optimal Q values can be obtained so as to
yield a minimal Y value (that is, minimal change of en-

ergy upon longitudinal deformation) while satisfying
translational symmetry.

In the band calculations 25 unit cells of C2H2 were
considered in the lattice sum and the k-space integrals
were represented by 21 points (41 points for

q
= ~0.075e, where q is the CT per CH unit, the plus

sign corresponding to donor doping). The amount of CT
is equal to the empty or occupied part of k space for the
tr or tr band at the Fermi level. Young's modulus was
numerically calculated by changing c by bc = ~0.01 A
around its optimized value while the other geometrical
parameters were completely reoptimized. For the
effective area A the value of 15.52 A. obtained from x-
ray-diffraction analysis of neutral trans-PA was used
throughout the whole range of CT studied. We adapted
a uniform scaling process with a scaling factor of 0.63
from our earlier study' of Y for neutral trans-PA, based
on the empirical force field of Takeuchi et al. '

Figure 1 shows the variation of Y as a function of
charge transferred to the PA chain. The cluster (soli-
ton) model predicts somewhat lower Y values of 352
(q = —0.048e) and 359 GPa (q =0.048e) and shows the
same trend as the infinite-chain model with partially
filled bands. Most striking is the relatively small change
of Yupon CT (about 7% increase of Yfor q=0.25e and
3% decrease for q = —0.25e compared to the value for
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undoped PA). The relative insensitivity of Y for PA and

poly(2, 5-dimethoxy-p-phenylene vinylene) to doping has
been experimentally observed. '' Our calculations show
the trend that donor (acceptor) doping increases (de-
creases) the Y value and that the modulus of the metallic
state (i.e., !q! )O. le) varies almost linearly with CT.

The diagonal approximation' (i.e. , Ki =b;JK;;) is

useful insofar as to qualitatively interpret the variation
of Y upon CT. The expression for Y of equidistant PA
can then be simplified as
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where a=8/2 and K« is the force constant for C-C
bond stretching and Kee for C-C-C angle bending. The
change in Y upon CT can be expressed from Eq. (2) in

terms of changes of geometries and force constants as
follows. Using

B 4/[A(4sin a/Ktttt+R cos a/Kee) ],

FIG. 1. The variation of the Young's modulus of trans-
polyacetylene (PA) as a function of charge transfer q. 0 corre-
sponds to full calculations, ~ to a metallic model, and & to cal-
culations with force constants fixed as q O. le. Inset: The
change of structure of trans-PA upon longitudinal deforma-
tion.

we have

BY(q) =8[[—, R cosa(1+sin a)/Kee —2R sin acosa/K«]b8(q)

+ [4sin /aK tt—tt R cos asina/Kee]bR(q)+R'cos asina/KttebKee(q)+4R sin a/KtmbK«(q)]

-Eb8(q) +FbR (q) +GbKee(q) +HbK«(q) . (3)

In the last line numerical values at the optimized struc-
ture (R 1.405 A and 8 125.0') of neutral equidis-
tant PA with force constants' Ktttt =5.716 mdyn/A and

Kee =0.763 mdyn A are F. =2.8 x 10 ' mdyn A
F=1.7 1x0 mdynA, G = I 9x10 ' A, and
H 2.6x10 A '. As seen in Figs. 2 and 3, the bond
angle changes significantly while the bond length
changes negligibly. Thus, we expect a significant change
in Kee and a negligible change in K«. These indicate
that V at low doping is most sensitive to the changes of
the bond angle and its bending force constant.

Figures 2 and 3 show the variations, with CT, of the
geometry predicted by the MNDO solid-state method.
The soliton model with CT of 0.048e to (from) dopants
predicts short bond lengths (in A) of 1.361-1.395
(1.360-1.391), long bond lengths of 1.412-1.461
(1.408-1.460), unit-cell lengths of 2.484-2.505
(2.490-2.509), and bond angles (in degrees) of
124.5-125.1 (125.1 —125.9). The average values of these
geometric parameters are very close to the predicted
values of the infinite-chain model and are indicated by
plusses and crosses in Figs. 2 and 3. At small CT, the
bond angles increase (decrease) upon doping of PA with
donors (acceptors) while the change of (average) bond
lengths (for alternant PA) upon CT are negligible. In
heavily doped regimes, both bond lengths and angles in-
crease with CT. The trend of geometrical changes with

! CT can be interpreted from frontier crystal-orbital argu-
ments. ' Using the geometrical predictions we can inter-

pret the results of Fig. 1. We calculated the modulus of
neutral and charged metallic PA using fixed force con-

stants, which show a trend similar to the variation of
bond angles as predicted by the diagonal approximation
[Eq. (3)]. In heavily doped regimes, the variation of
Young's modulus does not follow the prediction based on

fixed force constants since the force constants decrease
significantly as expected from the bond-order arguments.

The variation of the c-axis lattice spacing c of trans-
PA upon CT is given in Fig. 3. The metallic states show

a parabolic curve with a minimum near the neutral state.
However, the alternant system with small CT shows

negligible change of c for donor doping and decrease in c
with a minimum value between q = —0.05e and —0.10e
for acceptor doping. In the heavily doped region with

iodine (q = —O. le assuming I3 species), Murthy,
Shacklette, and Baughman recently observed about
0.4% contraction of c, which is much smaller than the
earlier macroscopic observation (about 8%). ' The
negligible increase of c for pristine PA, which was lightly
doped with sodium, was also observed in the x-ray
scattering experiments and was ascribed to the forma-
tion of a soliton lattice. Our results show excellent
agreements with the recent experiment values. The
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FIG. 2. The variation of the bond lengths of trans-
polyacetylene upon charge transfer q. & denotes the length for
the short bond, 0 for the long bond, and o for the bond of the
neutral metallic state. + and x indicate the corresponding
values predicted from the soliton model.
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FIG. 3. The variation of the bond angle (O) and the c-axis
lattice spacing (&) of trans-polyacetylene upon charge transfer

q. ~ and refer to the neutral metallic state, and + and x to
the soliton model. - - corresponds to the lattice spacings ob-
served by Winokur et al. (Ref. 22). Inset: The undulation of
the sign of the wave functions (a) below and (b) above the Fer-
mi level. Arrows indicate second-neighbor antibonding in-

teractions.

change of c upon CT is simply understandable in terms
of the variations of bond lengths and angles,

Bc [(R i
—R2cos8)BR ic c 2

+ (Rz —R ~ cos8)bR2+R~R2sin8 88] . (4)

The lattice spacing of lightly doped PA with acceptors
slightly decreases mainly due to the decrease of 8 in Eq.
(4). However, with donor doping c does not follow the
change of 8 because steeper decrease of the long bonds
than the increase of the short bonds almost cancels the 8
dependence. At heavy-doping levels (both donors and
acceptors) the lattice spacing increases due to the in-

crease of bond angles and bond lengths.
The asymmetrical change of the geometry with respect

to the sign of the CT has also been observed for graph-
ite. While the Huckel, the Su-SchrieÃer-Heeger, and
the Hubbard models include only the nearest-neighbor
interactions leading to electron-hole symmetry, inclusion
of second-neighbor interactions lifts that symmetry as
evident from the inset in Fig. 3. All second-neighbor in-

teractions are antibonding —leading to additional repul-
sions at donor doping and elimination of such repulsions
for acceptor doping. This asymmetry is most obvious for
the bond-angle variation. The soliton wave function at
the midgap also displays the same kind of second-
neighbor antibonding interactions.

The excellent agreement of the two models discussed
here suggests that the average size of the unit cell or
Young's modulus is rather insensitive to the details of
the electronic structure of lightly doped PA. What
seems to be essential is that the orbitals around the Fer-
mi level (for both the band model and the soliton model)
are slightly antibonding which explains the observed

asymmetry with respect to the sign of q.
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