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ABSTRACT
In this paper, we use the semi-empirical Hartree-Fock method introduced
witiin the finite electric field perturbation approach, to calculate the molecular

and pil-system polarizabilities of trans and cis polyene H(-CH=CH-) H (n =

3,4,3,...,18). The result is cthat for a given n, the order of both molecular and

pi-system polarizabilities of polyene is trans > cis. This result is consistent.

with the order of experimental values of trans and cis hexatriene. When the n
increases from 3 to 18, the contribution of pi-system polarizability to the
molecular polarizability increases from 45X% to 70%. Using these results, we have
exccapolated the polarizabilitlies of both trans and cis polyacetylene. The order is
trans > cis. These results and crystal parameters lead to an estimate of the

dispersion energies among polyacetylene chains. The result is also Edisp(Crans) >

Edisp(cis).

KEY WORDS: polarizability; polyacetylene; cis/trans; CNDO; dispersion energy



I. INTRODUCTION

Polyacetylene (PA) is an important conductive polymer which has two isomers -
1,2

6

trans and cis (see Fig. 1). Since PA was synthesized and it was found that the

1

conductivity of doped PA rapidly increases from 10" (fcm) =~ to as high as 103

(ncm)'l with 1increasing dopant concentracion,3 much experimental and theoretical
5 6-8

research®’” has been reported, including differences between trans and cis PA.

Polarizability 1is an important prcperty of a material and closely related to
interactions among molecules and the dielectric coefficient of the material.
Because PA is relatively insoluble and decomposes before melting? these experimental
difficulties have so far precluded the measurement of the polarizability of
either trans and cis PA.

10

Davies has studied the pi-system polarizabilities of the trans polyene

series, using the perturbed HMO method. He found that the a:x, which 1is the

component of pil-system polarizability along the carbon chain, 1s proportional to the
L3, where L is the length of carbon chain. Recently, Hurst et alll have calculated

the polarizabilities of trans polyeune series, H(-CH-CH-)nH (n - 2,3,...,11}, using

the ab initio coupled-perturbed Hartree-Fock method, and the extrapolated
polarizability of trans PA is 60.3 a.u./C2H2. To our knowledge, no study of the
polarizability of cis-PA and the contribution of the pi-system polarizability

to molecular polarizability has yet been reported. It 1is therefore interesting to
calculate and compare the pi-system and the molecular polarizabilities of both cis
and trans PA, and to discuss their differences, which 1is the purpose of this

article.

II. THE METHOD

Because PA can be considered an infinite polyene and given the difficulty of
directly calculating the polarizability of an infinite polymer, the best method
available is to calculate the polarizabilities of a series of polyenes with finite
chain length, and then extrapolate to the infinite limit, i.e., PA. Hence the
longer the polyene chain, the more reliable the extrapolated result for PA may be
expected to be. We therefore choose a method for which chain length is not a severe

limitation.
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Lyss et a112'13 have calculated the polarizabilities of many conjugated
molecules using the sami-empirical Hartree-Fock method introducing a finite electric
field perturbation, obtaining good results, This method c¢an be briefly

described as follows. If H, is the single-electron Hamiltonian operator of an

unperturbed system and F is a finite external electric field, the single-electron

Hamiltonian of the perturbed system is

o>
1
I >
+
[af
e3 1)

. . (1)

-y -
where r is the coordinate vector of the electron, and where we have used F = 10 4

a.u.13. Substituting eq. (1) irto the Hamiltonian operator in the DRoothaan

equations,14 one obtains the molecular polarizability as

uii [”i(F-Fi) - ﬂi(F'O)]/Fi (2)

R
1
Wi

{ ayy (1 = x,y,2) , (3

where #y is the component of the molecular dipole moment along the i-axis.

Given the desirability of performing the calculation on as large a polyene
molecule as possible, we choose a semi-empirical method (CNDO/Z)15 instead of an ab
initio technique. Considering the importance of the pi-system in polyene and PA, we

are especially interested in the contributions of the 2pz (pl) electron to the

molecular polarizability ,and these are reported separately as a.

In Table 1, we list the relative experimental values16 and our calculated
results for the polarizabilities of trans and cis hexatriene. The structure
parameters of hexatriene come from experimental values.17'18 Our results are

consistent with experiment and demonstrate the reliability of this method.

Only a few structure parameters of polyene molecules have been determined,
and these all approach the standard values: L{C=C) = 1.35 A, L(C-C) = 1.45 A, ¥CCC
- 120*, the same as the case for the determined and optimized PA parameters.19'20
Therefore we take the standard parameters as the structure parameters of both tranms




and cis polyene. The coordinate system 1Is as shown in Fig. 1. It 1is possible to
distinguish between trans and cis forms only for n > 3, and hence our calculation

starts with n = 3.

II1. RESULTS

In Table 2 we 1list pi-system and molecular polarizabilities and the
contributions of pi-system to molecular polarizability. Some of this data is
iliustrated in Fig. 2. From these results, we derive the following conclusions:

{1] When n 1is the same, the order of both molecular and pi-system
polarizabilities of trans and cis polyene is: trans > cis, also shown in Fig. 2.
This order is consistent with the order of experimental polarizabilities of trans
and cis hexatriene.

{2] The molecular polarizability of polyene mainly comes from the
contribution of the pi-system. The 1longer the carbon chain, the larger the
contributicn of pi-system. When n increases from 3 to 18, the contribution of pi-
system increases from 45% to 70%.

[3] A value for uo/n = a/n - u"/n is easily calculated. This difference is
nearly constant over the entire range of n, as shown in Fig. 2. This means that the
polarizability of the sigma-system in a -CH=CH- unit for various polyenes is the
same, which obviously differs from the pi-system. The o polarizability is
essentially independent of chain length. This differs from the = polarizability
because of the delocalized nature of the n system.

To generalize the polyene results to PA, we require a function which accounts

11

for the fact that d[%]/dn + 0 for large n. The proposed function™ " is

log(a/n) = a + b/n + ¢/n2 . (4)

This implies that 1lim a/n = 10? for PA. Our values and Hurst's are compared in

n-.-
Table 3. The relative polarizabilities of the cls and trans PA are in the same

order as for the polyene series., However, the pi-electron contribution for PA is

larger than for polyene, as shown in Table 3.



v, NPISCUSSION

We begin by considering the reasons why the trans isomer polarizability is
larger than for the cls. First are geometric considerations. If L is the length of
the carbon chain, L = n x 2, then % is the length of the projection of a unit cell
[-CH=CH-] (including both a C=C and C-C bond) on the x-axis. In our calculation, 2
is equal to 2.425 A and 2,125 A for trans and cis polyene, respectively. The
projection of trans is larger than cis by 0.3 A. This makes the conjugation length
of the trans polyene pi-system longer than cis polyene’'s by n x 0.3 A, when n is the
same. This is the main reason that both pi-system and molecular polarizabilities of
trans polyene are larger than cis polyene.

Besides the difference in x-axis projection length between the trans and cis
unit structures, we consider another factor affecting polarizability magnitude.
The unit cell of trans PA consists only of one -CH=CH- segment, whereas a unit cell
of cis PA consists of two -CH=CH- segments, as shown In Fig. 1. This demonstrates
that the translational symmetry of trans PA is higher than cis PA. Clearly, the
higher the translational symmetry, the larger the delocalizability, and the larger
the polarizability. Thus one would expect the trans and cis isomers to differ is
subtle chemical respects in addition to geometrical effects. We expect similar
effects for finite polyenes as well,

Two functional forms to describe the polarizability of trans-polyene have

been given in the literature. Hurst et alll

suggest that a = NY, where they find vy
s 1.6 for small polymers. However, if the delocalization length is finite, then ¥y
must also be a function of n and must eventually tend toward 1, i.e., the

polarizability is proportional to n. We specify the proportionality constant as
o = Cn” (5)

where two parameters, C and y, are to be fitted to the data. Equation (5) will
provide some significant physical Iinsight in what follows.

Hurst et al11 have proposed yet another function, given by eq. (4).
Parameter a has clear physlical significance already mentioned. Paramcters & and c
only influence the'behavior at small n, and from physical arguments (i.e., a less

conjugated system), we know that b < 0. We have fitted our data to the Hurst




function for trans PA, with the results are shown in Table 3. It is seen that our
value for a corresponds with that of Hurst very closely, and thus our value for the
PA polarizability is close to that obtained by Hurst. This implies that as the
chain becomes longer, the values obtained for the polarizability will more closely
match the ab initio results. Since Hurst used polyenes with n = 2, 3,...,11, and we
use n = 3, 4, ...,18 from which to extrapolate the polarizability of PA, this
implies that the semi-empirical method with minimal Slater type basis can closely
match the ab initio result. However, parameters b and ¢, which affect short-chain
behavior, are less reliable.

The physical significance of the power law (eq. 5) depends on how C is

defined. 1If C is defined as C_, the limiting value of a/n as n = =, then C_ = 10%,

identical to the limiting value in eq. (&), and eq. (5) is valid for large n when vy

-1, On the other hand, if C is defined as CO' the polarizability of the -C2H2-,

i.e., a for n = 1, so that the form can be fitted to small n but will be incorrect
in the large n limit if y is assumed to be constant. Further, in this case ic is
apparent that y cannot converge to unity since then the polarizability of the
infinite chain would eyual cuac tor n =~ 1. Filnawly, Cg must be equal for both cis
and trans polymers, and therefore has a very definite physical meaning. It is clear
that vy has a different physical interpretation depending on how C is chosen.

A least squares fit to dJdetermine C0 {n the trans and cis cases reveals 17

kY

a.u. t1au. Given Cy - 17, it is then possible to plot the necessary value of y

from the CNDO and Hurst data. This is shown in Fig. 3, and several points can be
made. First, we note that values for y are larger in thr trans case chan for the
cis. This is consistent with the value of a, and with the notion that the trans
form has a larger polarizability. Secondly, it is apparent that y goes through a
maximum at approximately n = 9 for the cis isomer, and n = 10-11 for the trans
isomer. This probably reflects a distance related to the delocalization effect in
polyene, indicating that electrons are delocalized over a larger region in the trans
fsomer than the cis.

r T . . A
Figure 4 illustrates the a  /n aud Lhe a.x/M tor trans polyene. Using HMO

theory (infinite delocalization length), Davies!? showed that this ratio should

increase proportionally to n? for trans-PA. If the delocalization length were




infinite, then one would expect the HMO theory to be accurate, but Fig. 4 indicates
that it is not valid. Therefore, the existence of a typical delocalization length

is further indicated.

v. THE DISPERSION ENERGY OF CRYSTALLINE PA

The crystal structure parameters of both trans and cis PA have been
determined20’21 and are similar to each other (see Fig. 5 and Table 4). Because PA
is a nonpolar material, we can estimate the dispersion energy among PA chains in

crystals as

3, a’l
Eatsp = " 4 * _8 - (6)

where 1 is the ionization energy of PA,22

and R is the distance between centers of
two chains. The calculated results and relevant parameters are listed in Table 4,

and Edisp is the sum of the dispersion energies between chain 1 and chains 2, 3, 4,

5, 6, 7, 8 & 9, respectively. We use the extrapolated a/n for PA, as calculated
above, and the all centers of nine PA units are on the same plane. Consistent with

our previous results, Edisp for the trans PA 1s larger than for cis. These are

shown in Table 4.

VI. CONCLUSION
We have calculated the polarizability of a series of utrans and cis polyene

molecules. Our results compare favorably with those of Hurst.lo

The data have been
fitted to an appropriate function, and it is found that our data and Hurst’'s have
the same limiting behavior. We therefore conclude that the polyene data may be
extrapolated to provide information about polyacetylene.

Further, we have considered the relative polarizability of trans and cis
polyene, ard we show that trans has a larger polarizability than cis. An inquiry

into the reasons for this phenomena indicate that it is a function of geometry and

of symmetry.




Finatly, we have presented data on the crystal dispersion energy. We find
dramat. differences between the trans and cis forms, which should in principle be

measurable, thereby allowing experimental confirmation of our results.
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Table 1. Polarizabilities of Trans and Cis Hexatriene
(unit: a.u.)
Present Worxk Experimental Data [16]
a Refractivity Density (g/cm>) a
Trans 73.1920 1.5135 0.7369 87.4565
Cis 71.1604 1.4577 0.7175 81.4466




Table 2. Polarizabilities of Trans and Cis Polyene

H(-CH—CH-)nH (unit: a.u.)

n Trans Cis
o o a /a(X) a. o un/u(Z)

3 33.03 73.20 45,13 31.62 71.62 44,16
4 55.37 109.01 50.80 51.45 104.71 49.14
5 82.24 149.22 55.11 74.59 141.05 52.88
6 112.84 193.06 58.45 100.40 180.02 55.77
7 146.54 239.94 61.07 128.37 221.10 58.06
8 182.39 289.13 63.17 157.94 263.76 59.88
9 221.13 340.31 64.98 188.91 307.78 61.37
10 260.65 393.11 66.30 220.64 352.54 62.59
11 302.33 447 .67 67.53 253.61 398.50 63.64
12 344,77 502.97 68.55 287.06 44498 64.51
13 388.20 559.97 69.40 321.05 491.95 65.26
14 432.54 616.34 70.18 355.52 539.39 65.91
15 477.17 673.86 70.81 390.16 586.98 66.47
16 522.56 731.85 71.40 425,08 634.87 66.95
1} 568.11 790.25 71.89 460.3% 683.11 67.39
18 614.15 848.86 72.35 495.77  731.47 67.78
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Iable 3. Polarizabilities per -C2H2- of Trans and Cis PA

(unit: a.u.)

Present Work
Trans PA 1.6903 49.012 1.7782 -2.0830 2.7304 60.007 81.67%
Cis PA 1.5710 37.239 1.6918 -1.6389 2.0907 49.181 75.72%

ab initio (6-31G)!1
Trans PA 1.7803 -1.8398 1.8920 60.298

Table 4. The Edisp Among Chains and Relevant Parameters of Trans and Cis PA

Trans PA Cis

Cell Parameter (unit: A, degree)zo'21

A 4.24 7.61

B 7.32 4.39

C* 2.46 4,47

o 90. 90.

B 91.5 90.

Y 90. 90.
Tonizatlion Energy (a.u.) 0.243 0.24622

Egygp(ke/mol) 9.873 5.194

* The C-axis is along the carbon chain, and the repeat unit along the C-axis is -

C2H2- for trans PA and -C4H4- for cis PA.




14

FIGURE CAPTIONS

Fig. 1
Fig. 2
Fig. 3
Fig. 4
Fig. 5

Diagram of the geometry of trans (a) and cis (b) polyacetylene.  The
polyacetylene unit cell is indicated by the dashed lines. The coordinates
used 1Iin this calculation are 1llustrated, with the z-axis taken as
perpendicular to the page. The origin is chosen as the center of mass for

each member of the polyene series.

Polarizability of polyene as a function of chain length, comparing the
trans and cis isomers. Also shown are the ab initio11 results and the
sigma-electron polarizability for the trans species. The sigma-electron
polarizability for the cis isomer is almost identical.

Parameter y versus polyene length.

bt n 2
uxx/n and uxx/n for trans-polyene.

The (00l)-plane for the crystal unit cell of trans and cis polyacetylene.
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