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Tight-binding total-energy method applied to polyacetylene

Diana E. Tuyarot, Belita Koiller, and R. B. Cagaz
Instituto de Fsica, Universidade Federal do Rio de Janeiro, Caixa Postal 68528, Rio de Janeiro, RJ 21945-970, Brazil
(Received 18 October 1999

We apply the tight-binding total-energy method to the study of energetic, structural, and elastic properties of
different polyacetylene isomers. Our results show good agreement with experimengdd anitio theoretical
results, suggesting that this simpler method can be useful in the study of conjugated polymers.

I. INTRODUCTION IIl. METHOD

In the TBTE method the total energy is written as

The discovery in 1977 that polyacetylenéPA) can be
doped up to high degrees of conductivity initiated an era of Etot=Eelet Ereps (1)
extremely active research on this and related materials with
attractive electrical and/or optical properties, so-called conwhereEg,, is the sum of electronic eigenvalues over all oc-
jugated polymers. Because of its simplicity, the PA chain,cupied states, anfl,, is a short-range repulsive energy. For
particularly thetransPA (TPA) configuration, has been the hydrocarbon$, the electronic eigenvalues are obtained by
subject of most theoretical and experimental investigationssolving the tight-binding Hamiltoniakirg including sp® or-
It is the prototype of all quasi-one-dimensional conductingbitals for the C atoms anslorbitals for the H atoms. The
polymers and, therefore, the benchmark for testing novel calPonding is therefore included explicitly in the model, con-
culation techniques in organic polymers. trary to most TB descriptions of conjugated polymers which

The role of electron-lattice interaction and disorder in af-"étain only thew electrons. _
fecting the structural, electronic, and optical properties of 3The off-diagonal elements di g are described by a set
conjugated polymers cannot be overemphasized. In this &P Of two-center hopping parameterSss,(r), Vsp,(r),

gard, we can find two lines of theoretical study on structural\/PW(r)' andV,,(r). Electron-lattice coupling is built into

and electronic properties in conjugate polymdis:simple the model through the dependence of these matrix elements

models to explain the electronic structure and conductivityOn the interatomic separation V,,(1)=V,,(ro)h(r), where

properties where these effects are introduced in a simplifiegqe scaling functiorh(r) is given by
form by fitting experimental dafaand (i) ab initio calcula-

n
tions for small molecules or perfectly periodic chains where h(r)= (r_0> enl = (/1) (rg /1) ?)
disorder cannot be included due to computational r
difficulties3

In this work we introduce an alternative technique known©On-Site elements dfirg are the atomic orbital energies, ,
as the tight-binding total-energf BTE) method. The TBTE Wherei denotes the atom typé€ or H) and a=s or p. In

method, first introduced long ago by Ch&dhas become systems containing only carbon and hydrogen, very little

increasingly popular in the last ten years as an intermediat‘éharge transfer takes place. Therefore it is reasonable to im-

description between classical potentials and fully quantumpﬁ.?te Igcatlhcharge _;1eutrah(‘ngN) Self'(fOES'Stin:y thr%l:gh
mechanicalb initio methods to describe structural and dy- Sh!fts clin ed on'IS' N fr?erg;esei%_)ftm_ 'R}“ eiiﬂ?.ﬂll (ﬁ
namical properties of semiconductors. It consists in separaf; Its depend only on the sité and not on the Qrti sa
. . . . _the orbitals on one site shift togetheltCN is achieved when
ing the total energy into electronic and repulsive .

tributi The electroni ELL) i lculated by add the number of electrons on each site equals the number of
contributions. The electronic pa é'e.) IS calculated by add- /5 1ance electrons of each atomic spegigsor C and 1 for
ing the occupied eigenvalues of a tight-binding Hamiltonian,
and therefore incorpora_ltes a quantu_m-mechanical description’ The repulsive energy is modeled by
of bonding. The repulsive parg(.) is usually a two-body
functional which takes into account in an empirical way the
core-core and overlap _ repulsions, as well as the double Erep=2_ }‘(E d;(rij)) (3
counting of the electronic energy Bge. : )

Although originally developed for semiconductors, the
TBTE method has been extended by Wat@l. to describe
carbon nanostructuréand more recently by Horsfielet al.
for hydrocarbon$.In this work we explore the possibility of "
using the TBTE method within the parametrization proposed B(r)= % Ml (1/dg) e+ (dg /dg)™] 4)
by Horsfieldet al. to describe energetic, structural, and elas- o r
tic properties of conjugated polymers, more specifically PA.

Our focus will be on comparing the TBTE predictions with and F(x) is an embedding function expressed as a fourth-
existing experimental or theoretical results. order polynomial with argument=ZX;¢(ry;),

where ¢(r;;) is the pairwise repulsive interaction between
atomsi andj,
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FIG. 1. Geometry and definition of structural parameterqdpr
trans polyacetylendTPA), (b) cis-transoidpolyacetylendCt-PA),
and (c) trans-cisoidpolyacetylengTc-PA).

4 [
;(; ¢<rij>)=§1 Ai(; ¢<n,—>). (5)
The functionsh(r) and ¢(r) go smoothly to zero beyond

some designated cutoff distancg,;, a particularly desirable
feature for eventual molecular dynamics applications. This i
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FIG. 2. Total energy vs lattice constant for TR&rcles, Ct-PA
(triangles, and Tc-PA(squares

constanta are obtained for each of the three isomers by the
position of the minimum in the total energy vs lattice con-
stant plot, shown in Fig. 2, for supercells with 10,H;
units. All atomic coordinates are fully relaxed for each lattice
constant. We findhig=2.444 A for TPA,a,=4.263 A for
Ct-PA, anday=4.304 A for Tc-PA. These values are in
excellent agreement with the experimental lattice constants:
2.46 A for TPA% and 4.38 A forcis-PA°

Experimentally, the polymerization process generally
leads to the formation ofis-PA, and TPA is obtained by
heating the sample, indicating that thans isomer is the
thermodynamically stable ford?. Earlier theoretical
calculation$! were controversial with respect to the relative
stability of cis- andtrans-PA. However, more receratb ini-
tio calculationd*?*3seem to correctly indicate TPA to be the
stable isomer, with a@is-transenergy difference of roughly
0.1 eV per GH,.!* This is a very small energy difference
and we do not expect the TBTE method to be reliable in
capturing it. In fact, our results show that the Ct and Tc
isomers are basically degenerate in energy, and both have
lower energy than TPA, by only 0.01 eV penid, unit,
which is again beyond the reliability of the present method.

We present in Tables I, Il, and Ill, other structural param-
eters for TPA, Ct-PA, and Tc-PA, respectively, along with

accomplished by replacing the tails of these functions, beavailable experimental andb initio theoretical results. In

tweenr, andr.,, by a third-order polynomial with the
functional form

(6)

where the coefficients are given By="f(r;), By=1"(ry),
B,=—2(B;/A)—3(By/A?), B3=(B;/A%)+2(By/A%), A
=(reyt—rq), and f(r) is the replaced functiorih(r) or
¢(r)]. The full set of numerical parameters is given in
Ref. 6.

t(r)=Bo+By(r —ry) +By(r —ry)?+Bs(r—rq)?,

IIl. RESULTS AND DISCUSSION

We focus initially on the energetics and geometry of the

different polyacetylene isomers, namelyans [TPA, Fig.
1(a)], cis-transoid[Ct-PA, Fig. Ab)], andtrans-cisoid[Tc-
PA, Fig. 1(c)]. Supercells with periodic boundary conditions

along the chain axis are used. Equilibrium energy and lattice

general, the agreement is quite good. For the case of TPA, an
important parameter is the dimerizatioReierlg distortion

TABLE I. Structural parameters for TPAD initio results cor-
respond to the B3LYP exchange-correlation functional and 6*31
basis set. Lengths in A and angles in degrees.

Experiment Ab initio
Parameter (Refs. 8,13 (Ref. 3 This work
g 2.46 2.474 2.444
de—c 1.36 1.369 1.384
de_c 1.44 1.426 1.432
de_n 1.001 1.075
Occc 124.5 120.2
Oc—ch 118.3 119.4
u 0.03 0.032 0.028
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TABLE Il. Structural parameters for Ct-PAAb initio results TABLE IIl. Structural parameters for Tc-PAADb initio results
correspond to the B3LYP exchange-correlation functional andcorrespond to the B3LYP exchange-correlation functional and
6-31G* basis set. Lengths in A and angles in degrees. 3-21G basis set. Lengths in A and angles in degrees.

Experiment Ab initio Experiment Ab initio
Parameter (Refs. 9,1% (Ref. 3 This work Parameter (Refs. 9,153 (Ref. 3 This work
ag 4.38 4.443 4.263 ag 4.38 4.507 4.304
de-c 1.37 1.369 1.382 de-c 1.37 1.373 1.376
dc_c 1.435 1.425 dc_c 1.429 1.433
de_n 1.087 1.073 dc_n 1.087 1.074
Occe 126.7 1211 Occe 126.9 122.1
Oc-cH 116.4 118.9 Oc-cH 117.9 117.8

along the chain axigy, which is responsible for the opening method. Our results are in excellent agreement with the spec-
of an energy gap at the Fermi level. This parameter is veryroscopically determined values, which Hong and Kertesz
sensitive to a careful treatment of electronic correlation anduggest to be the most reliable. In particular, the large dif-
k-space sampling.lt is therefore surprising that our simple ference betweeais andtrans Young’s moduli, which can be
tight-binding approach with a relatively small supercell canexplained in simple geometrical terrisand the small dif-
describe it so wellsee Table)l In fact, increasing our su- ference betweel ¢.pa andY.pp are well reproduced.

percell size to 50 ¢H, (which effectively improves the

k-point sampling decreases to 0.015 A. The energy gap in IV. CONCLUSIONS

our calculation is 0.41 eV, to be compared to the experimen- ) S
tal value 1.8 eV. We have presented a systematic study of the applicability

moduli for the different isomers, defined as isomers. The calculated properties (geometric structural
parametersand near(Young's modulj equilibrium are in
a, d’E very good agreement with experiment and with previabs
Y= A 2 (7)  initio calculations, confirming the reliability of the TBTE
day ag method for these properties. For electronic-structure-related

) o ] i properties, such as the Peierls gap and eventually soliton-
werea, is the equilibrium lattice constant ardis the cross-  ye|ated properties, the present parametrization leads to rela-
sectional area for the polymer. We adopt, for thg Sthree ISOtively poor results. This is not surprising, since the original
mers, the experimental value for TPA=15.52 A%® Our  arameters were fitted to describe only total energy and geo-
results areYrpp=389 GPa,Yci.pa=161 GPa, and¥tcpa  metric data, and not electronic transitions. But one could in
=172 GPa. Experimental measurements of the Young'$yrinciple modify these parameters for situations when a more
modulus are usually much lower than theoretical results duauantitative description of the band gap is needed.
to misorientation effects. Caet al® have performed mea-
surements off 1p, for different draw ratios and obtained an
extrapolated value of 29040 GPa for perfectly oriented ACKNOWLEDGMENTS
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