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ABSTRACT: Two narrow band gap polymers, polyazopyrrole (PAPY) and polyazothiophene (PATH), were
theoretically investigated by means of time-dependent density functional theory (TDDFT) with the B3LYP
functional. The most stable trans conformation that would be dominant in the infinite length polymer
was discerned, and the chain length dependence of excitation energies of oligomers was studied. By
extrapolation, the band gaps of the corresponding trans forms of PAPY and PATH were found to be as
low as 1.12 and 0.98 eV, respectively. IR spectra of the oligomers were successfully simulated by density
functional theory (DFT) with the B3LYP functional. The results are in good agreement with the reported

experimental ones.

1. Introduction

Since the discovery of metallic conductivity in doped
polyacetylene,!2 increasing attention has been focused
on sz-conjugated polymers because of their many inter-
esting properties such as high intrinsic conductivities,
excellent nonlinear optical properties and electrolumi-
nescence, and so forth.3 In particular, intensive research
has been dedicated to exploring novel conjugated poly-
mers with narrow band gaps.*~® Polyacetylene, which
consists of alternate single and double carbon—carbon
bonds, is the simplest model of this kind of materials,
and its band gap should be ideally zero by using a simple
Huckel approximation.” According to Peierls theory,
however, such a one-dimensional structure is unstable
and the coupling of electrons and phonons with lattice
distortions leads to a localization of single and double
bonds which lifts the degeneracy and results in a
localization of s-electronics with the opening of a band
gap (Eg).8 In the past two decades, a large number of
studies have been performed both experimentally and
theoretically by introducing fused ring systems, ladder-
type structures or electron acceptor units, and so forth
into w-conjugated backbone chains, aiming at decreasing
the band gap value to near zero to present a true
“organic conductor” without dopants.5®

The polyazoheteroaromatic system is a member of the
group of narrow band gap conducting polymers. It is
derived from a diheteroaromatic by inserting an azo
group among the dimer heteroaromatic rings (as shown
in Figure 1). Since the first successful synthesis in 1995
by Yokomichi et al., 1° polyazopyrrole has possessed the
narrowest band gap among the neutral pyrrole-based
conducting polymers in experiments until now. In 1996,
the polyazopyrrole films were investigated by Zotti et
al. by using techniques of cyclic voltanommetry (CV) and
infrared (IR) and UV—vis—NIR spectroscopies with the
objective of studying materials with high intrinsic
conductivity.!? The obtained polyazopyrrole (PAPY)
presents a significant decrease in energy gap from 2.85
eV12 of polypyrrole to about 1.0 eV.1! After that, Nero
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gave the theoretical simulation of the electronic absorp-
tion spectra of polyazopyrrole.l® We tentatively extrapo-
lated the first optically active transition energies of
azopyrrole oligomers in Nero's theoretical study (Figure
4 in ref 13) and found that the resulting Eg4 is 0.8 eV
larger than the experimental Ey (about 1.0 eV1Y).
Furthermore, it is very interesting to understand why
polyazopyrrole shows the narrow band gap and if other
azoheteroaromatic polymers also bear a resemblance
to it.

In addition, the azo groups on the backbone of the
conducting chain can be the basis for the molecular
switches, so the polyazoheteroaromatic system can be
a promising candidate for the fabrication of molecular
devices. There should be two relatively stable ground-
state trans conformations of polyazopyrrole, as shown
in Figure 2a and b, even though this has never been
mentioned in previous studies. Discerning the most
stable trans conformation is necessary for future inves-
tigations on the trans/cis reversible interconversion!415
of azo groups under external light or heat stimulus in
this system.

In consideration of all these merits, inspiring perspec-
tive, and the problems mentioned above, we made a trial
to theoretically investigate polyazopyrrole. At the same
time, we also attempted to study a new polymer,
polyazothiophene (as shown in Figure 2c and d), in the
same way as we did in the case of study of polyazopyr-
role.

In this paper, we discerned the most stable trans
conformation that would be dominant in the corre-
sponding infinite length polyazopyrrole and polyazo-
thiophene for the first time. TDDFT with the B3LYP
functional was employed to study the chain length
dependence of the vertical excitation energies of azo-
pyrrole and azothiophene oligomers, and the theoretical
prediction on the band gaps of the corresponding infinite
trans polymers was obtained by extrapolation. IR
spectra of oligomers were successfully simulated using
DFT with the B3LYP functional. The effective conjuga-
tion lengths (ECLs) were estimated by the convergence
of excitation energy with the chain length within a
threshold of 0.01 eV.
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Figure 1. Two stable, anticoplanar ground-state trans conformations of azopyrrole and azothiophene monomers: (a) APYa; (b)

APYb; (c) ATHa; (d) ATHb (X = H).

2. Models and Computational Methods

The Eq4 values of the conducting polymers are usually
determined from the low-energy absorption edge of the
electronic absorption spectra in experiments.l? The
theoretical quantity of E, for direct comparison with the
experimental band gap should be the transition (or
excitation) energy from the ground state to the first
dipole-allowed excited state. There exist various theo-
retical approaches for simulating band gaps of oligomers
as well as of infinite polymers. The crudest estimate,
but most widely used due to its cheapness, is on the
basis of the orbital energy difference between the
highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO), obtained
from Hartree—Fock (HF) or density functional theory
(DFT) calculations.'6:17 The implicit assumption under-
lying this approximation is that the lowest singlet
excited state can be described by only one singly excited
configuration in which an electron is promoted from the
HOMO to the LUMO. In addition, the orbital energy
difference between the HOMO and the LUMO is still
an approximate estimate of the transition energy, since
the transition energy also contains significant contribu-
tions from some two-electron integrals. However, the
real situation is that an accurate description of the
lowest singlet excited state requires a linear combina-
tion of a number of excited configurations. Although the
calculated HOMO—LUMO gap agrees fairly well with
the experimental band gap in many cases,’ this may
probably be due to the error cancellations. There are
also other more elaborate theoretical methods. Among
them, Hartree—Fock (HF)-based methods, such as the
configuration interaction singles (CI1S) method!8 and the
random phase approximation (RPA),'° which is equiva-
lent to the time dependent HF (TDHF) method,?°
usually only provide qualitative or semiquantitative
descriptions for the low-lying excited states.?!

Fortunately, a recently developed tool, time-depend-
ent density functional theory (TDDFT),222% was a suc-
cess to some degree. The fusion of a significant quan-
titative improvement and moderate computational cost
has attracted the increasing favor of chemists. Over the

past few years, it has advanced to one of the most
popular theoretical approaches to calculate excited-state
properties of medium-sized and large molecules up to
about 200 second-row atoms.2425 Especially for excited
states below the Rydberg threshold, TDDFT with im-
proved correctly asymptotic functionals can usually
bring out impressive results.?4=28 Let us briefly review
the calculating excitation energies with the TDDFT
scheme. For real Kohn—Sham orbitals, excitation ener-
gies w within the TDDFT scheme can be determined
by solving the non-Hermitian eigenvalue equation of the

6 R =elo %))

For a general hybrid HF/DFT functional, the elements
of the matrices are formally written as?®

A = 6ij6abéar(6ao - Gir) + (ioa(f'jrbr) -

601CHF(ina|arbr) + (1 o CHF)(ioaa|far|jzbr) (1)

Biao,jbr = (ioa(f'brjr) - 60‘[CHF(i0bU|a‘[jT) +
(1 - CHF)(ioa(J'for'brjr) (2)

iao’jbr

where i and j are used for ground-state occupied
orbitals, a and b are for virtual orbitals, and o and t
are the spin variables. ¢ refers to the ground-state
orbital energy, and cyr is the coefficient of the HF
exchange part in the functional. In eq 1, the first term
is the energy difference between virtual orbital a and
occupied orbital i. The second term of eq 1 describes the
Coulomb repulsion between singly excited configura-
tions. The third term of eq 1 originates from the nonlocal
HF exchange part of the Kohn—Sham operator and has
the appearance of a Coulombic term, since the created
holes (orbitals i and j) interact with the electrons
(orbitals a and b), which directly corresponds to the
electrostatic attraction within the excited state of ionic
character.?® The last terms in the two above equations
are in the adiabatic approximation defined as
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Figure 2. Two stable, anticoplanar ground-state trans conformations of polyazopyrrole and polyazothiophene: (a) PAPYa; (b)

PAPYD; (c) PATHa; (d) PATHb.

(i,3,/fli.b,) =
ff¢i(r1) Da(ry) T, (r1ar2) ¢4(ry) dy(ry) dry dr, (3)

where f4(r1,r2) is the nonlocal XC kernel. TDDFT is a
formally exact theory, but since the exact exchange-
correlation (XC) functional is in fact unknown, ap-
proximate XC functionals must be employed. Thus, the
nonlocal XC kernel is usually further approximated by
using local XC functionals, such as the SVMN func-
tional, resulting in the local density approximation
(LDA).2223 Although the introduction of gradient-cor-
rected density functionals such as BLYP gives an overall
improvement to the XC energies of the LDA, the
gradient-corrected potentials are still local.?®

For the lowest-lying singlet excitation energies of our
investigated z-conjugated system, the TDDFT scheme
with conventional functionals also bears some deficien-

cies, because of the employed LDA. First, the LDA
induces the XC potential to exponentially decay (the
true potential decays Coulombically like 1/r) and to
vanish at long spatial distances.?629734 That case also
can directly be seen from the exponential decay of the
density itself.3! As a consequence, spatially extended
Rydberg states are only poorly described with TDDFT
employing these asymptotically incorrect function-
als.?629.3334 Recently, it was also pointed out that
TDDFT with an incorrectly asymptotic XC potential can
yield substantial errors for valence excited states of
spatially extended z-conjugated systems.32 In addition,
excitation energies to the lowest singlet excited states
calculated by TDDFT with the pure XC functionals may
tend to converge to the same value with the correspond-
ing HOMO—-LUMO gaps for infinite polymers or suf-
ficiently large systems.21:30 All these failures resulting
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from the wrong asymptotic behavior of the XC potentials
make the improved correctly asymptotic XC functional
compulsory.

Second, one of the deficiencies in TDDFT is related
to the applied local XC functional that is not suited to
describe nonlocal features such as charge separa-
tion.29:35-39 Depending on the relative energies of orbit-
als and the molecular topology, the lowest excited-state
either results from a HOMO — LUMO (L,) excitation
or is due to a mixture of the HOMO-1 — LUMO and
HOMO — LUMO+1 (Lyp) configurations. (By using the
TDDFT calculations with the B3LYP functional below,
we found that all the first dipole-allowed excited states
of our investigated system were L, states.) The L, state
has a large contribution from ionic valence-bond com-
ponents in the wave function, while the L, state is
(similar to the ground state) mainly of covalent char-
acter.324041 According to the recent studies of large
m-conjugated systems by Grimme and Parac,324! the L,
state can be reproduced better with the conventional
XC functional than the B3LYP functional. For the L,
state, however, the pure XC functional could lead to
severe underestimates and the corresponding results of
the hybrid-type B3LYP functional could well agree with
the experimental data. The errors from using the pure
XC functional are closely related to the ionic character
of the L, state that mainly originates from the charge
transition between neighbor atoms or groups.*? The
work to create the separated charges in the L, state is
part of the excitation energy. Since the LDA potential
only depends on the local density, the local XC potential
cannot yield a counteracting term to adequately screen
the ionic charges,?5738 contrary to the case of the
nonlocal HF potential.?>36 So the local character of
conventional XC functionals results in underestimated
excitation energies. The same failure has also been
pointed out for the calculation of polarizabilities with
conventional functionals, a case of charge separation to
chain ends in the whole molecule.35-38 But, for the
lowest-lying excitation energies, the case is not com-
pletely the same as that of polarizabilities. The under-
estimates using pure functionals are well correlated
with the ionicity measure in the requirement of the
summation restricted to interatomic distances larger
than 5ap (2.6 A). And the good correlation breaks down
completely if the summation is restricted only to large
distances (e.g., >10ag).#* So the determinant regions of
interaction energies of separated charges are between
5ap and 10ap for calculating lowest-lying excitation
energies.*! In addition, there are strongly system size
dependent errors of polarizabilities,35~38 whereas such
dependent errors of lowest-lying excitation energies do
not arise.?%:283341 This fact also demonstrates that the
charge interaction energies at large distances (e.g.,
>10ap) are not the determinants in the lowest-lying
excitation energies. However, the nonlocal correction to
the XC functional should also be necessary, although
this intermediate region (5a0—10ay) is relatively “local”
to the case of polarizabilities.

According to those mentioned above, an improved
correctly asymptotic (at least correct in the spatial
region related to the calculated energies) and nonlocal
corrected XC functional must be applied. The B3LYP
functional should be a good candidate for our investi-
gated system to overcome these deficiencies. In the
B3LYP functional, the exchange potential includes some
percentage of the exact HF exchange, with the remain-
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ing part being described by the Slater functional plus a
weighted Becke gradient correction.*>=44 The third term
of eq 1 just corresponds to the exact HF exchange.2%:30
On one hand, this term is essential for the correct 1/r
dependence of the interaction energies of ionic compo-
nents in the L, states,?® while the incorrectly asymptotic
functionals underestimate the interaction energies and
result in the errors of excitation energies to lowest
excited states.*! An admixture with exact HF exchange
can substantially improve the description of the L,
state.3? On the other hand, since the HF exchange part
is indeed nonlocal, the resulting XC potential yields a
response to counteract the electric field resulting from
charge separations. Such a response should undoubtedly
arise in the exact XC potential, while it is not present
in the LDA potential 353638 So the introduction of a
nonlocal HF exchange part improves the ability of the
XC functional to reproduce nonlocal features such as
the intermediate-range charge separation. Hence, TD-
DFT with the B3LYP functional is expected to be a
relatively reliable tool for evaluating the excitation
energies of the lowest singlet excited states for the
s-conjugated system we investigated.

There are two different theoretical approaches to
evaluate band gaps of polymers. One is the polymer
approach in which the periodic structures are assumed
for infinite polymers. Another one is the oligomer
extrapolation technique?! that has acquired increasing
popularity in this field. In this approach, a sequence of
increasingly longer oligomers is calculated, and extrapo-
lation to infinite chain length is followed. A distinct
advantage of this approach is that it can provide the
convergence behaviors of the structural and electronic
properties of oligomers. In practice, both the polymer
and the oligomer extrapolation approaches are generally
considered to be complementary to each other in un-
derstanding properties of polymers. By considering the
computational cost and the validity of TDDFT with the
B3LYP functional simultaneously, we choose the oligo-
mer extrapolation approach.

The calculations demonstrated in this paper were all
obtained from the Gaussian 98 package.*® First, ground-
state geometric parameters (bond lengths and bond
angles) of oligomers were fully optimized using the
density functional theory (DFT) (B3LYP/6-31+G(d) as
keyword), with the assumption of planar conformations
under a constraint of inversion symmetry. Later on,
B3LYP/6-31+G(d) calculations were performed at the
optimized geometries of the ground states to calculate
the excitation energies using TDDFT and the corre-
sponding infrared spectra.

3. Results and Discussion

3.1. Ground-State Energies. So far as we judged
from general knowledge, there should be two relatively
stable, anticoplanar ground-state trans conformations
of polyazopyrrole and polyazothiophene, respectively (as
shown in Figure 2). By far, there is no report about the
comparisons between them yet. It is necessary to first
discern the most stable trans conformation that would
be dominant in the corresponding infinite length poly-
mer.

The HF ground-state energies of both nAPY and
nATH decline as n increases (Table 1), which implies
that the oligomers become more and more stable as
the oligomer length increases. The energy difference
(AEnrn = Enrnb — Enena) going up from the monomer
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Table 1. HF Ground-State Energies (Eng/au) of nAPYa, nAPYb, nATHa, and nATHb (n = 1-4) and the Energy Difference
(AEnr/kJ-mol~1t) between Conformation b and Conformation a

monomer dimer trimer tetramer
a b a b a b a b
Enrnapy/au —528.6412 —528.6351 —1056.0986 —1056.0853 —1583.5562 —1583.5357 —2111.0141 —2110.9862
AEHFnapy¥kJ-mol~1  16.08 35.05 54.03 73.53
EnenaTH/au —1214.2963 —1214.2868 —2427.4045 —2427.3843 —3640.5141 —3640.4834 —4853.6238 —4853.5811
AEHFnATHa/kJ-moI* 25.04 53.24 80.91 112.54

@ AEnFn = Enrnb — EnFna

Table 2. Mulliken Charge Distribution, Bond Lengths
(y/A), Bond Length Alternation (BLA), and Bond
Alternation Parameters (0) in the Middle Units of the
nAPYa (n = 1-4) Chains

monomer dimer trimer tetramer

Mulliken Charge Distribution
Qc1 0.530 0.237 0.116 0.088
Qc2 —0.289 —0.406 —0.383 -0.372
Qcs —0.015 0.489 0.127 0.387
Qng —0.452 —0.602 —-0.516 —0.526
Qcs —0.560 —-0.394 -0.201 —-0.179
Qus 0.188 0.196 0.196 0.196
Qn7 0.185 0.183 0.184 0.185
Qxs? 0.192 0.489 0.752 0.387
Quo 0.430 0.426 0.427 0.427
Qni1o —0.207 -0.272 —0.215 —0.215
Qaz® —-0.414 —0.544 —0.430 —0.430
Qpyrroles® 0.414 0.618 0.652 0.639

Bond Lengths (y/A), Bond Length Alternation (BLA),
and Bond Alternation Parameters ()

ycice 1.415 1.406 1.404 1.403
Ycac3 1.389 1.405 1.406 1.402
YCaNa 1.368 1.376 1.376 1.376
YN4C5 1.381 1.379 1.379 1.376
Ycsel 1.395 1.399 1.401 1.407
YC1H6 1.081 1.082 1.081 1.082
YCaHT 1.082 1.081 1.082 1.081
Ycaxe? 1.081 1.436 1.435 1.434
VN4H9 1.011 1.011 1.011 1.010
YC5N10 1.374 1.368 1.364 1.364
VYN1ON11 1.281 1.286 1.292 1.292
BLAcicoc3 0.026 0.001 —0.002 0.001
BLAc2c1ics 0.020 0.007 0.003 —0.004
BLAN4csN10 0.007 0.011 0.015 0.012
dcicacs 0.019 0.001 0.001 0.001
dcocics 0.014 0.005 0.002 —0.001
ON4C5N10 0.005 0.008 0.011 0.009

a X =H in monomers, and X = C in other oligomers. ® Mulliken
charge sums of the azo group. ¢ Mulliken charge sums of two
pyrrole rings including X8 and X19.

to the tetramer demonstrates that conformation a would
be a more energetically preferred conformation com-
pared to conformation b and others. In view of the
tendency of enhancing ratio of conformation a to con-
formation b with the augmentation of n, PAPYa and
PATHa would be the dominant components in their
corresponding ideal polymer bulks. So we will only
analyze conformation a in detail in the following sec-
tions.

3.2. Optimized Geometries. The structural param-
eters of nAPYa (n from 1 to 4) optimized by B3LYP/
6-31+G(d) are given in Table 2. The sums of the
Mulliken charges on the azo group and on the group of
two pyrrole rings are negative and positive, respectively.
The azo group shows an acceptor character. By inserting
this group into the polypyrrole backbone, the alternate
donor and acceptor moieties can be created. Such an
acceptor/donor system is favorable for the reduction of
the band gap.*® That explicates the reason the inclusion
of the azo group in the polypyrrole backbone can provoke
a significant decrease in the band gap.

Table 3. Mulliken Charge Distribution, Bond Length
Alternation (BLA) and Bond Alternation Parameters (9)
in the Middle Units of the nATHa (n = 1~4) Chains

monomer dimer trimer tetramer
Qaz? 0.026 -0.312 -0.134 —0.326
Qthiophenes® —0.026 0.254 0.107 0.246
BLAc1c2c3 0.044 0.016 0.011 0.010
BLACc2cics 0.036 0.020 0.014 0.012
Odcicocs 0.032 0.011 0.008 0.007
Jdcacics 0.026 0.014 0.010 0.009

a Mulliken charge sums of the azo group. P Mulliken charge
sums of two thiophene rings including X8 and X17.

In addition, by analyzing bond lengths y, the reason
for such a narrow band gap can also be explicated. It is
known that the electronic delocalization structure is a
representation of lowering the opening of a band gap
in the Peierls distortion.8 We use a bond alternation
parameter o defined as (yc—c — yc = )[(Ye—c + ye = c)[2]*7*8
to denote the degree of the electronic delocalization (as
shown in Table 2). To facilitate the comparison with the
bond length alternation (BLA), defined as the difference
between double and single bond lengths*°~5! and usually
used to represent the delocalization structure in many
papers, these values are also listed in Table 2. It was
reported that the 6 value of trans polyacetylene was
about 0.06.8 So the value +0.02 of ¢ is a critical
conjugation index to evaluate the strong electronic
delocalization structure (Scheme 1 in ref 47). In Table
2 the o values of azopyrrole oligomers are all between
—0.02 and 0.02 and BLA values are far below the 0.06
of polyacetylene. These results reveal that there is a
strong electronic delocalization structure in these oli-
gomers. So it is also not surprising that polyazopyrrole
shows a narrow band gap.

In the same way, we can also reach the same conclu-
sions for polyazothiophene from Table 3.

3.3. Band Gaps. Since the incorporated HF exchange-
correlation potential decays correctly and simulta-
neously shows indeed nonlocal character, the asymptotic
behavior and nonlocal property of the XC functional are
expected to be better than those of uncorrected func-
tionals, and TDDFT with the B3LYP functional is
accordingly expected to properly reproduce the lowest
singlet excited states of the investigated z-conjugated
system. The TDDFT vertical excitation energies with
the B3LYP functional of nAPY and nATH (n = 1-4)
are presented in Table 4. By plotting the results of the
TDDFT vertical excitation energies of oligomers against
the reciprocal of the number of repeat units n (Figure
3), we estimated the corresponding band gaps. Com-
pared with the available experimental excitation energy
for polyazopyrrole (about 1.0 eV'), the anticipated value
of PAPYa (1.12 eV) shows a good agreement. And the
band gap of new PATHa (0.98 eV) follows the anticipa-
tion of possessing a lower value than that of polyazo-
pyrrole. It also shows a significant decrease in compari-
son with that of polythiophene (2.20 eV®). The above
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Table 4. HOMO—-LUMO Gaps (An-L/eV), the Negative of
the HOMO Energies (—enomo/eV), TDDFT Excitation
Energies (Etpprt/eV), and Oscillator Strengths
(in Parentheses) of nAPYa and nATHa (n = 1-4) with

the B3LYP Functional

monomer dimer trimer  tetramer
nAPYa Ap—L 3.1924 2.3020 1.9389 1.7583
—€HOMO 5.3783 4.9206 4.7523 4.6702
Etpprr 3.2119 2.2579 1.8358 1.6022

(0.8275)  (1.7200) (2.6429) (3.5104)
nATHa Ap-L 3.2071 2.2082 1.8090 1.6022
—€HOMO 5.9965 5.5338 5.3620 5.2756
Etpprr 3.1136 2.1520 1.7037 1.4819

(0.6478)  (1.7765) (2.8895) (3.9437)

ETDDFT(eV)

0.0 T T T T T !
0.0 0.2 0.4 0.6 0.8 1.0 1.2

1/n

Figure 3. TDDFT vertical excitation energies of nAPYa
and nATHa against the reciprocal of the number of repeat
units n.

results may shed some light on developing and applying
these azoheteroaromatic polymers in organic conduc-
tors, high nonlinear optical materials and IR-operating
LEDs, and so forth.

To compare the performance of the hybrid-type B3LYP
functional and that of the pure BLYP functional, the
lowest-lying singlet excitation energies of nAPYa and
nATHa (n = 1—4) were also calculated by using TDDFT
with the BLYP functional (as shown in Figure 3). The
extrapolated band gap of polyazopyrrole is 0.79 eV and
is underestimated by 0.21 eV against the experimental
one. So the introduction of the exact HF part can
improve the performance of the functional and compen-
sate the underestimates of interaction energies of
separated charges. Such performances of the B3LYP
and pure functionals are consistent with the studies of
polycyclic aromatic hydrocarbons in ref 41.

It should also be noticed that excitation energies
calculated by TDDFT with asymptotically incorrect
functionals tend to collapse as they approach the nega-
tives of the highest occupied orbital energies.?632 It is
therefore necessary to check the validity of these excita-
tion energies calculated by TDDFT with the B3LYP
functional. In addition, it is also indispensable to
compare the TDDFT excitation energies and the corre-
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Figure 4. HOMO—-LUMO gaps (An-L), the negative of the
HOMO energies (—enomo), and TDDFT excitation energies
(Etpprr) of NAPYa and nATHa (n = 1~4) against the number
of repeat units n.
sponding HOMO—-LUMO gaps.3® For all molecules
under consideration, we have listed in Table 4 the
negatives of the HOMO energies, the HOMO—-LUMO
gaps, and the TDDFT excitation energies. It can be seen
from Figure 4 that in all cases the TDDFT excitation
energies are far below the corresponding negatives of
the HOMO energies. Furthermore, as the oligomer
chain length increases, the TDDFT excited states lie
lower than the negatives of the highest occupied ener-
gies. And the TDDFT excitation energies also do not
show a tendency to converge to the same value with the
corresponding HOMO—-LUMO gaps. Hence, the incor-
rect asymptotic decay behavior of the approximate XC
functional should have little influence and the calcu-
lated TDDFT excitation energies are numerically reli-
able.ZG, 33

In addition, the agreement between the experimental
and theoretical PAPY band gaps is well consistent with
the former investigations by Salzner et al.?852 They have
also used TDDFT with hybrid HF/DFT functionals to
accurately predict (within 0.1 eV) the band gaps of many
conducting polymers by oligomer extrapolating. So we
hope the agreement between the experimental and
theoretical band gaps of polyazopyrrole using TDDFT
with the hybrid HF/DFT functional will restimulate the
attention on this approach and similar results can also
occur in more sz-conjugated systems.
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Figure 5. Calculated IR spectra of nAPYa (n = 1-4).

3.4. ECLs. Effective conjugation length (ECL) is a
very useful concept, which can be represented as the
number of repeat units at which saturation of a property
occurs.5® We estimated the ECLs based on the conver-
gence of the calculated excited energy of the first dipole-
allowed excited state with the increasing chain length.
By extrapolating the resultant curve with the B3LYP
functional to infinite chain length (Figure 3), the ECLs
can be predicted. With the extension in the number of
repeat units n, excitation energies of nAPYa and nATHa
are estimated to be nearly constant within a threshold
of 0.01 eV after 15 and 16 monomer units, respectively.

3.5. Infrared Spectra. nAPY. We simulated the IR
spectra of azopyrrole oligomers as shown in Figure 5.
The bands of 1APYa are assigned as follows: C—N azo
in-plane bending at 550 cm~1, C=C—N ring out-of-plane
deformation at 560 cm~1, C=C—N ring in-plane defor-
mation at 700 cm~1, C—H and N—H out-of-plane bend-
ing at 725 and 815 cm~1,C=C—C and C=C—N ring in-
plane deformation at 890 cm~1, C—C, C=C, and C—N
ring stretch at 990, 1055, 1115, 1140, 1275, 1330, 1430,
1460, 1495, and 1610 cm~1, C—H stretch at 3260 cm™1,
N—H stretch at 3650 cm™1, respectively. The frequency
positions of azopyrrole monomer are all well consistent
with the previous experimental report except for the N—
H stretch at 3650 cm™1, and the relative intensities seem
to be analogous with those of the experimental spectrum
(Figure 6). These results are also in good agreement
with the judgment from the ground-state energies,
indicating that nAPYa would be a more energetically
preferred conformation than others.

NATH. There is no report about the synthesis of
azothiophene and its polymer yet. The good agreement
with the experimental spectrum of azopyrrole indicates

N

T
3500

|
\

h

1000

4000 3000 2500 2000

Wavenumbers (i }

Figure 6. (a) Calculated and (b) experimental IR spectra of
1APYa. (The experimental IR spectrum is reprinted with
permission from ref 11. Copyright 1996 Elsevier Science.)

1500 500

that DFT with the B3LYP functional is a relatively
reliable method for this system. So the IR spectra of the
monomer and oligomers would be useful for the future
syntheses and characterizations. The calculated IR
spectra of NATHa (n = 1—4) are shown in Figure 7. The
bands of 1ATHa are assigned as follows: C=C—C and
C=C—S in-plane deformation at 553 and 1218 cm™1,
C—S stretch at 484 and 704 cm~1, C—H out-of-plane
bending at 713 and 850 cm™!, C—H in-plane bending
at 1064 cm~1, C—C, C=C, C—S, and C—N stretch at 746,
861, 1289, 1410, 1474, and 1585 cm~1, C—H stretch at
3225 cm™L.
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Figure 7. Calculated IR spectra of nATHa (n = 1—4).

4. Conclusions

In this paper, we successfully used the hybrid DFT
method B3LYP to investigate two narrow band gap
polymers, polyazopyrrole and polyazothiophene. By
comparing the HF ground-state energies, we discerned
the most stable trans conformation that would be
dominant in the corresponding infinite length polymer
for the first time. We employed TDDFT with the B3LYP
functional to study the chain length dependence of
vertical excitation energies of azopyrrole and azothio-
phene oligomers from monomers to tetramers, and for
the first time we theoretically predicted the band gaps
of the corresponding infinite polyazopyrrole and poly-
azothiophene by extrapolation. The inclusion of the azo
group in the polypyrrole and polythiophene backbone
provoked significant decreases in band gaps from 2.85
to 1.12 eV and from 2.20 to 0.98 eV, respectively,
characterizing them as potential narrow band gap
materials. This kind of azoheteroaromatic polymers
would be a promising candidate for molecular devices,
high nonlinear optical materials, organic conductors and
IR-operating LEDs, and so forth. In addition, we suc-
cessfully simulated IR spectra of oligomers using the
density functional theory (DFT) and estimated the
effective conjugation lengths (ECLSs) of the correspond-
ing polymers. These results are in good agreement with
experimental data where available.
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