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ABSTRACT: Optical properties of conjugated copolymer
incorporating thienylene-dioctyloxyphenyle-thienylene and
bipyridine units prepared by Stille coupling reactions in the
ground and lowest singlet excited states were calculated with
Time Dependent Density Functional Theory (TD-DFT), CIS/
3-21G*, and semiempirical (ZINDO) methods. The comple-
mentarities and the good agreement between theoretical and
experimental results have permitted us to describe electronic

structure and to predict a correlation between structure and
properties of this new copolymer. Then, on the basis of these
results, we show that this copolymer could be exploited as an
active layer in optoelectronic devices. © 2011 Wiley Periodicals,
Inc. ] Appl Polym Sci 123: 26842696, 2012
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INTRODUCTION

Researches into new conjugated systems with high
electro-optical properties have led us to synthesize
regular copolymers and polymer blends containing
aromatic and hetero-aromatic rings."” In these cate-
gories of materials, copolymers containing both thio-
phene and phenylene units have also proved to be
of interest in combining the properties associated to
the two different conjugated rings.> Pyridine-based
conjugated polymers is a promising candidate for
light-emitting devices.”” When compared with phe-
nyl-based analogues, one of the most important fea-
tures of the pyridine-based polymers is the higher
electron affinity. Consequently, the polymer is more
resistant to oxidation and shows better electron
transport properties.® According to what have been
said before, our research is focused firstly on the
synthesis of conjugated copolymers incorporating
thiophene and phenylene. In fact, a variety of thie-
nylene-dioctyloxyphenyle-thienylene (as denoted
TBT) and bipyridine (BIPY), biphenylene (BIPH) or
anthracene (Antra) unit were syn’chetized.g'10 Then,
experimental results showed that TBT-copolymers
have their first optical transition energy values in
the visible spectrum and have a good processability
as well as interesting electronic properties. Accord-
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ingly, these TBT-copolymers seem to be potentially
interesting materials for optoelectronic applications.
Secondly and before the use of these copolymers as
an active layer in optoelectronic devices, we are
interested to study deeply their optical properties in
order to predict the correlation between structure
and properties and to modulate their properties for
specific optoelectronic devices.

Concerning this category of these TBT-copolymers,
we have firstly interested to complete theoretically their
optical properties. Thus, in this article, we carry out a
theoretical approach to the optical properties of the
TBT-BIPY copolymer performing wide range of calcula-
tions and testing their capability to predict the experi-
mental results. The electronic properties as well as the
optical absorption and emission spectra were calculated
using TD-DFT/3-21G*, CIS/3-21G* levels, and semiem-
pirical quantum-chemical ZINDO approach carried on
the ground and excited states. The combination of these
methods has been successfully used, in the past, to
describe the optical properties of conjugated materials
with considerable accuracy.'* With the assistance of
quantum chemical calculations, Raman vibrational fre-
quencies have been also calculated and compared with
the experimental data.

EXPERIMENTAL AND THEORETICAL DETAILS
Experimental measurements

Soluble copolymer alternating A-B-type polymers,
when A is the dioctyloxy-substituted phenylene
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incorporated between two electron-rich-thiophene
untis, abbreviated as TBT unit, and B is a bipyridine
(BIPY) unit, was synthesized according to the Stille
reaction method and the detailed procedure and
characterization were reported elsewhere.”'? The
molecular structure of the compound is shown in
Figure 1. The UV-Visible absorption spectrum of
TBT-BIPY copolymer was recorded on a MC2 Safas
spectrometer and its photoluminescence spectrum
was measured using an SLM-Aminco MC 200 spec-
trometer. Spectra of TBT-copolymer dissolved in
chloroform (CHCl;) were recorded at ambient
temperature.

Raman scattering spectrum was recorded by using
an excitation laser wavelength of 1064 nm on a Fou-
rier-Transform Raman spectrometer Bruker RFS 100,

with a spectral resolution of 4 cm ™.

Method of calculations

First of all, TBT-BIPY copolymer was rendered solu-
tion processible by its substitution with dioctyloxy
side groups, but it is reasonable to presume that
such substitution has little influence on the molecu-
lar electronic properties (in particular the energy of
the n—mn* electronic transition) that are mainly de-
pendent on the length of the m-electron system."
Accordingly, for our model compound, methoxy
groups were used in order to reduce the time of cal-
culation. In this work, geometric structures of TBT-
BIPY with two different chain lengths (1 and 2 units)
were optimized using the most poFular Becke’s
three-parameter hybrid functional, B3,"* with nonlo-
cal correlation of Lee-Yang-Parr, LYP, abbreviated as
B3LYP, method."” This method, based on Density
Functional Theory (DFT) for an uniform electron gas
(local spin density approximation), is used with the
3-21 G* basis set.'® This basis set has been success-
fully aglplied to some conjugated polymer sys-
tems.”"

The electronic properties such as HOMO (Highest
Occupied Molecular Orbital), LUMO (Lowest Unoc-
cupied Molecular Orbital) levels, and their corre-
sponding energetic levels difference for TBT-BIPY
copolymers are also elucidated. Vibrational Raman

N BIPYRIDINE
TBT
Figure 1 Chemical structure of TBT-BIPY copolymer.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 2 Torsional potential curves of thienylene-2,5-di-
methoxy-phenylene, BIPY, and TBT-BIPY structures obtained
at B3LYP/3-21G*. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

frequencies calculation have been carried out with
the same method on geometry-optimized structure
and directly compared with those of Raman spec-
troscopy measurements. For the consistency of meth-
odology, the well-known Configuration Interaction
Singles (CIS) method®** with 3-21G* is used to
optimize the lowest singlet excited-state geometries.
All the Time Dependent Density Functional Theory
(TD-DFT), the CIS/3-21G*, and the semiempirical
quantum-chemical ZINDO levels were used to pre-
dict the optical absorption and emission spectra on
Sp and S; optimized structures. Electronic transitions
assignment and oscillator strengths were also calcu-
lated using the same method of calculations. All cal-
culations reported in this work were carried out
with Gaussian 03 program.”® The simulated absorp-
tion and emission spectra were calculated using the
SWizard program.” Absorption profiles were calcu-
lated using Gaussian model (1) with the half-band-
widths (Aq,7) of 3000 cm L. Vertical transition wave-
lengths were also done by the same methods.

RESULTS AND DISCUSSION
Conformational analysis

Since there was only one type of substitution on the
phenyl ring (substitution 2 is equivalent to the site
5), three different conformation types can occur in
TBT-BIPY copolymer structure. Then, the potential
energy surface (PES) of copolymer was investigated
by partial optimization, based on the ab initio calcu-
lation at the B3LYP/3-21G*. As these structures
show flexibility in the molecule, first of all, individ-
ual torsion potentials for the two structures of thio-
phene-di-methoxy-phenylene (TDMP) and bipyri-
dine (BIPY) were obtained for each molecule as a

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Ground state B3LYP/3-21G* optimized structures of (a) 1-TBT-BIPY and (b) 2-TBT-BIPY copolymers. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

function of inter-ring C—C dihedral angle ¢; (tor-
sional angle between the thiophene and di-methoxy-
phenylene rings) and ¢4 (torsional angle between
the two pyridine rings) which were varied between
0° (synplanar) and 180° (antiplanar) in 20° steps
(Fig. 2). Therefore, to construct the potential energy
curve for TBT-BIPY copolymer, ¢; and ¢, were held
fixed, whereas the torsional angle @5 (dihedral angle
between the thiophene and pyridine rings) was also
calculated in the same way for the previously tor-
sional angles (¢; and ¢4) determination. For TDMP
and BIPY conformational analysis, both showed that
there is a global minimum at the torsional angle
around 0°, and they adopt coplanar conformations.
However, when BIPY is connected to TBT unit, mol-
ecule twisted out of the planarity with an angle of

3 = 40°. Accordingly, all the inter-ring dihedral
angles @1 = @2 = ¢4 = 0° and @3 = 40° were fixed
during our geometry optimizations.

The §r0und -state geometries of TBT-BIPY
copolymers

Density Functional Theory (DFT) method, which is
widely used for ground state calculations for n-con-
jugated systems,**> was employed to optimize the
two structures of TBT-BIPY (1 and 2 units or n = m
=1 and n = m = 2). For simplification, we will call
them 1-TBT-BIPY and 2-TBT-BIPY, respectively. The
ground-state B3LYP/3-21G* optimized geometry
structures are shown in Figure 3. As shown in
Table I, the two TBT and bipyrdine units of 1-TBT-

TABLE I
Calculated Torsion Angle and Dihedral Angle in Their Ground and Excited States of TBT-BIPY Copolymers
1-TBT-BIPY 2-TBT-BIPY

Angle (°) Ground state Excited state Ground state Excited state
0 (8,12,13) 119.57 122.25 119.56 122.28
0 (11,14,15) 119.53 122.41 119.52 122.27
0 (40,44,45) - - 119.58 122.19

0 (43,46,47) - - 119.59 122.22
01 —0.26 —0.016 —0.28 —0.21
6%} —0.70 0.011 —0.39 —0.31
03 23.38 21.18 23.61 20.31
N 0.08 —0.003 0.007 -0.72
(0 - - —24.52 —2.42
Pg - - -0.20 -0.34
07 - - —0.55 —0.41
0s - - 23.86 1.85
P9 - - —0.088 —0.091

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I1
Atomic Charges of Sulfur, Oxygen, Nitrogen, and
Hydrogen Atoms in S—O and N—H Intramolecular
Interactions

Atomic charges (e)

Atoms Ground state Excited state
S5/014 0.459/—0.565 0.513/-0.757
S20/ 012 0.492/—0.566 0.560/—0.759
Nas/H —0.619/0.220 —0.764/0.287
Nos/H —-0.619/0.219 —0.767/0.287
S37/ 046 0.494/—0.565 0.568/—0.760
Ss2/ 04y 0.494/—0.565 0.569/—0.760
Ns;/H —0.618/0.220 —0.767/0.286
Neo/H —0.605/0.221 —0.753/0.288

BIPY adopt planar conformations with dihedral
angles inferior to 1°. Furthermore, we note the same
trends for the 2-TBT-BIPY copolymer, in which dihe-
dral angles in the repeated TBT or Bipyridine units
does not exceed 1° (Table I). Whereas, the dihedral
angles @3 for 1-TBT-BIPY, ¢3, @5, and ¢g for 2-TBT-
BIPY are twisted out of plane of ~ 24°. Then, it is
worth noting that attractive interaction forces taking
place between the oxygen atom (negatively charged)
and the sulfur atom (positively charged) in the TBT
unit.**° Similar results were found for the Bipyri-
dine wunit, in which intramolecular interaction
between nonbonded nitrogen and hydrogen atoms
was occurred (the atomic charges are illustrated in
Table II). In fact, the determined distance S--O (N--
H) of ~ 2.62 A (~ 2.44 A), which correspond to ~
79% (~ 92%) of the sum of their Van der Waals
radii, fall inside the Van der Waals contact distance
of the 5O (3.32 A) and N--H (2.64 A) and outside
of their covalent contacts of 1.70 A for S—O and 0.91
A for N—H. In that case, the planar conformations
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Figure 4 The DFT//B3LYP/3-21G* calculated energy lev-
els for TBT-copolymers with two different chain lengths:
(a) 1-TBT-BIPY and (b) 2-TBT-BIPY.
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Figure 5 Experimental and theoretical normalized Raman
spectra of TBT-BIPY copolymer. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

are stabilized by the nonbonded S-O and N--H
interactions.®® In addition, the C—0O—C angles for
both TBT-copolymers are not affected along the
polymer chains and are evaluated to be 119.5°.

Furthermore, the highest occupied molecular or-
bital (HOMO), lowest unoccupied molecular orbital
(LUMO), as well as the HOMO-LUMO energy gap
(ALumo-omo) were examined. Accordingly, for
1-TBT-BIPY, the HOMO is at —5.019 eV and the
LUMO at —1.786 eV, whereas for 2-TBT-BIPY, values
obtained are —4.922 eV for the HOMO and —2.152 eV
for the LUMO. The LUMO and HOMO levels of 2-
TBT-BIPY were found to lie within the HOMO-
LUMO gap of 1-TBT-BIPY (~ 3.23 eV). Consequently,
the LUMO level energy significantly decreases is re-
sponsible to the optical gap reduction from 3.23 eV (1-
TBT-BIPY) to 2.77 eV (2-TBT-BIPY). As a result, the
energy gap decreases suggesting the maximum
absorption peak in UV-Vis spectra will red shift.

To further understand the optical property
changes, Figure 4 compares the four highest occu-
pied and four lowest unoccupied orbital levels for
the 1- and 2-TBT-BIPY copolymers. It is interesting
to note that the HOMO energy levels increase,
whereas the LUMO levels decrease for the 2-TBT-
BIPY, when compared with those of 1-TBT-BIPY.

On the basis of geometry optimization of the
1-TBT-BIPY, we have calculated vibrational Raman
frequencies. Note that for 2-TBT-BIPY units, the
Raman frequencies require significantly more com-
putational effort than that is needed for the one
TBT-BIPY unit. For that reason, we do not perform
calculation for the two TBT-BIPY units.

In Figure 5, we have plotted the normalized theo-
retical and experimental Raman spectra of the com-
pound. It is relevant to note that vibrational spectrum
calculated with the DFT methodology satisfactorily

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Selected Raman vibrational modes of the calculated frequencies of 1-TBT-BIPY copolymer. [Color figure can be
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Figure 8 (a) Structure and atom numbering of 2-TBT-BIPY copolymer and (b) the comparison of the atomic charge

(atomic charges with hydrogen’s are summed into heavy

atoms) for the 2-TBT-BIPY copolymer at the ground (M) and

excited ([J) states. The horizontal axis labels represent the individual atoms in the numbering sequence shown in (a).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

agree with experimental spectrum both in relative
intensities and peak positions. Then, the deviation
between measured Raman scattering and the theoreti-
cally vibrational frequencies are less than 30 cm .
Moreover, it was found that there were no negative
vibrational frequencies, which indicate that optimized
structure was at the energy minimum. This implies
that the theoretically determined structure of copoly-
mer is the most accurate description of the electronic
structures. Accordingly, the Raman bands in the
region 1440-1460 cm ™' which are assigned to the thio-
phene ring vibrations®*® are strongly resonant with
the n—m* electronic transition of compound. In Figure
6, the most important Raman vibrational modes are
collected.

By referring to the experiment optical gap, esti-
mated from the onset of the absorption spectrum,
which is ~ 2.43 eV' and 0.34 eV deviates from the
theoretical ones, we consider that the 2-TBT-BIPY co-
polymer was firstly used as model structure for pre-
dicting the optical and emission properties.

The excited-state geometries of TBT-BIPY
copolymers

The Configuration Interaction Singles (CIS) method
with 3-21 G* was used to optimize the lowest singlet
excited-state geometries for the two TBT-BIPY
copolymers. In this section, we are firstly interested
to compare the resulting changes in bond lengths

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 Illustration of the 2-TBT-BIPY copolymer struc-
ture with Mulliken charges distributions for TBT and BIPY
units at the ground and excited states. [Color figure can be
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and atomic charges deriving a first picture of the
extent of localization induced on excited structure.
The comparison of the bond lengths and the atomic
charge distributions, for the 2-TBT-BIPY copolymer,
in their ground and excited states were shown in
Figure 7(b) and 8(b), respectively. Thus, the interpre-
tation is based on the bond between adjacent atoms
and individual atoms in the numbering sequence
presented in Figure 7(a) and 8(a), respectively. As
shown in Figure 7(b), that some of bond length
lengthened, but some shortened. In the excited S;
state, we note firstly that all the bond lengths of the
two bipyridine as well as those of C—O—C are
shortened. Whereas, in the left TBT unit, the C—C
single bond of thiophene rings as well as that con-
nects the thiophene ring to the phenylene and bipyr-
idine rings increase. Besides, in the second TBT unit,
double bonds of thiophene ring and single/double

viewed in the online issue, which is available at . ;
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Figure 11 Frontier molecular orbitals significantly contributing to the electronic transitions of 2-TBT-BIPY copolymer: (a)
ground and (b) excited states. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

increased. Additionally, all the C—O—C angles were
increased upon excitation (Table I). Whatever the
state is, the nonbonded S--O and N--H contacts were
found to be considerably shorter than the sum of
their Van der Waals radii. These distances vary from
~ 262 A to ~ 264 A (5-O) and from ~ 243 A to ~
2.46 A (N--H), when passing from the ground to the
excited states. Thus, confirming the occurrence of
noncovalent intramolecular interactions. We believe
that attractive interaction forces can modify the
C—O—C angles in the excited state. Moreover, com-
pared with the 1-TBT-BIPY geometry structure, it is
found that 2-TBT-BIPY almost reaches planarity in
the excited state.

By analyzing the atomic charge distributions [Fig.
8(b)], a significant negatively charges located on oxy-
gen (nitrogen) in the TBT (bipyridine) units and pos-
itively charges located on sulfur atoms in the TBT
units were detected upon excitation (Table II). We
note, further, that a significant positively (negatively)
charges in their first neighboring carbons were also
detected. Moreover, no significant changes in all car-
bons atomic charges in thiophene rings were appre-
ciated. For a good interpretation of these results, a
schematic representation for the intramolecular

charge transfer (CT) at the ground and excited states
of 2-TBT-BIPYcopolymer, calculated as the average
of the summation of Mulliken charges distribution
of the TBT and BIPY units, is displayed in Figure 9.
In general, intramolecular charge transfer is gener-
ated through the alternating donor-acceptor conju-
gated systems.” From this figure, we think that the
alternating TBT (positively charged) and BIPY (nega-
tively charged) of the model compound are consid-
ered as donor and acceptor, respectively. Then, we
have separately examined their HOMO and LUMO
energetic levels. Findings indicate that for the TBT
unit, the HOMO is at —4.29 eV and the LUMO at
—1.29 eV, whereas for Bipyridine unit, values
obtained are —6.52 eV for the HOMO and —1.33 eV
for the LUMO. Although the LUMO energetic levels
are quite similar, a weak intramolecular charge
transfer in these molecules can be established.

On the basis of the comparison between ground
and excited-state geometries for 2-TBT-BIPY, we
deduce that the charge distributions are predomi-
nantly restricted to the substituted phenylene and
thiophene units (Fig. 9). We can also predict the ge-
ometry structure changes between the ground (Sp)
and singlet excited (S;) from molecular orbital

Journal of Applied Polymer Science DOI 10.1002/app



AYACHI, GHOMRASNI, AND ALIMI

2692

(91 “T+ONNT = T+T1‘ONNT = T1‘ONOH = H)

(A 5€°0) 29 WU /2—867 Wwu 9¢y [eyudwLadxy
) I+T1<T-H
(A2 €7°0) 864 68 H—1 wsey 7618 18 TH 18L°¢ recth OAdNIZ
(A9 €1°0) TLT a8 H<'1 ¥ece 8'804 8Z T—H £€¥6'C 9187 14d-dL
6 ¢t1<TH
S CTHeTt1 [14 I+T11-H
(A2 9€0) S'T¥ 08 H<1 §80°¢ £'86€ 09 T—H ¥9E€Y CLS¢ SIO
(A9/wu) 1Iys sox01g (%) PPeIRYD /O p8uans (wu) (%) PPeIeyD /O yduans (wu) xeury uonemnoed
JUSTJI0D) I0JeI[SO xXeury JURIOTJO0D) IOJR[[SO JO POYISIA
(0g+1g) ayeys pajioxe jo sentadoxd uorssruuyg (*g+-0g) ayeys punoid jo sanzadoid uondiosqe reondp
wwik[odod XJ19-141-C
9 ¢t1—CH
61 I+T1<1-H
(A9 €T0) LTy ¥8 H<'1 a06°C L9y a9 T—H [42°N" 0vey OdNIZ
(A2 67°0) 6'ST 6L H<1 8¢LL [aeis a8 T—H 01yl €81y 14d-dL
g I-H<1+1 L I+T1<1-H
(A®9¢0) 818 a8 H<1 [491 €V9¢ 64 T—H 890°C §CIe SIO
(A9/wu) YIys sox01g (%) PeIRyYD /O p8uans (wu) (%) pPeeyD/ON y8uans (wu) xeury uonemnoed
JUSDJI0D) I0JeT[SO xeury JUSIOTJI0D) I0Je[[SO JO POYISIA

(0g+1g) aye3s Pa3dXe Jo sanradord uorssruyg

(1g+0g) aye3s punoid jo senradord uondiosqe eondp

rewiAjodod xJ1g-141-1

SPOYRIA OANIZ Pue “.OIZ-/dATED//AL ‘«DTT—€/SID
Sursn) £q sowAodo) XJIg-L4L JO Saels (°S<TS) pajdxy sty pue (F'g«0g) punoin) 3y} 10y syjSuang I0je[dSQ ILPY], pue (W) SAISIdUY PajIdxy [edIIdA YL
III 419v.L

Journal of Applied Polymer Science DOI 10.1002/app



STUDY ON COPOLYMER INCORPORATING TBT AND BIPY UNITS

240000
240000
L 160000
160000
20000 L 80000 ~
—_ ] k=
— =
IE 0 ——r 0 S
5 120000 =
’_i [ N
- 120000 &
= 80000 - g
g Lgoooo &
o | —
g 40000 40000 =
§ L
ot
5 L
o 0 0
<
& 160000 - 160000
) ] L
= 120000 L 120000
80000 L 80000
40000 L 40000
0 0

7T T T T T T T
250 300 350 400 450 500 550 600 650
Wavelength (nm)

Figure 12 The simulated optical absorption and emission
spectra of 1-TBT-BIPY copolymer with CIS/3-21G* (a), TD-
B3LYP/3-21G* (b), and ZINDO (c) methods.

patterns. Then, to better understand the excitation
process in TBT-BIPY copolymers, we have investi-
gated the molecular orbital involved in the electronic
transition. The frontier molecular orbitals signifi-
cantly contributing to the electronic transitions of 1-
TBT-BIPY and 2-TBT-BIPY, for the ground and
excited states, were drawn in Figures 10 and 11,
respectively. First, we have separately examined and
found that the presence of methoxy side chain does
not have a significant effect on the molecular orbital
distribution. In the HOMO orbital representation,
the C=C segments are n-bonding and have anti-
bonding phase with respect to their neighboring
C=C units. Whereas, in the case of the LUMO or-
bital, the C=C units are antibonding and bonding in
the bridge single bond. From Figure 10, we deduce
that the frontier orbital spread over the whole n-con-
jugated backbone in the short chain of copolymer (1-
TBT-BIPY). In general, excitation of m-electron from
HOMO to LUMO leads to increase localization of
electron density on the acceptor part of the molecule.
Here, the promotion of one electron from HOMO to
LUMO is explained by the frontier molecular orbital.
For the two TBT-BIPY copolymers, the LUMO favors
the inter-ring mobility of electrons, whereas the
HOMO only promotes the intraring mobility of elec-
trons.” For the sake of comparison, the HOMO/
LUMO molecular orbitals of 2-TBT-BIPY (Fig. 11)
were significantly affected (in particular the left TBT
unit) indicating their contribution for the excitation
processes.
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Electronic transition, optical and emission spectra
of TBT-copolymers

We have performed a variety of theoretical approach
including CIS/3-21G*, TD-B3LYP/3-21G*, and
ZINDO methods to describe optical and emission
properties of TBT-BIPY copolymer. Thus, the theo-
retical results will be compared with the experimen-
tal one.

From theoretical calculations, the main wave-
lengths having the largest oscillator strength as well
as their corresponding molecular orbital character for
the ground state (Sp—S;) and the first excited state
(51—Sp) using the three above mentioned methods,
for 1-TBT-BIPY and 2-TBT-BIPY are listed in Table
III. The experimental optical absorption and emission
wavelengths maximum for TBT-BIPY copolymer in
chloroform solution are also listed in the same table.
Clarke et al.*' suggest that the importance of the
HOMO-LUMO transition may be easily understood
from the spectral distribution of molecular orbitals. It
is argued that to a first approximation, significant
overlap between HOMO and LUMO implies an
intense transition between HOMO and LUMO and
vice versa. Here, the vertical Sp—S; transition was
dominated by the H—L excitation (60-81%).

From Table III, we note that the calculated optical
absorption wavelengths obtained by using TD-DFT or
CIS/3-21G* deviates the experimental data, which
proves that these methods are not accurate to repro-
duce optical properties for large mn-conjugated
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Figure 13 The simulated optical absorption and emission
spectra of 2-TBT-BIPY copolymer with CIS/3-21G* (a), TD-
B3LYP/3-21G* (b), and ZINDO (c) methods.
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Figure 14 Schematic representation of the potential
energy surface (PES) of the ground (U,) and excited (U.,)
states along the normal mode coordinate of 2-TBT-BIPY
copolymer, using CIS/3-21G* (a) and TD//B3LYP/3-21G*
(b) methods. The parameters indicated are the vertical
absorption energy (Eya), the vertical emission energy
(Evg), and the relaxation energies (E$S, EES). [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

systems.*”** Then, it is well known that the failure of
TD-DFT in the large systems is attributed to the fact
that the exchange-correlation potentials generated by
the approximate exchange-correlation functional
decay too rapidly in the asymptotic region. As a result,
the simple extrapolation of oligomer optical properties
is also responsible for this deviation. However, the
maximum absorption wavelength calculated by using
the ZINDO method was evaluated to be 439.4 nm,
which well reproduces the experimental ones (436
nm). Additionally, for the 2-TBT-BIPY, the ZINDO
calculated emission wavelength (519.2 nm) is close to
the experimental result of 498-527 nm.

In Figures 12 and 13, we have depicted the simu-
lated results of the optical absorption and emission
spectra for 1- and 2-TBT-BIPY copolymers using the
three mentioned methods. With an increase of the
chain length of TBT-BIPY, a shift of the absorption
and emission peaks to longer wavelengths is observed
independently to the use of calculation method,

TABLE IV
The Vertical Optical Absorption Energy (Eya), the
Vertical Emission Energy (Evg), the Relaxation Energies
(ESS, EES), and Stokes Shift (SS) Calculated with CIS/3-
21G* and TD//B3LYP/3-21G* Methods for 2-TBT-BIPY
Copolymer Model Compound

CIS/3-21G* TD//B3LYP/3-21G*
Eva (eV) 7.613 2.899
Evg (eV) 7.169 2.681
ESS (eV) 0.25 0.099
EES (eV) 0.194 0.119
SS (eV) 0.444 0.218
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Figure 15 Normalized experimental optical absorption
and photoluminescence spectra of TBT-BIPY copolymer
(—) and those calculated at ZINDO method for 2-TBT-
BIPY copolymer (- - -).

resulting from the increase of the delocalized conjuga-
tion along the backbone of the compounds.*

In Figure 14, the two electronic ground and
excited states were plotted as two potential energies
surface (PES) along the normal coordinate g, with
the absorption and fluorescence spectra being pro-
duced by the transition between these two PES,
using CIS/3-21G* and TD-DFT, respectively, for 2-
TBT-BIPY copolymer. The vertical optical absorption
energy (Eva), the vertical emission energy (Evg), and
in the same way, the relaxation energies (E$°, EE) in
the ground and excited states were presented and
their corresponding values were reported in Table
IV. The stokes shift (SS), which is defined as the dif-
ference between the absorption and emission maxi-
mums (Eya — Eyg), is usually related to the band
widths of both the absorption and emission bands.*®
It is also a measure of the energy losses due to the
molecular relaxation, so it can be expressed as the
sum of relaxation energies: SS = E° + EES = Eys —
EVE-

From Table 1V, the CIS/3-21 G* calculated stokes
shift (SS) is about two times higher than that calcu-
lated with TD-DFT method. Accordingly and due to
the neglect of the effects of electron correlation and
higher order excitations, the geometry relaxation af-
ter excitation contribute much to the stokes shift
when using CIS/3-21 G*. It is well known that verti-
cal absorption energy (Eva) is usually considered
the maximum in the absorption spectrum, but more
exactly it must be corrected for the zero-point vibra-
tional energy (ZPE). In our case and compared with
the results resorted from spectra simulation (Table
Il), the calculated stokes shift values (Table IV)
deviate by 0.084 eV and 0.088 eV when using CIS/3-
21G* and TD-DFT methods, respectively. Accord-
ingly, this difference of around 0.08 eV probably
represents the value that will be used subsequently
to correct the experimental data. Taking into account
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this correction, the experimental value was an excel-
lent estimation to that calculated by ZINDO method
(Table III) for the 2-TBT-BIPY copolymer model
compound.

To make easy the interpretation of the ZINDO cal-
culated optical absorption and emission spectra,
experiment optical results were presented. All
curves are normalized to unity at the respective
maximum (Fig. 15). Before we make a brief comment
on the comparison of experimental and calculated
properties of electronic transitions, we should
emphasize that no solvent effects were taken into
account in the calculation.

It can be seen that experimental optical absorp-
tion spectrum displays only one optical band at
around 436 nm, assigned to the nm—mn* transition of
the conjugated copolymer. The photoluminescence
(PL) spectrum of TBT-BIPY displays two maximum
at 498 nm and 527 nm. The TBT-BIPY copolymer
exhibits emission in the blue-green region. From
the spectra shapes, we believe that ZINDO results
are in agreement with the experiment spectroscopic
data.

CONCLUSIONS

The effect of dioctyloxy groups grafted on 2 and 5
positions of phenyl ring is clearly seen. Then, the pla-
nar conformations of TBT and BIPY units are stabi-
lized by the nonbonded S--O and N--H intramolecular
interactions, respectively. As a result, an intramolecu-
lar charge transfer for the TBT-BIPY copolymer model
compound was proposed.

To complete the experimental optical absorption
and emission properties of TBT-BIPY copolymer,
CIS/3-21G*, TD-B3LYP/3-21G*, and ZINDO semi-
empirical methods were performed on the basis of
the ground- and excited-state geometries. Electronic
absorption and emission spectra of the TBT-copoly-
mers show a red-shift of the maximum wavelengths
as the chain length increases from 1-TBT-BIPY to 2-
TBT-BIPY. Thus, it is clear that the excitation energy
(band gap) of TBT-copolymers decreases with chain
length. Correlated to the experimental analyses, the
use of DFT molecular orbital energies can help to
model electronic transitions of copolymer. Besides,
from theoretical calculations, the predicted results
could be useful as a guide for designing copolymer
in optoelectronic displays.
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