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ABSTRACT: We report a theoretical study of a new co-
polymer based on (Carbazole and Ethylenedioxythiophe-
ne), (n = 1-3) in their neutral and oxidized states, by
using B3LYP/6-311G(d,p) calculations and thus deduce its
optoelectronic properties. We discuss the influence of
chain length of these properties. We also discuss the ex-
perimental UV-Visible spectrum for (Polyvinylcarbazole-
Poly(3,4-ethylenedioxythiophene)) (PVK-PEDOT) copoly-
mer powder for comparison. Conformational analysis
shows that there are no big changes in the structural pa-
rameters of the oligomers in their neutral form. After oxi-
dation the oligomers become more planar and show a
quinoidal character. The electronic states of monomers
(Cbz-Edot) based Carbazole (Cbz) and Ethylenedioxythio-
phene (Edot), were elucidated by molecular orbital calcula-
tions using B3LYP/6-311G(d,p). The HOMO, LUMO, and

gap energies E, were also deduced for the stable structure
of the neutral, polaronic, and bipolaronic forms. Electronic
transition energies and oscillator strengths of copolymers
were obtained by the ZINDO, TD-DFT, and CIS methods.
Band gaps of the corresponding polymers were obtained
by extrapolating oligomer gaps to infinite chain lengths.
These results will be compared with the experimental val-
ues obtained by optical spectrum. The optoelectronic prop-
erties of the (Cbz-Edot); led us to suggest that this
oligomer is a good model to reflect those of the parent
polymer. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 122:
3351-3360, 2011

Key words: conjugated polymers; conformational analysis;
molecular ~ modeling;  structure-property  relations;
oligomers

INTRODUCTION

Conjugated oligomers have been extensively studied
and have attracted considerable attention as a novel
class of semiconductors because of their interesting
electronic properties.’

Most of recent papers are focused on the polyvi-
nylcarbazole (PVK),”™ due to its important specific
properties (photoconductivity, photoluminescence,
and hole transport properties). The polymerization
of N-Vinylcarbazole (NVK) as well as the structure
and properties of NVK and PVK are largely con-
trolled by the electronic and steric influence of the
carbazole group. Although the electronegative nitro-
gen atom withdraws electrons from the double bond
through an inductive effect, the mesmeric effect of
nitrogen which donates its unshared electron pair,
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offsets the electron withdrawing effect and create an
electron-rich conjugated system.” The ground states
of the carbazole-based oligomers, were recently
studied by Yang et al.® using the DFT method and
the low-lying excited states using the time depend-
ent density functional theory, a satisfactory linear
relationship was found between experimental data
and the excitation energy obtained from TD-DFT
calculations.

On the other hand, Poly(3,4-ethylenedioxythio-
phene) (PEDOT),”® has excellent transparency in the
visible region, good electrical conductivity, and envi-
ronmental stability. As antistatic material, PEDOT
has been recently exploited extensively for practical
applications. The most interesting aspects related to
the synthesis and the characterization of that poly-
mer have been reviewed recently.” Doped Poly(3,4-
ethylenedioxythiophene) (PEDOT) is one of the most
successful conducting polymers. It combines a high
conductivity in the oxidized state with good stability
under ambient conditions.'®"® In this polymer the
oxygen atoms of the dioxane ring are directly
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Figure 1 Structures of studied oligomers (Cbz-Edot),,.

attached to the 3 and 4 positions, exerting an elec-
tron-donating effect that reduces the band gap of
polythiophene. Quantum-chemical calculations have
been recently employed to investigate different
aspects related to the molecular and electronic struc-
ture of PEDOT."* Dkhissi et al.'® investigated the rel-
ative stability of the aromatic and quinoid-like struc-
tures for neutral PEDOT using ab initio SCF and
DFT calculations at the HF and B3LYP levels,
respectively. Materials that combine properties of
these two polymers (PVK and PEDOT)'®' are
attractive materials for a variety of applications in
the electronic devices, such as hght—emitting diodes
(LED) and field-effect transistors (FET).'®* Gener-
ally, the electric properties of polymers PVK and
PEDOT are strongly governed by the intramolecular
delocalization of n electrons along the conjugation
chain. This delocalization depends on the extent of
the overlapping between the p, orbital of the carbon
atoms in positions o and B of adjacent monomers
and, therefore, is dominated by the rotation around
the C,-Cg bond.

In this contribution we wish to examine the struc-
tural and electronic properties of (Cbz-Edot), (n =
1-3) oligomers, in their neutral and oxidized states,
as obtained with the B3LYP/6-311G(d,p) calcula-
tions. The electronic transition energies and oscilla-
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tor strengths results were obtained by ZINDO, TD-
DFT, and CIS methods, and to compare these data
to the corresponding properties of the experimental
absorption results for (PVK-PEDOT) copolymer.

METHODOLOGIES AND COMPUTATION

We used in our calculation, the DFT method of
three-parameter compound of Becke (B3LYP),® of
the neutral, polaronic, and bipolaronic oligomers by
(Cbz-Edot),, for n = 1-3. The 6-311G(d,p) basis set
was used for all calculations.***’

For the neutral state, the conformational analysis
was done by changing the torsional angles 6
between adjacent units (Cbz and Edot) by 20° steps
in the same direction.

We shall determine the final torsional angle and
the intercyclic distances of the conformation in each
minimum. To obtain the structures optimized by
polymers charged, we used the optimized structures
by the neutral form. All oligomer structures obtained
for polaronic and bipolaronic states become more
planar.

The wavelengths, electronic transition energies
and oscillator strengths of the various structures in
their stable states are calculated by using various
methods (semiempirical ZINDO,”  configuration
interaction singles (CIS)® and time dependent den-
sity functional theory (TD-DFT)™).

The HOMO, LUMO, and Eg (between HOMO and
LUMO) were also calculated for the stable structure
of the neutral, oxidized forms. We employed the lin-
ear extrapolation technique in this research, which
has been successfully employed to investigate sev-
eral series of polymers.’'”> We compare the results
determined by the calculation with the value
deducted from the absorption curve.

The calculations, of the studied oligomers, have been
performed by the Gaussian 03 program package.*

RESULTS AND DISCUSSION

In this work, we are interested in understanding the
change in the structure and optoelectronic properties
with the chain length, we would like to describe the
actual extent of oxidized states (polaron and bipo-
laron) without interferences from chain-end effects
and also to deal with conjugation lengths similar to
those encountered in parent polymers.'® Secondly,
our aim is to find a model that reflects the polymer
properties.

Neutral structure

We plot in Figure 1, the structures of the oligomers
(Cbz-Edot),, (n = 1-3), with the bond lengths and
the dihedral angles 0 of the studied molecules.
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Figure 2 Potential energy curves of (Cbz-Edot), (n = 1-3)
obtained by B3LYP/6-311G(d,p) level. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Conformational analysis

The variation of the relative energy or the torsion
potential (AE,.) is the difference of energy between
every conformation (E..nf) and the most stable con-
formation (Econf.Stab): AErel = Econf Econf.Stabr
according to the torsional angles 0, The potential
energy of the several oligomers (Cbz-Edot), (n = 1-
3), obtained with B3LYP/6-311G(d,p) level, are
shown in Figure 2. All the curves obtained for the
oligomers (Cbz-Edot), have the same behavior and
they present five extrema, three maxima situated at
0, 90, and 180° and two minima located at about 20
and 160°. The potential energy curves show the exis-
tence, for all oligomers, of two stable conformations:
a syngauche conformation and antigauche conforma-
tion with the syn-one being the most stable (Table I).

We list in Table II the relative energy of all confor-
mations of the several oligomers (Cbz-Edot), (n = 1-
3), calculated by B3LYP/6-311G(d,p) level. The all
conformations relative energies increase with the
chain length while the syngauche relative energy

TABLE I
Angle of Torsion (°) Cisoide and Transoide
Conformation of Copolymers (Cbz-Edot),, (n =1-3),
Obtained by B3LYP/6-311G(d,p) Level, for the Neutral

Form

Number of monomers 1 2 3

01(syngauche) 25.2 23.9 26.2
0;(antigauche) 153.8 153.4 154.8
0, (syngauche) - 24.0 24.6
0,(antigauche) - 170.5 1554
05(syngauche) - 23.5 23.4
03(antigauche) - 157.5 156.2
04(syngauche) - - 24.1
04(antigauche) - - 164.3
0s5(syngauche) - - 225
0s(antigauche) - - 161.6

3353

TABLE II
Relative Energy (eV) of All Conformations of All
Oligomers (Cbz-Edot), (n =1-3) for the Neutral Form,
Calculated by B3LYP/6-311G(d,p) Level

Syn Anti
Oligomers (0°) Syngauche Perpendicular Antigauche (180°)

1 0.016  0.000 0.115 0.017 0.022
2 0.043  0.000 0.365 0.039 0.051
3 0.081  0.000 0.603 0.086 0.144

remains identical for all oligomers. Furthermore,
while at both computational level the difference
between the syngauche and antigauche is about
0.086 eV for (Cbz-Edot)s. This shows that the steric
effect felt altered with the increase of rings number.

Geometric properties

The optimized structure of the oligomer (Cbz-Edot),,
for the neutral form, obtained with the B3LYP/6-
311G(d,p) level, are shown in Figure 3. The bond
lengths of molecules at their global minima, and the
dihedral angles (0;, i = 1-5), for their neutral form,
as computed at B3LYP/6-311G(d,p) level, are col-
lected in Table III. There are no significant differen-
ces among the bond lengths obtained for all oligom-
ers in their ground state.

The same observations are obtained for (Cbz-fur-
ane) with HF/6-31G(d) (planar conformation and
inter-ring distance is about 1.467 A),34 but when we
substituted Furane by Edot or thiophene we note
that the dihedral angle and the inter-ring distance
for the most stable conformational increases. This
can be explained by the better electron donor-
acceptor effect carbazole and Edot rings and the
smaller steric effect caused by the oxygen atom in
the Cbz-Edot and Cbz-furane, which is smaller than
the sulfur atom in the Cbz-thiophene. The computed
values for length distance in (Cbz-Edot) are close to
the experimental values of Carbazole.*>>*

Figure 3 Optimized structure of (Cbz-Edot); obtained by
B3LYP/6-311G(d,p) level, for the neutral form. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
Optimized Structural Parameters [Bond Length (in A) and Inter-Ring Twisting Angle (°)] of Oligomers (Cbz-Edot),, (1
=1-3) in Neutral, Polaronic, and Bipolaronic States Obtained by B3LYP/6-311G(d,p) Level

Neutral Polaronic Bipolaronic

No of monomers 1 2 3 2 3 1 2 3
C G 1.361 1.361 1.361 1.374 1.364 1.364 1.387 1.371 1.367
C, G 1.432 1.432 1.432 1416 1.429 1.431 1.405 1.420 1.424
C3 Cy 1.375 1.375 1.374 1.408 1.382 1.379 1.438 1.397 1.389
C; Cs 1.465 1.465 1.465 1.425 1.455 1.461 1.390 1.438 1.448
Cs5 Cq 1.400 1.401 1.400 1.425 1.409 1.407 1.447 1.424 1.414
Ce Cy 1.393 1.393 1.393 1.373 1.387 1.391 1.359 1.379 1.384
C; Cg 1.445 1.446 1.446 1.451 1.452 1.450 1.454 1.461 1.455
Cg Gy 1.396 1.392 1.393 1.391 1.378 1.386 1.386 1.369 1.379
Co Cyo 1.388 1.400 1.401 1.394 1.417 1414 1.404 1.432 1.420
Cio Cy - 1.463 1.463 1.435 1.448 - 1.418 1.437
Ci1 Cpp - 1.374 1.374 1.400 1.390 - 1416 1.398
Cip Cy3 - 1.428 1.428 1.408 1.418 - 1.396 1.410
Ci3 Cyy - 1.374 1.374 1.399 1.390 - 1.416 1.396
C14 Cy5 - 1.463 1.463 1.438 1.448 - 1.417 1.439
Ci5 Cyp - 1.401 1.401 1.415 1.414 - 1.429 1.382
Ci6 Cy7 - 1.393 1.393 1.382 1.387 - 1.371 1.456
Cy7 Cig - 1.445 1.446 1.447 1.452 - 1.450 1.381
Cig Cy9 - 1.396 1.392 1.395 1.388 - 1.392 1.419
Ci9 Cy - 1.388 1.401 1.389 1.414 - 1.393

Cyo Cyp - - 1.463 - 1.449 - - 1.436
Cy1 Coy - - 1.374 - 1.389 - - 1.398
Cp Cos - - 1.428 - 1.419 - - 1.408
Cy3 Coy - - 1.374 - 1.391 - - 1.401
Cyy Cos - - 1.463 - 1.450 - - 1.433
Cps Cop - - 1.401 - 1.412 - - 1.419
Cpe Coy - - 1.393 - 1.388 - - 1.379
Coy Cog - - 1.445 - 1.447 - - 1.448
Cpg Co9 - - 1.396 - 1.397 - - 1.393
Cao Cao - - 1.389 - 1.391 - - 1.392
0, 25.2 23.9 26.2 3.0 18.4 22.5 1.1 9.1 15.5
0, - 24.0 24.6 6.0 10.5 - 1.9 6.0
03 - 23.5 23.4 8.0 13.9 - 0.9 11.0
0,4 - - 24.1 - 12.1 - - 104
05 - - 225 - 8.0 - - 2.2

The torsional angles and barriers to internal rota-
tion depend on the balance of two interactions, as a
consequent of the m-electrons conjugation between
tow adjacent monomers, the molecules tend to
remain planar, whereas the steric repulsion between
hydrogens causes the molecules to twist. In compari-
son with the torsional angles obtained in the case of
PEDOTY® (9; = 180.0 *+ 5.0°), where the anti con-
formation was predicted as the global minimum at
different levels of theory, i.e.,, HF, B3LYP, B3PW91,
and MP2 combined with different basis sets. The
effect of insertion of PVK motive is clearly seen.

Frontier molecular orbital

To obtain a reasonable qualitative indication of the
excitation properties, and of the ability of electron or
hole transport, one examined the HOMO and
LUMO orbitals for all oligomers of (Cbz-Edot), (n =
1-3). Figure 4 shows that all frontier orbitals in the
oligomers (Cbz-Edot),, spread over the n conjugated

Journal of Applied Polymer Science DOI 10.1002/app

backbone. The HOMO possesses an antibonding
character between the consecutive subunits; on the
other hand, the LUMO of all oligomers generally
shows a bonding character between the subunits.
We note that the electronic density is predominant
in the center rings compared to the extremities for
the two orbitals HOMO and LUMO.

Doped structures

For the optimization of (Cbz-Edot), (n = 1-3) struc-
tures in their polaronic and bipolaronic structures,
we start from the optimized ground state oligomers
structures. All oligomer structures obtained for sin-
gly and doubly oxidized state are syn-planar. The
optimized structures obtained for (Cbz-Edot)s, in its
polaronic and bipolaronic states are sketched in Fig-
ure 5.

Table III presents the results of optimization of the
oligomer parameters in their neutral, polaronic, and
bipolaronic forms, so as to illustrate the change in
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Figure 4 B3LYP/6-311G(d,p) electronic density contours
of the frontiers orbitals for (Cbz-Edot), (n = 1-3), in the
neutral state. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

oligomer structures. When we compared the bonds
of the oxidized with the neutral forms, we note that
the bond lengths of all the molecules changed more
or less as expected: the double bonds are somewhat
longer and the single ones are, however, somewhat
shorter than normal C-C double and single bonds.

If it is noted that C, are the carbons which form
inter-rings bond and Cg are the other carbons, the
C,-Cp bonds increase whereas Cp-Cp decrease from
neutral to polaronic state. For example, for the neu-
tral oligomer (Cbz-Edot);, the bond C;C, (1.361 A)
changes increases slightly (1.364 A) in polaronic
state and, the bond C3C, increase from (1.374 A) in
neutral form to (1.379 A) in polaronic form. The
strong hydrogen-hydrogen repulsion generated by
the planarity of the rings is responsible for the lon-
ger inter-ring bonds.

When the second electron is removed, the struc-
ture becomes more quinoidic (Table III), the bond
lengths C,-Cp increase while C-Cg ones decrease.

The effect of doping is clearly seen in the case of
(Cbz-Edot);, a large reduction of dihedral angles 0;
is noticed (22.5, 10.5, 13.9, 12.1, and 8.0° compared
to 26.2, 24.6, 23.4, 24.1, and 22.5° in the neutral state,
respectively). The effect is more marked in the bipo-
laronic state (15.5, 6.0, 11.0, 10.4, and 2.2° compared
with the values in the neutral state, respectively).
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This indicates that doping significantly enhances the
planarity of the oligomer structure.

Figure 6 illustrates the variations of the bond
lengths according to the bond numbers from (Cbz-
Edot);, with the neutral, polaronic, and bipolaronic
states.

When compared the neutral oligomers with the
doped structures, the bonds become shorter, while
the double ones become longer. The inter-rings
bonds are longer than normal double bonds. A qui-
noid-like distortion emerges as a result of the oxida-
tion of the oligomers. The region with a clearly dis-
tinct quinoid structure extends over four units,
which is consistent with the ab initio HF and DFT
calculations performed by Casado et al.** for substi-
tuted oligothiophenes. The optimized geometry of
the dicationic copolymers (Cbz-Edot), (n = 1-3)
indicates the formation of the positive bipolaron
defect localized in the middle of the molecule and
extending over the adjacent repeat units. The
charged species are characterized by a reversal of
the single/double C—C bonds pattern; the geometry
process thus induces the appearance of a strong qui-
noid character within the molecule.

Structural parameters of the copolymers (Cbz-Edot);
in its quinoidic form (polaronic and bipolaronic) indicate

Single Bonds

Double Bonds

Figure 5 Optimized structures of the (Cbz-Edot); in its
polaronic (a) and bipolaronic (b) states obtained by B3LYP/
6-311G(d,p) level. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Comparison of the bond lengths from (Cbz-
Edot); in the neutral, polaronic and bipolaronic states.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

that the rings at the ends preserve their aromatic charac-
ter, whereas the central processing units present a qui-
noid character. For the oxidized (Cbz—Edot);', the inner-
most rings are characterized by quinoidic structure.

UV-Visible

We present in Table IV the calculated absorption
Amax (nm), oscillator strength (OS) and transition
energies Ei (eV), of the oligomers (Cbz-Edot), (n =
1-3) in neutral form. These values are calculated by
TD-DFT, CIS, and ZINDO methods, starting with
optimized geometry obtained by B3LYP/6-311G(d,p)
level.

The theoretical values obtained by ZINDO and
TD-DFT calculations are almost similar. The analysis
of the table shows that the theoretical values of A ax
increases with the number of monomers of several
oligomers.

Figure 7 shows the experimental absorption spec-
tra measured for (PVK-PEDOT) from powder, in the

TABLE IV
Calculated Absorption A, (nm), Transition Energy (eV)
and Oscillator Strength (OS) for All Oligomers (Cbz-
Edot),, (n = 1-3)

Method 1 2 3

ZINDO Amax (Nm)  347.84 403.21 414.03
Ey (eV) 3.564 3.075 2.995
OS 0.673 1.034 1.646

TD/B3LYP/ Amax(nm) 315.17 387.74 408.27

6-311G(d,p)

E(eV) 3.934 3.197 3.036
(@] 0.464 1.389 1.524

CIS/6-311G(d,p)  Amax (nm) 24495 292.90 300.85
Ey (eV) 5.061 4.233 4.120
(@] 0.740 1.314 2.258

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Optical absorption of (PVK-PEDOT) copolymer,

and inset: representation of (a1v> versus hv for the calcula-
tion of E,.

range of 200-800 nm at room temperature. The co-
polymer exhibits high absorbance in the studied UV-
Visible range. The UV-Visible absorption spectra
shows a maximum peak at 620 nm, with subpeaks
or shoulders at 363.8, 435.1, and 473.2 nm, these
bands can be attributed to the m—n* transition. It
should be noted that, the absorption maximum
(Amax) Vvalues are sufficient to consider applications
of these materials in the opto-electronic field.*® As
mentioned, PVK absorbs entirely in the UV region
(Amax < 350 nm).*' Furthermore the absorption
detected in the UV-Visible spectrum of our copoly-
mer centered at 363.8 nm is attributed to n—n* transi-
tion, due to the presence of PVK in the copolymer
(PVK-PEDOT). On the other hand, the optical
absorption spectrum of the PEDOT film exhibits a
broad band centered at 525 nm.***> We conclude
that the transition located at 620 nm in the UV-Visi-
ble spectrum of (PVK-PEDOT) is a result of a n—n*
transition due to the presence of the PEDOT moi-
eties in our copolymer.

Moreover, the energy corresponding to the n—m*
transition is depending on the delocalization of the n
electrons system. The absorption coefficient “a,” was
determined from the transmission spectra using the
following relationship****:

1. J1-R? :

a(hv) :Eln 5T +|R

2T

where d is the thickness, T is the transmittance, and
R is the reflectance.

The energy of the band gap, E,, was calculated
through the equation: (ohv)*> = A(hv — E,), where A
is a constant and a direct gap is supposed.
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TABLE V
Pol.1, Pol.2, AEp, B.pol.1, B.pol.2, and AEg, Values of Energy (in eV) of (Cbz-Edot),, (n =1-3)
in Neutral, Polaronic, and Bipolaronic Forms

The HOMO, LUMO, E,,

Neutral form Polaron Bipolaron
No of monomers HOMO LUMO E, Pol; Pol, AE, B.Pol; B.Pol, AEg,
n=1 —5.10 -0.92 418 —8.80 —4.90 3.90 —12.89 -11.20 1.69
n=2 —4.73 —1.11 3.62 —7.35 —4.31 3.04 -9.79 —9.07 0.72
n=23 —4.65 -1.15 3.50 —6.72 —3.90 2.82 —8.50 -8.13 0.37
n=oo — - 3.13 — - 2.25 - - 0.27
Exp® - - - - - 245 - - -

@ In this work, optical band gap derived from the absorption spectrum of a powders polymer.

Figure 7, shows the optical absorption spectra,
and the inset shows the representation of (ahv* ver-
sus (hv) used for the calculation of the energy gap
E,. The band gap is obtained by extrapolating the
straight portion of the curve to the zero absorption
coefficient.*

The band gap value, determined for the copoly-
mer (PVK-Pedot), is E, = 2.45 eV.

Band gaps

Traditionally, charged states in conjugated poly-
mers and oligomers have been discussed in terms
of a one-electron band model.*” Only one singly
charged defect leads to the appearance of two new
levels inside the band gap (Pol.l and Pol.2). The
lower level is occupied by one electron. Removal
of a second electron results in the formation of a
bipolaron which is characterized by the appearance
of two new levels (B.pol.l and B.pol2) more
distant from the band edges than the polaron
levels.*5*

— — — LUMO

F— — Pal2

— B.pol.2

Energy (eV)

— B.pol.l

Pal.l
— HOMO

1 ) > ) 3
Number of monomers

Figure 8 Schematic representation of the HOMO and
LUMO levels (dark) of neutral, Pol.1, Pol.2 energy levels
(red) of polaron state and B.pol.1, B.pol.2 energy levels
(blue) of bipolaron state of oligomers (Cbz-Edot),,
obtained by B3LYP/6-311G(d,p) level. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

The values of the energy of the HOMO, LUMO,
E, (between HOMO and LUMO), Pol.1, Pol.2, and
AEp (between Pol.1 and Pol.2) and B.pol.1, B.pol.2,
and AEg, (between B.pol.1 and B.pol.2), obtained by
B3LYP/6-311G(d,p) level, are listed in Table V, and
sketched in terms of relative energy in Figure 8 for
neutral and doped states. The experimental gap
energy value obtained from the optical absorption
spectrum, of the copolymer (PVK-PEDOT), is pre-
sented also for comparison.

Figure 8 shows the variations of the gap energy as
a function of the number of monomers at neutral
and doping forms. For the bipolaronic state, when
the number of monomers increases, a weak energy
of gap is obtained (0.37 eV for n = 3).

As is usual in m-conjugated systems, in the neutral
form, with the increasing conjugation lengths the
HOMO energies increase, whereas the LUMO ener-
gies decrease in all series. On the other hand, in the
polaronic and bipolaronic states, the HOMO and
LUMO energies increase with the conjugation
lengths (Table V).

The oligomer (Cbz-Edot);, at doped state, has the
particularity of having a gap (2.82 eV) which con-
cord well with that of the polymer determined from
the absorption spectrum (2.45 eV).

Interestingly, for the copolymer studied in this
work, good agreements between the (HOMO-
LUMO) gap from the polaronic state, and experi-
mental observation have been demonstrated with
density functional theory (DFT). Optical band gap
derived from the absorption spectrum of the poly-
mer (PVK-PEDOT) in its powder form is 2.45 eV;
this value is 5% higher than that calculated by
HOMO-LUMO (2.25 eV). The major factor responsi-
ble for this difference in energy obtained by the
method of calculation and that found experimentally
is that solid-state effects (like polarization and inter-
molecular packing forces) have been neglected in the
calculations.” If we consider that there is about 0.2
eV°! of difference between the theoretical band gaps
calculated for doped state, our theoretical results,
reported in Table V, are in agreement with the ex-
perimental results.
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Figure 9 Evolution of the gap energy E, (eV) of various
oligomers (Cbz-Edot), (n = 1-3) in this neutral form as a
function of the torsion angle 6 (°). [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Evolution of the gap

To study the effect of the insertion of the monomers
on the optoelectronic properties of the polymer in
this neutral form, one represented on the Figure 9,
the evolution of the energy of gap according to the
angle of torsion between two adjacent units (Cbz
and Edot).

The gap energy increases with the angle of torsion
between two adjacent units, according to the reduc-
tion in the electronic delocalization =, the site of the
curves relating to (Cbz-Edot); and (Cbz-Edot),,
below the curve from (Cbz-Edot)s, indicates the
increase in the delocalization of the electrons n in
last oligomer, which improves the optoelectronic
properties of polymer.

For a comparison, we present in Table VI the cal-
culated HOMO, LUMO and E, gap energy from the
neutral state, of the oligomers (Cbz-Cbz),, 2 with the

TABLE VI
The HOMO, LUMO, and E; (eV) of (Cbz-Cbz), and
(Cbz-Edot),, (n =1-3), Obtained by B3LYP/6-311G(d,p)

Level

Oligomers HOMO (eV) LUMO (eV) E, (eV)
(Cbz-Cbz),*

n=1 —5.02 —0.66 4.36
n=2 —4.86 —0.66 4.20
n=3 —4.82 —0.66 4.16
n = 0o - — 4.02
(Cbz-Edot),

n=1 -5.10 —0.92 4.18
n=2 —4.73 -1.11 3.62
n=3 —4.65 -1.15 3.50
n=00 - - 3.13

a Th5e2 HOMO, LUMO, and E, of neutral form of (Cbz-
Cbz),,.
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Figure 10 The HOMO and LUMO orbitals of (Cbz-Edot);
in the neutral, polaronic and bipolaronic states by B3LYP/
6-311G(d,p) level. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

oligomers (Cbz-Edot), (n = 1-3). When we compare
the various values of calculated gap of the longest
oligomer, we note that the energy gaps in (Cbz-
Edot); (3.50 eV) are dramatically lower than that in
(Cbz-Cbz)s (4.16 eV), on the other hand, when we
inspect the results obtained for (EDOT),,*” the gap
energy obtained by B3LYP/6-31G(d) level in the
case n = 3 (E; = 3.67 eV) is higher than that in (Cbz-
Edot);, which indicates that, the additive conjugated
monomers, facilitate the decreasing of the energy
gaps. On the other hand, the calculated An.x of
(Cbz-Cbz)3 (Amax = 332.89 nm) is lower than that of
(Cbz-Edot); (Amax = 414.03 nm). From these results
we can conclude that the introduction of Edot, in the
carbazole structure, influence dramatically the optoe-
lectronic properties of the copolymers.

Characters of the frontier orbitals of oligomer
(Cbz-Edot)s, in the neutral, polaronic, and
bipolaronic states

It is useful to examine the HOMOs and LUMOs for
(Cbz-Edot); in the neutral, polaronic, and bipolar-
onic states. The relative ordering of the occupied



STUDY OF A NEW COPOLYMER BASED ON Cbz AND Edot

and virtual orbitals provides a reasonable qualitative
indication of the excitation properties,®>> and of the
ability of electron or hole transport. The electron
density of HOMO and LUMO of the oligomer (Cbz-
Edot);, in the neutral, polaronic and bipolaronic
states are plotted in Figure 10. This figure shows
that all frontier orbitals in the oligomer of all states
under study spread over the whole n conjugated
bakbone. In general, the HOMO has the antibonding
character between the subunits; on the other hand,
the LUMO of the oligomer of all states shows a
bonding charcter between the subunits.

This figure illustrate also the variations of the elec-
tronic density of the two orbitals HOMO and LUMO.
For the orbital HOMO in a doped state, the electronic
density is predominant in the extremities compared
to the center, and it is significant in the EDOT being
located at the oligomer extrimity, with the bipolaronic
state, for the orbital LUMO, the variation of the elec-
tronic density according to the states polaronic then
bipolaronic is weak. These remarks confirm the con-
jugated character of the studied polymer.

CONCLUSION

In this work, theoretical and experimental results are
investigated to describe polymerization of conju-
gated monomers based on carbazole and ethylene-
dioxythiophene. The torsional potentials for neutral,
polaronic, and bipolaronic for all oligomers, were
obtained from B3LYP/6-311G(d,p) calculations. It
was deduced that the most stable conformation for
the neutral form of oligomers is the syngauche con-
formation. In the doped states, the oligomers become
more planar and show a quinoidal character.

The values of optical absorption Am,x in a neutral
state are calculated by the three methods (ZINDO,
TD-DFT, and CIS), these values increase with the
number of monomers.

The gap energy calculated for the all oligomers,
decreases with the chain length, this decrease is also
observed when passing from the neutral to the
polaronic and to the bipolaronic forms. The value of
the gap energy of the polymer (PVK-PEDOT), as
measured experimentally, is appreciably equal to
that calculated for the oligomer (Cbz-Edot); in this
doped form; this oligomer is therefore, a useful
model to understand electronic properties of the par-
ent polymer.
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