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Abstract

In this paper a combined experimental and quantum chemical study of two co-polymers, derived from poly(phenylene vinylene), referred
to as PPV—ether and C,_4PPV—ether, is presented. First, the geometries of these co-polymers were fully optimized. In fact, semiempirical, ab
initio and density functional theory (DFT) have been used to investigate the ground-state properties of these co-polymers. Then, the
electronic properties, lying in the excitation between the highest occupied molecular orbitals (HOMO) and the lowest unoccupied molecular
orbitals (LUMO), the transition eigenvalues, the density of states together with other relevant physical quantities, were investigated.
Moreover, the vibrational properties and the force constants are determined. In fact, the calculated results have well reproduced the available
experimental data in which the pattern of dialkoxy-substitution is found to have a large effect.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Most of recent papers are focused on the poly(phenylene
vinylene) (PPV). Thanks to its important specific properties,
this compound became the most promising materials for the
optoelectronic device technology [1]. Based on results
obtained from PPV, many other materials derived from this
polymer are synthesized [2,3]. Within this scope, two new
PPV derivative co-polymers denoted as PPV—ether (Scheme
1(a)) and C,_4PPV-ether (Scheme 1(b)), have been
synthesized. The interruption of conjugation in PPV
motives by non-conjugated segments (ether motives) was
meant to lead much higher quantum efficiency. Moreover,
the introduction of alkoxy groups at specific positions was
done in order to obtain materials with more predominant
capability. PPV—ether and C;_4PPV—ether, as it is the case
of most polymers, are amorphous. And due to the absence of
X-ray spectra and without reliable microanalyses it was not
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possible to infer their architecture experimentally. Indeed,
the succession of the phenylene vinylene and ether motives
can be either or by block or both. More details for their
preparation and characterization have been largely
described elsewhere [4,5]. In order to rationalize these
experimentally observed properties of known materials and
to predict those of unknown ones, theoretical investigations
on the structures, electronic spectra and emissive properties
of these materials are indispensable. In fact, it is well
established that the semi empirical calculations can yield
valuable information of PPV-derived co-polymers struc-
tures [6]. But, a full theoretical treatment including the
effects of the strong electron—electron interactions, electron-
lattice relaxation and inter-chain interactions, which are
needed to fully describe PPV—ether co-polymer, is more
suitable. For that matter, it is commonly believed that
theoretical methods, especially those including electron
correlation (ab initio and density functional theory (DFT))
are able to describe the geometry of organic molecules, as
well as their energetics, in a satisfactory manner [7]. The
present work is then, a combined experimental and quantum
chemical study of geometrical vibrational and optoelec-
tronic properties of PPV—ether and C,_4PPV—ether. We
perform a series of calculations on these co-polymers using
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Scheme 1. The chemical structure of: (a) PPV—ether and (b) C,_4PPV—ether.

semiempiric, ab initio, DFT and configuration interaction
singles (CIS) methods. Our major goal is to understand and
interpret the experimental absorption, emission spectra, and
vibrational spectra. Then, to investigate the effect of alkoxy
groups, attached on phenylene ring, on various properties of
PPV—ether co-polymer.

2. Computations

The molecular quantum chemical calculations were
performed at the semi-empirical, ab initio and DFT level.
All the calculations have been carried out with Gaussian 98
program [8]. The computational procedure has been
organized as follows: a first simulation is performed to
equilibrate the system, where the structures are fully
optimized by the quantum mechanical semi-empirical
module. At our disposal: the Austin’s Model (AM1) [9].
After that, and according to the large molecules model, all
the calculations were done with a fast method based on the
Hartree—Fock (HF) theory, which could only be carried out
with smaller basis sets such as (3-21G(d)) [10]. In parallel,
we have carried out a density functional theory (DFT) study
using the most popular Becke’s three-parameter hybrid
functional, B3, with non-local correlation of Lee—Yang—
Parr, LYP [11], abbreviated as B3LYP, method [12]. This
method, based on DFT for a uniform electron gas (local spin
density approximation), is used with the same basis set. In
the 3-21G(d) basis set, d-orbitals have been added to non-
hydrogen atoms such as carbon and oxygen atoms. In the
case of the dialkoxy-substituted co-polymer and for the
calculations, all the alkoxy substituents were taken to be
methoxy groups. This simplification is not expected to
significantly influence the results with regard to electronic
effects of the substituents.

Furthermore, vibrational frequencies calculations have
been carried out with HF/3-21G(d) method on fully
geometry optimized structure and force constants were
carried out using MOPAC 2000 program [13]. The ground

state energies and oscillator strengths were then investigated
using the configuration interaction singles (CIS/3-21G(d))
approach for PPV-ether and C;_4PPV—ether on fully DFT
optimized geometries. In fact, these calculations method
have been successfully applied to poly(para-phenylene)
(PPP) [14], PPV [15] and other conjugated polymers [16].

We have also examined HOMO (the highest occupied
molecular orbital) and LUMO (the lowest unoccupied
molecular orbital) levels, HOMO-LUMO gaps and vertical
excitation energies (Apnax) [17] for the two materials under
study.

3. Results and discussion

3.1. Geometric parameters

The PPV-ether co-polymer prepared in this research is
sufficiently long to consider the translation as a symmetry
operation. In the geometric structure of this co-polymer, and
in order to be coherent with experimental results, three
motives of PPV correspond to six other motives of ether in
oligomer units. The geometric structure, displayed in Fig. 1
cannot exist in reality, but, due to the large molecule, this
oligomer model allows us to investigate systems in the
absence of disorder and limited length. This structure seems
to be the better since the succession of PPV motives
reflecting the experimental optical properties. The optimiz-
ation process (the global minimum energy information of
the materials is achieved) was fully done using three
different methods (AMI1, HF/3-21G(d) and B3LYP/3-
21G(d)). The same calculation results are obtained also
for the short length chain (Fig. 2) which will be used as a
model for all other calculations. The internal coordinates set
as main interatomic distance are labelled in Table 1. These
data are in close agreement with those already obtained for
PPV [18]. The other geometric characteristics set as angles
and dihedral angles are collected in Tables 2 and 3. As it was
shown in the previous study based on the experimental data
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Fig. 1. The B3LYP/3-21G(d) optimized structure of PPV—ether.

supported by infrared absorption (IR) and resonance Raman
scattering (RRS) measurements [19], we have proposed a
geometrical structure for PPV—ether and C;_4PPV—ether as
compared to that of PPV but, the presence of ether groups,
within the chain, induce certainly considerable modifi-
cations in geometric structures as in the case of PPV
interrupted with silicon atoms [20]. Moreover, the
optimized geometrical structure of the alkoxy-substituted
PPV—ether was displayed in Fig. 3. On the resonance
magnetic nuclear (NMR) 13C solid state spectra of PPV—
ether and C,_4PPV-ether (Fig. 4), we have labelled the
different carbon sites confirming the proposed structures.
Added to those initially observed for PPV—ether, new peaks,
which are located in the range of 0—50 ppm, were attributed
to substitutent groups (methoxy and butoxy).

An accurate representation of the bond rotations in the
chain is extremely important, since especially the properties
of polymers depend strongly on the conformational
statistics of the polymer chains. The theoretical calculations
for the PPV—ether show a small coplanirity of the chain

lattice having C; as a point group. The PPV moiety of the
polymer chain is maintained planar. Only, the inter-ring
torsion angle in ether motives part was evaluated to be about
40° as it in the case of PPP [21,22]. In fact, the torsion angle
constitutes a compromise between the effect of conjugation
and the steric repulsion between hydrogen, which favours a
non-planar structure.

The effect of methoxy and butoxy groups grafted on 2
and 5 positions of phenyl ring is clearly seen. The ether
motives are markedly affected with substitution of phenyl
ring with alkoxy groups. Since, starting from the torsion
angle, we notice that there is a considerable reduction of
torsion angles in ether motives which is not the case in PPV
motives. The steric effect of the chlorine atom with the
alkoxy groups was found to be very small. When compared
to HF and AM1 method, DFT yields longer C=C bonds and
shorter C—C interring bonds, thus at DFT electron are more
delocalized. This is most likely due to taking account of
electron correlation. On the other hand, the substitution of
alkoxy groups slightly lengthens some bonds and shortens

Fig. 2. The B3LYP/3-21G(d) optimized model structure of PPV—ether.
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Table 1
Interatomic distance in optimized structure of PPV—ether and C;_4PPV—ether

Bond (/u\) PPV-ether C,_4PPV—ether
AM1 HF/3-21G(d) B3LYP/3-21G(d) AM1 HF/3-21G(d) B3LYP/3-21G(d)

Cs—Cg 1.492 1.513 1.517 1.490 1.506 1.508
C;—Cs 1.393 1.383 1.393 1.395 1.374 1.388
Co—Cyp 1.403 1.391 1.406 1411 1.390 1.416
C14—Cis 1.402 1.391 1.410 1.398 1.387 1.403
Ci5—Cis 1.404 1.391 1.409 1.416 1.393 1.412
Ci5—Cis 1.452 1.475 1.456 1.451 1.470 1.586
Ci5—Cio 1.343 1.325 1.348 1.344 1.326 1.350
C19—Cyo 1.452 1.475 1.463 1.451 1.47 1.457
Cr—Cos 1.402 1.391 1.410 1.399 1.389 1.405
Ca3—Cye 1.452 1.475 1.462 1.451 1.469 1.456
Cr6—Csoy 1.343 1.325 1.349 1.344 1.326 1.351
Cy7—Cos 1.452 1.475 1.462 1.451 1.470 1.457
Cy5—Cs; 1.402 1.391 1.410 1.399 1.388 1.405
C31-Csq 1.452 1.475 1.464 1.451 1.470 1.581
C36—Cs7 1.405 1.391 1.409 1416 1.471 1.417
Cy0—Ca1 1.393 1.381 1.389 1.398 1.380 1.391
C30—Cyo 1.492 1.512 1.514 1.493 1.506 1.506
Cyo—043 1.428 1.434 1.457 1.432 1.447 1.476
043—Cyy 1.428 1.433 1.455 1.419 1.436 1.461
Cy45—Cso 1.397 1.382 1.397 1.391 1.373 1.387
Cs5,—Cls; 1.761 1.830 1.858 1.762 1.833 1.867

other ones, as it mentioned in Table 1. This modification in
bond length correlated with that of the corresponding angle,
as quoted in Table 2, indicates an increment in the more
conductive character in C;_4PPV—ether. In fact, the
conjugation across phenylene rings and vinylene motives

Table 2
Angle in optimized structure of PPV—ether and C,_4PPV—ether

is increased due to the stronger electron donating effect of
alkoxy groups. The atomic charges were more sensitive to
changes in conformation, especially during the C(sp2)-
O(sp3) rotation. In the whole, the conformational changes in
atomic charges between PPV-ether and C;_4,PPV—ether

Angle (°) PPV-ether C,_4PPV—ether
AM1 HF/3-21G(d) B3LYP/3-21G(d) AM1 HF/3-21G(d) B3LYP/3-21G(d)

C3-04—Cs 111.6 115.7 113.0 109.2 115.4 112.8
04—Cs5—Cq 109.0 109.0 108.5 109.2 108.7 108.3
C1—C¢—C7 119.4 119.1 119.2 118.7 119.3 119.3
Ce—C7—Cs 120.2 120.2 120.3 120.8 119.9 119.8
Co—C1—Cy 120.4 120.5 120.7 120.9 120.0 121.0
Ci12—Ci3Cus 120.5 120.9 121.2 121.0 119.9 120.2
C5—C16C17 120.6 121.1 121.4 121.0 120.2 120.3
C15-C1gCio 124.5 125.5 126.8 124.5 1259 126.2
C15-C19-Cyo 124.5 125.5 126.7 124.5 125.8 126.1
C0-C51—Co2 120.7 121.2 121.6 121.1 120.2 120.3
Cy3—Co4—Css 120.7 121.2 121.6 121.1 120.2 120.3
Cu3—-Cr6—Co7 124.7 125.6 126.7 124.6 1259 126.2
Cr6—Ca7—Cog 124.7 125.5 126.7 124.5 125.8 126.1
Cas—Cr9-Cso 120.7 121.2 121.6 121.1 120.2 120.3
C31—C3—Cs; 120.7 121.2 121.6 121.1 120.2 120.3
C53,-C34—Css 124.5 125.5 126.7 124.6 125.8 126.0
C34—C35—Cs36 124.5 125.5 126.7 124.5 125.5 126.1
C36—C37—Css 120.5 120.9 121.2 120.9 120.0 120.0
C30—C40—Ca1 120.2 120.3 120.5 120.8 119.7 119.6
C30-Cy2—O43 109.0 108.8 108.2 107.5 107.1 106.5
Cyr—043—Cyy 111.6 115.6 112.9 113.2 115.8 112.5
043—C44—Cys 108.9 108.7 108.2 114.1 111.3 111.5
Cy5—Cy6—Cy7 120.2 120.4 120.2 120.8 119.5 119.2
Cy5—Cs9—Cso 120.3 120.7 120.6 120.7 119.4 119.2
Cy5—Cs51—Cls; 111.7 111.3 111.3 111.9 111.4 111.5
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Table 3
Dihedral angle in optimized structure of PPV—ether and C;_4PPV—ether

Dihedral Angle (°) PPV-ether C,_4PPV—ether
AM1 HF/3-21G(d) B3LYP/3-21G(d) AM1 HF/3-21G(d) B3LYP/3-21G(d)

o 39.8 49.1 40.0 44.8 44.5 355
[0 22.2 25.4 0.2 —20.8 33 —0.3
b3 —158.6 —155.2 —179.6 —158.9 176.0 179.6
on 19.3 —24.3 —0.0 —18.8 —1.7 —1.0
b5 161.3 155.6 179.7 161.4 177.4 178.9
b6 —22.0 —25.4 —0.9 —19.1 —8.0 —2.2
b7 158.0 154.5 178.9 160.9 167.8 176.6

were less than 0.2 e. This can be evidence generally for the
reduction of the dihedral angle. But in taking account, in the
same time, for the steric effect, induced by the substitutent
groups, a little increase for dihedral angle should take place
as it discussed earlier.

3.2. Electronic properties

In Fig. 5, we report the normalised experimental
absorption and emission energies of PPV—ether and C,_
4PPV—ether. Experimentally, the optical density (OD) was
carried out, at room temperature, using a Carry 2300
spectrophotometer in the range of wavelengths from 0 to
3000 nm. concerning the photoluminescence (PL) measure-
ments, the powder was placed in a conical hole under a SiO,
window in the cryostat at 10 K, where the excitation of
1 mW was ensured by an argon laser. When examining the
optical data, it is seen that the most striking feature, for the
alkoxy substituted PPV—ether co-polymer, is the shift of the
long wavelength absorption peak of PPV-ether resulting
from the symmetry breaking of the aromatic ring. The
experimental study shows that alkoxy substitution of the

PPV—ether results in an absorption spectrum which is red-
shifted with respect to 470 nm to be 512 nm. The emission
spectrum which peaks at 610 nm shows a vibrational
structure. In fact, the photoluminescence spectrum displays
a hypsochromic shift for the C;_4PPV—ether as compared to
the unsubstiuted one with a corresponding longer natural
radiative lifetime [23]. The red shifted emission to lower
energy can be attributed to the formation of interchain dimer
excitations as it was described earlier in the case of
substituted PPV [24,25].

In Table 4, we present HOMO and LUMO energy, AE
(the calculated energy differences between LUMO and
HOMO), the absorption A,,,x and oscillator strength as a
result of all theoretical methods in comparison to those of
experimental data, where the DFT method was the well
reproduced one. The most relevant from this table is that the
lateral substitution of phenyl ring with donor group
(methoxy and butoxy) decreases the gap energy by
approximatively 0.3 eV with decreasing the oscillator
strength. A common way to judge the theoretical transition
energies, calculated by CIS/3-21G(d) method, is to compare
the calculations with the experimental absorption band as it

Fig. 3. The B3LYP/3-21G(d) optimized model structure of C; 4PPV-ether.
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was reported in Table 5 and shown in Fig. 6, where a good
agreement was observed.

The theoretical calculations show clearly that HOMO-
LUMO energy gap of PPV—ether was markedly reduced
compared to that of PPV. The calculated excitation
energies, which have high oscillator strength, are generally
dominated by HOMO-LUMO transition [26]. As it can be
seen, the dialkoxy-substituted PPV—ether shows a much
smaller band gap than the unsubstituted one. In fact, this

phenomena was already explained in the case of PPV [27]
by the destabilization of the HOMO of the polymer chain
through the antibonding interaction with the 7-type orbital
of the oxygen presented in the alkoxy group, since this
electron donor group elevated the HOMO and LUMO level.
Then, vertical excitation energies (A,,.x) Were calculated
from extrapolated HOMO-LUMO gaps, as the same from
band structure calculations employing Block orbitals, and
compared to the corresponding A, in the observed
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Fig. 5. Normalised optical density and PL spectra of: — PPV—ether and .... C;_4PPV-ether.
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Table 4

The optoelectronic parameters of PPV—ether and C,_4PPV—ether

C,_4PPV—ether

PPV—ether

Experimental result

Calculated value

HOMO
—=7.71
—6.35

Experimental result

Calculated value

HOMO
—8.13
—7.15

UV Al‘ﬂil)(
512

O.S.

UV Amax
258.16

AE

LUMO
—0.82
—1.63

UV Amax
470

O.S.

uv Amax
239.46

AE
7.26
5.45

LUMO
—0.87
—1.70

2.01

4.2037
3.5766

6.89
4.72

2.30

4.4538
3.6630

AM1
HEF/3-

315.96

274.65

21G(d)

2.66 514.38 2.8329

—1.69

—4.35

437.24 3.2078

—5.07 —1.98 3.09

B3LYP/3-
21G(d)

A. Mabrouk et al. / Polymer 46 (2005) 9928-9940

LUMO-HOMO) (eV), absorption An,y (nm), oscillator strength (O.S.), as well as experimental gap E,, (V) and absorption A, (nm) for PPV—ether and C,_4PPV—

Calculated HOMO (eV), LUMO (eV), AE (

ether.

absorption spectra of co-polymer. This approach was
parameterized to reproduce band gaps defined as the A«
for the T—7t" transition of conjugated polymers, and not the
band edges which are often used to define the gaps
experimentally. In fact, the band gap obtained with DFT
method is in close agreement with the extrapolated band gap
from experimental absorption spectra (Fig. 6). In fact, the
density functional calculation method, which account for
electron correlation, yielded much more accurate values for
the HOMO-LUMO gap than the Hartree—Fock method.

Generally, we argued that the theoretical band gaps
calculated for isolated chains are expected to be about
0.2 eV larger than the condensed phase values [28].
However, it is believed that the bulk or intermolecular
effects must be taken into account when considering the
polymers with long chains [29]. After correcting this effect,
our theoretical band gaps agree well with experiment.

In order to gain greater insight into the difference between
the pristine and the substituted PPV—ether, it is worthwhile to
plot their highest occupied (HOMO) and lowest unoccupied
(LUMO) molecular orbital. In our case, the HOMO is an
antibonding vinylene orbital and the 7 orbital of the central
phenyl ring whereas the LUMO is a bonding combination of
an anti-bonding vinylene orbital and a 7" orbital of phenyl
ring. As for as these geometries, the energy diagram of PPV—
ether and C;_4PPV—ether co-polymers are shown in Figs. 7
and 8, respectively. Just like PPV-ether, the HOMO —
LUMO transition of the dialkoxy substituted PPV—ether is
delocalized over the whole PPV motives but within a next
extended part over the dialkoxy groups.

The HOMO —LUMO transition in PPV-ether occurs
with an oscillator strength of 3.207 (Table 5), this elevated
value indicates an important photoabsorption degree. The
second excited state has a very small oscillator strength
of 0.005, which is a 1000-fold decrease in magnitude. In
C,_4PPV—ecther, The HOMO —LUMO transition occurs
with an oxillator strength of 2.832 which become 0.007 in
the third state transition with three contributing orbitals.

3.3. Vibrational study

The main purpose of vibrational studies is to assign
Raman and Infrared modes to characterize the electronic
structure of these co-polymers. For that, we consider the full
DFT-optimized geometry which allows us to distinguish
between in-plane and out-of-plane vibrations. The
vibrational assignments of the FTIR and RRS spectra of
the pristine co-polymer have been previously reported [19].
Experimentally, Infrared spectra were obtained in a Bruker
Vector 22 spectrophotometer where the samples were
pellets of KBr mixed with the organic compounds under
study. Moreover, the Raman spectra were recorded on a
Fourier transform spectrometer Bruker RFS 1000 with
1064 nm-wavelength laser.

In order to confirm the proposed assignment, theoretical
vibrational calculations were performed. The experimental
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Table 5

Calculated and experimental transition energies (AE), calculated oscillator strengths and main CI expansion coefficient of PPV—ether and C,_4,PPV—ether

Compound Transition AE Exp. (eV) AE Calc. (eV) f(Calc.) Main Cl-expansion coefficients
PPV-ether T, 2.85 2.83 3.207 0.65 (H—L)
T, 3.35 3.34 0.005 0.56 H—1—-L)—042 (H—L+1)
T; 3.70 3.69 0.001 036 (H—1—-L)+05 H—L+1)
C,_4PPV—ether T, 2.40 241 2.832 0.64 (H—L)
T, 2.81 2.86 0.127 061 H—1—-L)—03 (H—L+1)
T; 3.10 3.11 0.007 04 (H-2—-L)+02 H—-1—L)+047 (H—>L+1)

and theoretical frequencies and their assignments are
presented in Tables 6 and 7 where all peaks are identified.
The theoretical Infrared and Raman spectra of the PPV-
ether and C,_4PPV—ether are displayed in Figs. 9 and 10,
respectively. Generally, the characteristics of the vibrations
of individual entities contribute to several modes whose
frequencies are close to each other.

In the Infrared spectra of PPV—ether, we can distinguish
the main vibration modes characteristics of the proposed
structure. In low frequency, the in plane quadrant ring bend
is localized at 543 cm™'. A very weak band appears at
669 cm ™' which is assigned to C—C aromatic out of plane
bending. The band at 854 cm™' corresponds to C—Cl
terminal group stretching. Moreover, the weak C-H
aromatic out of plane bending and aliphatic C—H rocking

are located at 902 cm ™~ '. The band at 1255 cm ™' is for
aliphatic C—H rocking of terminal group and aromatic C—C
stretching at 1325cm™'. We can also notice that the
aliphatic C-H rocking and wagging are located, respect-
ively, at 1468 and 1431 cm ! Besides, the antisymmetric —
CH, stretching is observed at 3032 cm ™~ '. These bands are
in close agreement with those reported in the paper of
Bradely [30].

In the Infrared spectra of C,_4PPV-ether, we note the
bands already described for PPV-ether and new bands
characteristics of dialkoxy substituted ring. The shoulder
which appears at 1307 cm ™' is related to the in-plane
O-CH; deformation. The other observed differences are
firstly, the shortness of the wide band at 796 cm ™~ ! related to
in-plane aromatic C—C deformation and the antisymmetric

T§ T1
Tl ;
1
2
£}
&
Q
Q
8
=
o)
8
<
' | ' T ' T ' | ' 1 ' T ' T '
200 400 600 800 1000 1200 1400 1600 1800
Wavelength (nm)

Fig. 6. Representation of experimental transitions.
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Fig. 7. Schematic representation of molecular orbitals and transitions for PPV—ether.

C—H vinylene out of plane bending located at 973 cm ' and
the strongest band related to aliphatic and aromatic C-H in
plane wagging located at 1403 cm™'. As far as ether
vibration is concerned, the antisymmetric stretching located
at 1374 cm ™' in PPV—ether disappeared and another one

LUMO

with strong intensity took place, in C; 4PPV-ether, at
1370 cm ™! assigned to symmetric stretching. We also note
the disappearance of the peak located at 1541 cm ™'
associated to C—C aromatic stretching. The other difference
lies in the appearance of strong peaks in the range of about

LUMO+1

2.66eV

HOMO

333eV 382eV

HOMO-1

Fig. 8. Schematic representation of molecular orbitals and transitions for C;_4PPV—ether.
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Table 6

9937

Experimental and calculated wavenumbers (7) of infrared bands for PPV—ether and C;_4PPV—ether

PPV-ether C,_4PPV—ether Assignments

Exp. Freq. I Cal. Freq. I Exp. Freq. I Cal. Freq. I

(cm™ 1) (cm™ ) (cm™ (cm™ 1)

542 w 543 vw 477 vw 549 Vw In-plane quadrant ring bend

- - 577 w 598 - - - Quadrant bend out of plane ring

629 A - - - - - - Aromatic out of plane quadrant bend

686 w 669 VW 678 m 709 Vw Aromatic C—C out of plane bending

761 W 796 s 736 w 740 Vw In plane Aromatic C—C bending

828 m 854 m 860 m 837 M C—Cl terminal group stretching

920 W 902 4 - 918 w Aromatic out of plane C-H bending + aliphatic C-H
rocking

961 m 973 S 965 m 981 m Antisymmetric C—H vinylene out of plane bending

1020 m - - 1032 S - - Aromatic C-H in plane bending + aliphatic C—C
stretching

1079 m - - 1066 m 1070 W In plane aromatic and aliphatic C—H bending

1168 W - - 1202 vs 1176 W Aliphatic C-H out of plane rocking

1270 VW 1255 m 1231 W 1256 w Aliphatic C-H rocking of terminal group

- - - - - - 1307 m —O-CHj; stretching

1355 w 1325 w 1345 m 1358 m Aromatic C—C stretching

- - - - - - 1370 S Symmetric -CH,—O—CH,- stretching

- - 1374 m - - - - Antisymmetric -CH,—O-CH,- stretching +in plane
C-H rocking

1418 m 1403 w 1400 w 1417 \8 Aliphatic and aromatic C-H in plane wagging

- - 1431 m 1409 S 1438 m Aliphatic C-H wagging

- - 1468 m 1462 S 1481 w Aliphatic —CH, rocking

1510 m 1541 w 1501 S - - Aromatic C—C stretching

1579 W 1565 w 1600 m 1591 VW Symmetric C—C aromatic stretch

1606 w 1647 w 1640 w 1646 \ Symmetric C—C aromatic stretch

- - - - - - 1659 Vs Antisymmetric quadrant ring stretch

1695 m - - - - 1675 S Antisymmetric quadrant ring stretch (terminal group)

- - - - - - 1701 w Antisymmetric in plane C=C aromatic stretch

- - 1668 w 1800 VW 1803 VW In plane C=C aromatic stretch

- - 1696 m - - - - C-C inter-ring stretching

1900 w - - 2110 VW - - C=C vinylene stretching

2844 VW - - 2864 m - - Aliphatic —CH, rocking

2923 VW 3032 VW 2927 m 3032 VW Antisymmetric —CH, stretching

3022 w 3159 vw 3053 w 3089 W Symmetric —CH, stretching

- - 3175 S - - 3166 m Antisymmetric aromatic C—H stretch (terminal group)

- - 3186 Vs - - 3190 m Aromatic C-H stretch (terminal group)

3326 VW 3502 m - - 3500 m OH stretch (chain ends)

vs: very strong; s: strong; m: mean; w: weak and vw: very weak.

1659 and 1675 cm ™' could correspond, respectively, to
antisymmetric quadrant ring stretch within the chain lattice
and in terminal groups. The latter localised at 1701 cm ™' is
attributed to antisymmetric ring stretch. Other peaks are
mainly reduced to disappear at 1696 and 1900 cm ™~ ' where
C-C inter-ring stretch and C=C vinylene stretching became
inactive as the alkoxy groups attached to the phenyl ring
have just prohibited these vibrations. In high frequency
range, a great similarity was observed except that the
intensity of aromatic C—H stretching of terminal groups is
considerably decreased.

The main results derived from this refined Raman
calculations show that, in the two cases, the strong Raman
intensities are especially caused by C=C and C-C of
phenyl ring stretching accompanied by C=C vinylene
stretching detected, respectively, at around 1551, 1590

and 1634 cm ™', These vibrations become stronger in the
case of alkoxy substituted PPV-ether showing a more
conjugated character in a well defined structure. As it can
be noticed from Fig. 10, although, the small shift of
theoretical spectra to higher wavenubers, the main
difference between the spectra of the two co-polymers is
the appearance of two new peaks; the first was located at
1281 cm ™' attributed to in plane C—H vinylene wagging
and antisymmetric C-C aromatic stretch whereas, the
second peak associated to aromatic C=C stretch appear
towards 1447 cm~'. In addition, to confirm the proposed
assignment for infrared spectra of PPV—ether, theoretical
vibrational calculations were performed. A least squares
fitting procedure with minimising standard deviation X
was applied in order to adjust the calculated wavenumbers
to the experimentally recorded values.
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Experimental and calculated wavenumbers (7) of Raman bands for PPV—ether and C;_4PPV—ether

PPV—ether C,_4PPV—cther Assignments
Exp. Freq. I Cal. Freq. I Exp. Freq. I
(em™ 1) (cm™ ") (em™ ")
- - - - 601 w C-C stretching of phenyl ring
963 VW 753 VW 963 w C-H trans—vinylene out of plane bending
- - - - 1111 m In plane C—C stretch
1172 M 1086 m 1175 VW Aromatic C—H in plane bending
- - - - 1281 s In plane C-H vinylene wagging + antisymmetric
aromatic C—C stretch
1325 W 1213 W 1312 s Aromatic C-C stretching
1416 VW 1279 w 1407 VW Aromatic and vinylene C-H bending
- - - - 1447 VW Aromatic C=C stretching
1551 w 1581 M 1550 VW C=C stretching of the phenyl ring
1590 s 1630 S 1586 vs Aromatic C-C stretching
1634 w 1711 M 1626 w Vinylene C=C stretching
vs: very strong; s: strong; m: mean; w: weak and vw: very weak.
172 2
l N i i 2 ! Fop = a—¢
X = |5 D2 ntp =) e = | gra),
i=1

Where wiy, and wi,. are the observed and the calculated
wavenumbers of the vibration i, respectively, and N is
the number of observed wavenumbers. The X value is
found to be 31 cm ' for PPV—cther and 40 cm ™' for
C,_4PPV—ether. The set of in-plane force constants
resulting from the optimization process is given in
Table 8. With the internal coordinates already dis-
cussed, we defined in-plane vibrations of the two co-
polymers.
The force constants are defined by:

where @ is the potential energy, R and R’ are two internal
coordinates.

The parameters which reflect the electronic structure of
the backbones are especially those corresponding to the
PPV motives. The semiempirical relationship between
carbon—carbon bond length and the corresponding stretch-
ing force constants is defined as:

Fe_ca(l/réc)

In fact, all chemical and structural changes occurring upon
grafting alkoxy substitutent on aromatic ring of PPV—ether

=
s
3
g (d)
£
2
2 (c) M
j‘ \ qﬂ
| A VA J\f\ﬂ/\ﬂ
v T T T T T T T T T T T T T T
400 800 1200 1600 2000 2400 2800 3200

Wavenumber (cm'l)

Fig. 9. Infrared: (a) theoretical spectra of PPV—ether, (b) experimental spectra of PPV—ether; (c) theoretical spectra of C;_4PPV—ether and (d) experimental

spectra of C;_4PPV—ether.
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Raman Intensity (a.u)
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R (b)
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Fig. 10. Raman: (a) theoretical spectra of PPV—ether; (b) experimental spectra of PPV—ether and (b) experimental spectra C;_4PPV—ether.

should give rise to significant modification of force constant.
We note firstly, that the optimized values reflect the
different bond orders where the force constants relating to
aromatic ring correspond to an average between those of

carbon inter-ring and the carbon of vinyl groups. Moreover,
it should be pointed out that the alkoxy substuting results in
a little decrease of C=C vinyl (C;g—C;9, C26—C57 and Cz4—
C;5) force constant accompanied by an increase of the force

Table 8
Force constant (Millidyne/Angdstrom) of PPV—ether and C,_4PPV—ether

PPV-ether C,_4PPV—ether

Foi_c2=5.28 Fea7-cos=5.41 Foi_c2=5.25 Fea7-c28=5.53
Feoc3=4.59 Feog c20=5.89 Feoc3=4.58 Feog c29=5.61
Fes04=4.97 Fc20_c30=16.66 Fc3_04=35.05 Fcao-c30=6.48
Fc4 c5=5.10 Fc30-c31=6.00 Fc4 c5=5.03 Fc30-c31=6.09
Fes_ce=4.59 Fc31-¢32=5.90 Fes_ce=4.80 Fe3i_c32=5.65
Fee-c7=6.41 Fe3rc33=06.66 Fee-c7=6.26 Fesnc33=6.47
Fer-c8=6.45 Fc33_c23=16.00 Fcr-c8=6.46 Fe33_c23=6.09
Feg co=6.14 Fc3i_c34=5.39 Fcg co=06.01 Fc3i_c34=5.52
Fco c10=6.08 Fesac3s=9.17 Feoc10=5.73 Fesac35=9.07
Fcioc11=6.52 Fe3sc36=5.33 Fcio-c11=6.19 Feis c36=5.44
Feci1-c6=6.30 Fc36-c37=6.00 Fcii-c6=6.71 Feagc37=5.67
Feoc12=5.09 Fe37-c33=6.52 Feo_c12=4.95 Fe37-c38=6.35
Feizc13=6.02 F3g c30=6.36 Fciac13=5.64 Fesg c30=6.44
Fci3_c14=6.61 Fc3o_ca0=16.28 Fci3_c14=6.42 Fc3o_ca0=06.12
Fcia-c15=6.00 Fea0-c41=16.57 Fciac15=6.15 Fca0-c41=16.40
Feisc16=5.99 Fea1-c36=16.01 Feisc16=5.82 Feai-c36=06.13
Fcis-c17=6.54 Fe3o-car=4.56 Feis-c17=6.39 Fe3o-caz=4.80
Fci7_c12=6.14 Fear_043=4.91 Fci7-c12=06.12 Fear_043=4.32
Fcis-c13=5.36 Fo43_caa=4.96 Feis-c13=5.51 Fos4z_cas=4.71
Fcig_c19=9.14 Feascas=4.64 Fcig_c10=9.03 Feascas=4.54
Fcio-c20=5.39 Feasca6=6.31 Fcio_c20=5.51 Feasca6=06.17
Fc20-c21=5.90 Fca6-ca7=6.50 Fca0-c21=5.62 Fcas-ca7=6.39
Fca1-c22=06.66 Fear-cag=6.25 Feai_c2=6.48 Fear-cag=6.25

Fecarc23=16.00
Fca3_c24=5.89
Feaa c25=06.66
Feas_co0=16.00
Feaacos=5.41
Feasc27=9.10

Fcag_ca9=16.28
Feao_c50="6.46
Fecso-cas=6.37
Feag-c51=3.38
Fesi_cis2=2.46

Feorc23=6.07
Fca3_c24=5.63
Fcoac2s=647
Fcas_c20=6.09
Feai_c6=5.54
Feasca7=8.98

Fcag_ca9=06.05
Fcao c50=6.22
Feso-cas=6.66
Feagc51=4.52
Fesi-a52=2.29
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constant related to C—C interring (C;5—Cg, C19—Czg, Co3—
Cig, Cp7—Cag, C31—C34 and C35-Czg). In addition, the
substituted ring is characterized by an important decrease of
C=C force constant (with butoxy and methoxy group
substituted carbon; e.g.: C,—C;3, C3—Cy4, C15—Cig, Ci6—
Ci7). And the others remain fairly unchanged. The above
results are very consistent with experimental data and the
already modifications observed in Raman and infrared
spectra of the two compounds with taking into account
experimental conditions.

4. Conclusion

We set up a theoretical model where our calculations
suggest a good correspondence between the excitation
energies and the optical properties, obtained by CIS/3-
21G(d), calculated in the present work and the experimental
data. In fact, this study suggests that the geometric
optimized structures obtained by the DFT method are
more accurate than those obtained by using AM1 and HF.
The DFT can, thus, be reliably used in single chain property
calculations and in studies on bulk material properties
containing structural units studied in this work. The
introduction of alkoxy substituents (butoxy and methoxy
groups) on phenylene ring was found to have a large effect
on the PPV—ether co-polymer properties. In addition to the
modification in geometric parameters, the substitution of
electron donating on the phenyl ring destabilized the
HOMO and LUMO levels with decreasing the oxillator
strength where the degree of delocalisation were obtained
from the DFT charge distribution and a red shift was
observed in the absorption and emission spectrum of the
substituted co-polymer. The analysis of vibrational features
and the derived force constant argue very well for the
proposed structures showing the effect of substituted alkoxy
groups. This study has been shown to yield remarkably
reliable band structures for a wide variety of conjugated
polymers, including those with heteroatoms.

This approach can be used to study fruitfully the
perturbations induced by doping along the polymeric
chains. Further theoretical investigations are necessary in
order to advance our understanding of the interface
phenomena in polymer LEDs.
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