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Abstract

In this paper, we report first, a synthesis andspa} properties of a recent soluble polymer based
thiophene and phenylene. Then, we present a dbfaid study based on B3LYP/6-31G* of geometrical
structures and electronic properties of a seriegigbmers.

Calculated results are compared with experimerdgigh énd based on such comparison we try first, to
investigate the effect of the increase of molecdlarensions on the various properties and therbtaito a
gualitative understanding the properties of the/melr.

1. Introduction

Conjugated polymers have gained much interest asval class of semi-conductors and are frequently
studied because of their interesting optical aedtebnic properties [1]. One of the most importiators

of controlling physical properties is the band gahich is a current topic of research. Polymerdaitiow
band gap are, in particular, desired in optoeleatrapplications such as LEDS or solar cells [2].

In the categories of conjugated polymers, polythape and polyphenylene occupy an important position
In the past decade, extensive and intensive studige been devoted to the synthesis, charactenzati
physical and chemical properties and to a variéthese materials. Copolymers containing both plesrey
and thiophene units have also proved to be ofé@stdn combining the properties associated withtte
different conjugated rings [3]. More recently, ogiroup has developed a new molecular design and
synthesis, i.e. thiophene/phenylene (TP) diblockjwgation [4]. These copolymers represent a very
interesting class of materials and exhibit a strdlmgrescence when exposed to the visible light. To
improve solubility of copolymers, new substitutedpolymers with different lateral chains, have been
synthesized [5]. These substituted new materiatsvaliew interesting optical properties. It is knotiat

the ortho position substitutions of the phenyl nmgdify the degree of conjugation. Through symnoatly

and asymmetrically incorporating long flexible allgeside chains onto phenylene backbones, i.e. stgdy
the effect of the side chains as well as the symnudtthe repetition of the unit on the physicabjperties of
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the resulting polymers have been extensively cedlif6]. The effects of these alkoxy side chainsrare
only to give good solubility to the polymers, bis@ato improve their photoluminescence (PL) quantum
yields [7].

In order to understand well the optical and elegtr@roperties and hence the improvement of sueites

in which conjugated polymers are used as activeré&ayRaman spectra can provide structural infoonati
On the other hand, photoluminescence can ofterrdalg enhanced by increasing the intrinsic stief

a polymer backbone or by inducing large bulky sieups to weaken intermolecular interactions. The
emission spectrum of a conjugated polymer depeadgdly on itst—* band gap, which can be tailored
using different structures [8].

In order to rationalize the experimentally obserypedperties of known materials and to predict thoke
unknown ones, theoretical investigations on thecsiires and electronic spectra and emissive pliepest
these materials are indispensable. In the pastddecab initio and semi-empirical levels were agblio
analyze various properties of thiophene-based ratdec(oligomers and polymers). The semi-empirical
PM3, AM1 and ZINDO approaches were used to caleudéctronic structure of molecules based on
thiophene and/or phenylene [9]. The conformatioaalysis and optical properties of symmetrically
distributed terthiophenes were performed by Nic@éSésare and co-workers using the ab initio HF/3-
21G method [10]. However, it is very difficult to usehigh level of theory with, the growing molecular
size from monomer to oligomers, to treat theseesyst Recently, methods based on density functional
theory (DFT) [11] were found attractive due to thigiatures of including the electronic correlationa
computationally efficient manner and can be usddrier molecular systems.

In this work we study the electronic structure apdical absorption of a recent soluble polymer shgw
very good absorption properties. The schematiaupecof the polymer can be seen in Fig. 1. Calcdlate
results are compared with experimental data anddbas such comparison, we try first to investigaee
effect of the increase of molecular dimensions fw arious properties and then to obtain a quakat
understanding of the polymer properties.

/N
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R= CH2CH20C4H 10
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Fig. 1. The chemical structure of the studied copolymer

2. Experimental and computations

Gel permeation chromatography (GPC), infrared aath&h Spectroscopy were used to determine the
chemical structure of the resulting copolymers. Bampectra were registered on a Fourier Transformed
(FTR) spectrometer Brilker RFS 100, using a lasaeleagth at 1060 nm with a 4 chresolution. UV-

Vis spectra were recorded on a RM®&afas spectrometer and emission spectra on an/ShMeo MC 200
spectrometer. Spectra of copolymers dissolved iforoform (CHCE) were recorded at ambient
temperature. The macromolecular characteristice wbtained by steric exclusion chromatography (SEC)
or (GPC) in THF using polystyrene as standard.

Concerning the theoretical part, the quantum catmnis were performed using Gaussian 03
program [12]. The geometries of the resulting comiers were optimized at the DFT level of three-
parameter compound functional of Becke (B3LYP) [T3je 6-31G* basis set was used for all atoms. We
have also examined HOMO and LUMO levels; the engay is evaluated as the difference between the
HOMO and LUMO energies. The ground state energnek ascillator strengths were investigated using
ZINDO method starting with the fully optimized geetnes obtained at B3LYP/6-31G* levels. In fact,
these calculation methods have been successfylliedito other conjugated polymers [14].
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3. Results and discussion

Synthesis, characterization and properties

Copolymer synthesis

The synthesis of the thiophene /phenylene copolyubi(TPdiox) was achieved, as shown in Fig. 3,ab
polycondensation reaction using equimolar amour,fbis-(tributylstannyl)-thiophene and 1,4-diatio
2,5-dibromophenylene, in a 1:1 THF:DMF mixture Ire tpresence of Pd(P§h(1 mol%) as the catalyst.
After reaction, the polymer was purified by pretagion upon addition of methanol.

Analytical data, elemental analysisl NMR and FT-IR reported in ref [15] are consisteith the structure
(C6H2g06S). The polymer was soluble in organic solvents (TEBHCL). The molecular weights of the
copolymer were evaluated through gel permeatiororohtography (GPC) calibrated by polystyrene
standard. The number-average molecular weight @the synthesized copolymer poly(TPdiox) was 1556
(Mw/Mn = 2.57). Thus, we note that this copolymedhibits a relatively high molecular weight with
polydispersity index (Mw/Mn) value equal to 2.57iridicates an average degree of polymerizatiom{DP
of 29 corresponding in average to 58 consecutiegrating aromatic rings (Table 1).

OR
BU3$@% Bu; + Br —Q—Br
S
RO

l DMF/THF

Oy

RO
R= CH2CH20C4H 10

Fig. 2: synthesis of the copolymer

Table 1: Gel permeation chromatography (GPC) analyses

GPC results M M,, I= M,/M, DPn Number of
cycles
11556 29771 2.57 29 58

For a better understanding of the relationship betwthe copolymers structure and their vibraticral
optical properties, we discuss in the following tset Raman scattering, infrared absorption, UV-vis
absorption and PL emission results.

Spectroscopy results

We have showed that in the case of our copolymeena strong peak located at 1446 tmlominates the
normalized Raman spectra (Fig. 3). On this basd fiom an examination of characteristic mode
frequencies [16], we assigned this peak at 1448 enainly to the symmetric ring-stretching mode of
thiophene. The other peak at 1604 tns attributed to the para-phenylene ring-stretghinode. Peaks
observed between 1000 and 1400°care much weaker in intensity than those obserteti4d6 and
1605 cm’, leading then to alternative assignments in paleicconcerning C—C bridge rings.

In order to achieve the relationship between strattproperties for different copolymers, we staldibeir
optical characteristics (UV—-vis absorption and Phission) and even their optimization geometriedhwit
density functional theory (DFT) calculations.
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Fig. 3. Raman spectra of the copolymer

Optical and photoluminescence properties

Fig. 4 shows the absorption and the emission speetorded measured in CH@t room temperature. The
UV-vis absorption and PL emission maxima of theotgmer are quoted in Table 2 together with their
optical band gap estimated by the absorption omagtlengths. The poly(TPdiox) exhibits an absorptio
spectra where the maximum absorptign appears at 464 nm, which is assigned to the eledonating
alkoxy substituents on the phenylene ring [17].sNalue is very similar to those observed for rezgalar
polyalkylthiophenes [18]. On the other hand, thesatnof absorption, which corresponds to an
approximation of the band gap, is estimated to 88 8V. An important red shift of the absorption
maximum was recorded and attributed to a highernmanjugation length in the solid state and to
interchain electronic coupling. Truly in the solgfate, intermolecular interactions favor the coatan
arrangements of the aromatic rings that may beoressble for the observed enhanced conjugation

a) absorption spectrum
b) b) emission spectrum
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Fig. 4.Optical absorption and photoluminescence specttieo€opolymer
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Table 2: Optical properties of the copolymer

In solution . .
(CHCE) In solid state Optical
Aaps (NM) 3 Aem (NM) Aaps(Nm) Aem(NM) Band gap (eV)
464 25250 560 504 625 2.38

Concerning the PL emission properties of the capely (Fig. 4), spectra show typical vibronically
structured bands with a maximum, a shoulder argilaTthe PL spectra of poly(TPdiox) are red-shifted
(den= 560 nm) resulting in a green emission. The reft ehthe PL spectra could be related to interohai
interactions. As observed for absorption, the pliotthescence maximum is red-shifted in the soldesin
comparison to the solution. An orange-red photoh@stence maximum appeared in the range 610-625 nm
in the solid state.

Theoretical results

Geometric parameters

The optimized ground state geometries of (TPgigx=1, 2, 3 and 4) obtained at the B3LYP/6-31G*lev
are given in Fig. 5. The optimized inter-ring boedgths and dihedral angles between the suburéts ar
summarized in Table 3 and Table 4.
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Fig. 5: Optimized structures obtained by the B3LYP/6-318dl for (TPdiox) (n =1-4)
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Table 3: Inter-ring bond lengths (dof (TPdiox), (n =1-4) obtained by B3LYP/6-31G*

ch(A) do(A) ds(A) da(A) ds(A) de(A) do(A)

n=1 1.470
n=2 1.468 1.164 1.467
n=3 1.468 1.464 1.465 1.464 1.467
n=4 1.468 1.464 1.464 1.463 1.464 1.464 1.467
Table 4: Dihedral anglesf) of (TPdiox), (n =1-4) obtained by B3LYP/6-31G*
01(°) 62(°) 0(°) 04(%) 0s(°) 06(°) 0:(°)
n=1 27.7
n=2 22.0 154.5 22.8
n=3 25.0 152.7 21.3 152.4 22.8
n=4 23.3 154.0 20.6 159.0 20.8 154.0 22.6

The results of the optimized structures for theotgmeric molecules show that all molecules possess
planar structures. The results show that the iibgr-bond lengths and bond angles do not suffer
appreciable variation with the oligomer size ansluiggests that we can describe the basic struatiitee
polymers as their oligomers. As shown in Tableh&, inter-ring bond length {dphenylene and thiophene
ring are in the average of 1.485 The dihedral angle®i(i = 1 — 7) are collected in Table 4. The inter-ring
torsions between thiophene and phenylene in the afthe longest oligomer (TPdiax)were evaluated to
be abou®, -23.3°,6, -154°,0; -20.6°,0, - 159°, 65 - 20.8°,0, - 154°,0; -22.6° rather tha® = 27.7° as
occurs for TPdiox. It is obvious that the torsiomgle constitutes a compromise between the effect of
conjugation on crystal packing energy, which fagoarplanar structure, and the steric repulsion é&etw
hydrogens which favours a non planar structure.[T®f effect of alkoxy groups grafted on 2 and 5
position of phenyl ring is clearly seen. We cancethat in the case 6f(i = 1, 3, 5, and 7) the values &f
are smaller than those obtained in the ca®® (@©f 2, 4 and 6). We believe that this differencewsng to
attractive interaction forces taking place betwé#®n oxygen atom and the sulphur atom in the opposit
thiophene ring in the case 6f(l = 1, 3, 5, and 7) as suggested previously byli&et al and Lerich et al
[20]. (Fig. 6). The effect will reduce the effe@ivconjugation of the polymer. On the other hane, th
stronger electron donating effect of alkoxy groigoeesponsible for the reduction of the dihedrajles®..
The conjugation across phenylene and thiophenesgery well with experimental results [21].

Fig. 6: Intramolecular interactions between S and O arigateld by dotted lines.

Electronic properties
Front molecular orbitals and HOMO-LUMO gaps.

It is important to examine the HOMO and the LUMQ these oligomers because the relative
ordering of occupied and virtual orbital provideszasonable qualitative indication of excitatioogerties
and the ability of electron hole transport. In gaheas plotted in figure 7, the HOMO possesses an
antibonding character between the consecutive stshuahereas the LUMO of all oligomers generally
shows a bonding character between the subunits.
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Fig 7: The HOMO and LUMO orbitals of (TPdioxpbtained by B3LYP/6-31G*

The experiment showed that the HOMO and LUMO emsrgvere calculated from an empirical
formula proposed by Brédas et al. [22], based enotiiset of the oxidation and reduction peaks medsur
by cyclic voltammetry. But theoretically speakirtge HOMO and LUMO energies can be calculated by
DFT calculations. However, it is noticeable thalicsetate packing effects are not included in theTD
calculations, which tends to affect the HOMO andM® energy levels in a thin film compared to an
isolated molecule as considered in the calculatiBuen if these calculated energy levels are natirade, it
is possible to use them to get information by cammgesimilar oligomers or polymers.

For a better understanding of the electronic prtgeeof the studied oligomers, we present in Table
the calculated HOMO and LUMO energieg, & LUMO-HOMO and include experimental data. In thgor
the band gap of the polymer is the orbital eneiifferénce between the highest occupied moleculaitair
(HOMO) and the lowest unoccupied molecular orbftalMO) when the repeated unit number is infinite
[23]. Our HOMO-LUMO gaps are obtained from the dgnfainctional theory (DFT) calculations.

Table 5: The HOMO, LUMO and HOMO-LUMO gaps energies (eV) of(TPdiox), obtained by B3LYP/6-31 G*

Oligomer HOMO (eV) LUMO (eV) Bp(eV)
n=1 -5.20 -0.85 4.35
n=2 -4.78 -1.38 3.40
n=3 -4.63 -1.54 3.09
n=4 -4.53 -1.66 2.87

= © 2,41
Exp 2.38

Fig. 8 displays the evolution of the calculated HOMNd LUMO energies as a function of reciprocalcha
length for the series of (TPdigx)lt is known thatin the case of the-conjugated systems, the HOMO
energies destabilized with the increasing of thejugmtion length, whereas the LUMO energies deegkas
[24]. The results indicate that the chain lengtipaifymers has more effect on electronic transition.
Interestingly, for our copolymer, we observed gampteements between the calculated HOMO-LUMO
gaps and experimental data. In Table 5, it caraprtate the HOMO-LUMO gaps energies to the infinite
chain length. There is a good linear relation (abde 0.99) between the energy gap and the inverse cha
length. The obtained value (2.41 eV) is close ®dhkperiment datum 2.38 eV. The optical band gaps a
derived from the absorption edge of a polymer ftin for (TPdiox ),. The observed deviation is not more
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than 0.03 eV. The principal factor responsibletfos deviation is that the predicted band gapsf@r¢he
isolated gas-phase chain [26].
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Fig. 8: The HOMO and LUMO energies obtained by B3LYP/6-315*a function of reciprocal chain
lengthn in oligomers of (TPdiox)

Absorption properties

The ZINDO method has been used on the basis obptienized geometry to obtain the energy of the
singlet—singlet electronic transitions and absorppropertiesXmay Of all oligomers (TPdiox)under study.
All electronic transitions are of the-n* type and no localized electronic transitions @xbibited among the
calculated singlet—singlet transitions.

The maximum absorption wavelengdtfsfor every oligomer, the corresponding oscillativessgth f (given

in parentheses) and the available experimentalatataxhibited in Table 6.

Table 6: Absorptionips (NM) and the corresponding oscillator strengtlo{ligomers (TPdiox)obtained
by the ZINDO method and the experimental valuehefcopolymer poly(TPdiox)

Oligomer Amax(NM) E: (eV) f
n=1 336.86 3.68 0.53
n=2 415.58 2.98 1.25
n=3 446.64 2.77 1.84
n=4 469.69 2.64 2.28
n= o 506,72

Exp 504.00

Excitation to the Sstate corresponds almost exclusively to the prmmaif an electron from the
HOMO to the LUMO. As in the case of the oscillagtrength, the absorption wavelengths arising from
S—S; electronic transition increase progressively witte increasing of conjugation lengths. It is
reasonable, since HOMGLUMO transition is predominant ingS>S; electronic transition and as analyzed
above that with the extending molecular size, tt@MD-LUMO gaps decrease. We typically see a red
shift Amaxincrease) as the conjugation length increases §836m for TPdiox; 415.58 nm for (TPdigx)
446.64 for (TPdioxyand 469.69 for (TPdio¥) This is an effect of atomic orbital interacting agréating
molecular orbital that are split in energy. Theulssare a decrease of the LUMO and an increagbheof
HOMO energy.
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These values are calculated by ZINDO method stantifith optimized geometry obtained at
B3LYP/6-31G* level. However, we believe that thdkoof intermolecular effect must be taken into agto
when considering the polymers with long chain. Aftensidering this effect, our calculations arey@aod
agreement with the experimental valuksg,{ (solid) = 504 nm). The deviation between the dakion and
the experiment data is not more than 35 nm. Thezethe procedures of theoretical calculations give
good description of opto-electronic propertiested studied oligomers and can be employed to préufict
electro-luminescence characteristics of other riadser

These results lead us to suggest that the londigetner (TPdiox) is a good model to reflect
optoelectronic properties for the parent polymer.

Conclusion

A new soluble copolymer based on thiophene andybea was prepared by condensation.

This copolymer seems to be suitable for organictedaic applications. This new material exhibitsvéy
molecular weight and high photoluminescence, makiag an attractive candidate for light-emittingae
applications.

Theoretical studies, based mainly on density foneti theory (DFT) calculations, are performed teesal
oligomers (TPdiox)(n=1-4). Calculated results are in good agreemghtexperimental data. These results
lead us to suggest that the longest oligomer (T9glis a good model to reflect optoelectronic progsrti
for the parent polymer.

Acknowledgements

This work has been supported by the AUF organinatiRef. 63/3PS589) and by CNRST/CNRS N°22579
cooperation (Project chimiel009). We are gratefol the “Association Marocaine des Chimistes
Théoriciens” (AMCT) for its pertinent help conceargithe programs.

References

1. Skotheim, T.A. (Ed.), Handbook of conductingypeérs, Marcel Dekker, New York, (1986); Advances
in Synthetic Materials, Twenty Years of progressSciences and Technology, Edité par Bernier,
Lefrant et Bidan, Elsevier (1995); Special issuas molecular materials for electronic and
optoelectronic devices Ac€hem. Res32(1999) 191.

2. Snaith, H.J., Greenham, N.C., Friend, RAtly. Mater 16 (2004) 1640 ; Kim, Y., Cook, S., Choulis,
S.A., Nelson, J., Durrant, J.R., Bradley, D.D.Chem. Mater16 (2004) 4812; Spanggaard, H., Krebs,
F.C.,Sol. Energy Mater. Sol. Cell83 (2004) 125.

3. Damman, P., Dosiéere, M., Brunel, M., Wittman.,JJ. Am. Chem. Sacl19 (1997) 4633 ; Hotta Shu,
Goto Midori, Azumi Reiko, Inoue Masamitsu, IchikaMasubu, and Taniguchi Yoshi@hem. Mater,

16 (2) (2004) 237; Hotta, S.; Kimura, Lee, H., Tamaki A.,J. Heterocycl. Chem37 (2000) 281;
Hotta, S., Katagiri, T.J. Heterocycl. Chem40 (2000) 845.

4. Bouachrine, M., Bouzakraoui, S., Hamidi, M., 8gg S., Alimi, K., Lere-Porte, J-P., Moreau, B.11.,
Synth., Met.145(2004) 237.

5. Sarker, H., Ong I., Shuker S., Searson P. @hleoT. O.Synth. Met.108 (2000) 33; Sarker Haripada,
Ong Ivan W., Searson Peter C. and Poehler Thedlo&ynth. Met.113(2000) 151.

6. Pei, J., Yu W. L., Huang WMacromolecules33 (2000) 2462; Pei Jian, Yu Wang-Lin, Huang Wei and
Heeger Alan J.Synt. Met.105(1999) 43.

7. Mushrush, M., Facchetti A., Lefenfeld M., KatzH, J.Marks T. J.Am. Chem. Socl25 003) 9414 ;
Gallazzi M. C., Tassoni L., Bertarelli C., Piogdi®, Di Francesco F., Montoneri ESensors and
Actuators B: ChemicaB8(2003) 178.

8. Pei, J., Yu W. L., Huang WMacromolecules33 (2000) 2462 ; Nisoli M., Pruneri V., De Silves8i,
Magni V., Gallazzi A. M., Romanoni C., Zerbi G.,t#d5., Chem. PhyslLett.,220(1994) 64.

9. Can Muzaffer, Sevin Fatma and Yildiz Attilapplied Surface Science210 (2003)338 ; Dos Santos
D.A., Galvao D.S., Laks B.and Dos Santos M&nth. Met51 (1992) 203 ; Belletéte M., Leclerc M.
and Durocher G.J. Phys. Chem98 (1994), 9450 ; Aleman C., Domingo V.M., Fajari Qylia L.and
Karpfen A.,J. Org. Chem 63 (1998) 1041.

301



J. Mater. Environ. Sci. 1 (S1) (2010) 293-302 Zgou et al.

10. DiCésare Nicolas, Belletéte Michel, Leclerc Mand Durocher Gilleslournal of Molecular Structure
(THEOCHEM) 467 (1999) 259 ; DiCésare Nicolas, Belletéte MichelnBeBouillud Anne, Leclerc
Mario and Durocher Gillesjournal of Luminesceng81(1999) 111.

11. Grozema, F.C., Candeias, LP., Swart, M., Vannen, P., Wildemen, J., Hadzianon, G.,Chem.
Phys, 117(24) (2002) 11366; Briere Jean-Francois and Cotsh#liJ. Phys. Chem. ,B08(10) (2004)
3123-3129; Ding Yungiao, Feng Dacheng, Feng Shenglyang Jie and Xie Jiolymer 47 (2006)
368 ; Honda Kotaro, Furukawa Yukio, Nishide HirojuWibrational Spectroscopy40 (2006) 149;
Bouzakraoui, S., Bouzzine, S.M., Bouachrine, M.jrith, M., J. Mol. Struct. (THEOCHEMY;25
(2005) 39; Bouzzine, S.M., Bouzakraoui, S., Bousehr M., Hamidi, M., J. Mol. Struct.
(THEOCHEM) 726 (2005) 269.

12. Frisch, M.J., Trucks, G.W., Schlegel, H.B., &mia, G.E., Robb, M.A., Cheeseman, J.R., Zakrzewsk
V.G., Montgomery, J.A., Stratmann, R.E., BuranR.JDapprich, S., Millam, J.M., Daniels, A.D.,
Kudin, K.N., Strain, M.C., Farkas, O., Tomasi, Barone, V., Cossi, M., Cammi, R., Mennucci, B.,
Promelli, C., Adamo, C., Clifford, S., Ocherski, Betersson, A., Ayala, P.Y., Cui, Q., Morokuma, K.
Malick, D.K., Rabuck, A.D., Raghavachari, K., Fares, J.B., Cioslowski, J., Ortiz, J.V., Stefanov,
B.B, Liu, G., Liashenko, A., Piskorz, P., Komarotnj,Gomperts, R., Martin, R.L., Fox, D.J., Keith,
Al-Laham, M.A., Peng, C.Y., Nanayakkara, A., GoezalC., Challacombe, M., Gill, P.M.W., Johnson,
B.G., Chen, W., Wong, M.W., Andres, J.L., Head-Gord M., Replogle, E.S., Pople, J.A.,
GAUSSIAN98, Revision A 7, Gaussian Inc., Pittsburgh, F2Q03).

13. Lee C,, Yang, W., Parr, R. ®hys. Rev., B7(1993) 785.

14. Yang, L, Feng, J., Ren, Rplymer 46 (2005) 10970.

15. Silva, R.A., Serein-Spirau, F., Bouachrine, Mere-Porte, J.-P., Moreau, J.J.E. Mater. Chem.14
(2004) 1.

(2010)http://www.jmaterenvironsci.com

302



