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A theoretical investigation of the electronic structure and optical and charge-transport properties of
polythiophene chains incorporating thienothiophene units is reported. Such polymers exhibit a better
stability and, in some cases, a larger hole mobility than poly-3-hexylthiophene (P3HT). Quantum-chemical
calculations have been performed on oligomers of increasing chain length to establish the changes in the
electronic and optical properties when going from P3HT chains to the new derivatives. We have also
estimated important molecular parameters governing charge transport in organic semiconductors (i.e.,
internal reorganization energies and transfer integrals) to determine whether the molecular structural
changes along the polymer backbones are likely to be responsible for the increase in the hole mobility.

1. Introduction highly ordered lamellae that favor efficient charge transport
between the chain® However, problems of stability in air

Conjugated polymers are widely investigated in the due 1o electrochemical and photooxidati d
growing field of organic electronics. The easy and low-cost ue to electrochemical and photooxidation processes reduce
the electrical performanctsnd thus new materials with

processing techniques and the ability to print over large areas, » .
and tune the functionality of the material (e.g., the charge |mprp_ved stgb|l|ty are r.equ.|red. A. measure of the .polymer
mobility) make them very attractive for use as active layers Sta.b'“ty against oxidation IS the |op|zat|on potential (IP),
in devices such as thin-film transistors (TFFs). The defined as the energy requw'ed .to eject an electron out of a
performance of TFTs depends on several parameters relate({i]eUtral atom or molecule in !ts 'ground sFé‘igAt the

not only to the geometry of the device and the morphology _quantum_-chemlcal I_evelz the |<_)n|_zat|on potential is estimated
of the material but also on some intrinsic properties, such in very first approximation within Koopman_s theorem as
as the environmental stabilityA large number of semicon- the absolute v_alue of the energy of the hlghggt occupied
ducting polymers have been used in TFTs; among them,molecular Orb'tal. (HOMO}: Hence,. thg stability of a
regioregular poly(3-hexylthiophene) (P3HT) has led to some polymer can be improved by lowering its HOMO level,

of the highest charge carrier mobilities reported for holes which translates into an increase in its ionization potential.
for solution-processible polymeric systems (around 0.1 cm Several experimental approaches have addressed schemes

V-1 5796 The high mobility is intimately linked to the ~t© Modify the IP of poly(alkylthiophenesj. > Recently, the
packing of the polymer chains, which self-organize into synthesis of two new regiosymmetrical, air-stable thiophene-

(7) (a) Prosa, T. J.; Wikomur, M. J.; Moulton, J.; Smith, P.; Heeger, A.
J.Macromoleculed992 25, 4364. (b) Sirringhaus, H.; Brown, P. J.;
Friend, R. H.; Nielsen, M. M.; Bechgaard, K.; Langeveld-Voss, B.

* Corresponding author. E-mail: milianb@averell.umh.ac.be.
T University of Mons-Hainaut.
* University of Surrey.

§ Merck Chemicals. M. W.; Spoering, A. J. H.; Janssen, R. A. J.; Meijer, E. W.; Herwig,
#Current address: Institut de ®ieia Molecular, University of Valencia, P.; de Leeuw, D. MNature 1999 401, 685.
46100 Burjassot (Valencia), Spain. (8) (a) Hutchison, G. R.; Ratner, M. A.; Marks, T.Jl.Am. Chem. Soc.
U Current address: Department of Chemistry, Imperial College London, SW7 2005 127, 16866. (b) Coropceanu, V.; Cornil, J.; da Silva Filho, D.
2AZ, United Kingdom. A.; Olivier, Y.; Silbey, R.; Brelas, J.-L.Chem. Re. 2007, 107, 926.
(1) Katz, H.; Bao, ZJ. Phys. Chem. B00G 104, 671. (9) (a) Meijer, E. J.; Detcheverry, C.; Baesjou, P. J.; Van Veenendaal,
(2) Dimitrakapoulos, C.; Malenfant, dv. Mater. 2002 14, 99. E.; De Leeuw, D. M.; Klapwijk, T. MJ. Appl. Phys2003 93, 4831.
(3) Chabinyc, M. L.; Salleo, AChem. Mater2004 16, 4509. (b) Taylor, D. M.; Gomes, H. L.; Underhill, A. E.; Dedge, S.;
(4) Horowitz, G.J. Mater. Res2004 19, 1946. Clemenson, P. J. Phys. D: Appl. Physl991, 24, 2032.
(5) Reichmanis, E.; Katz, H.; Kloc, C.; Maliakal, Bell Labs Technol. (10) IUPAC Compendium of Chemical Terminolognd ed.; International
J. 2005 10, 87. Union of Pure and Applied Chemistry: Research Park Triangle, NC,
(6) (a) Bao, Z.; Dobabalapur, A.; Lovinger, A. Appl. Phys. Lett1996 1997.
69, 4108. (b) Sirringhaus, H.; Tessler, N.; Friend, R Sdiencel998 (11) Koopmans, TPhysical993 1, 104.
280, 1741. (c) Wang, G.; Swensen, J.; Moses, D.; Heeger, A. J. (12) Ong, B. S.; Wu, Y.; Liu, P.; Gardner, S. Am. Chem. So2004
Appl. Phys2003 93, 6137. (d) Chang, J.-F.; Sun, B.; Breiby, D. W.; 126, 3378.
Nielsen, M. M.; Soelling, T. I.; Giles, M.; McCulloch, I.; Sirringhaus,  (13) Facchetti, A.; Mushrush, M.; Yoon, M.-H.; Hutchison, G. R.; Ratner,
H. Chem. Mater2004 16, 4772. M. A.; Marks, T. J.J. Am. Chem. So@Q004 126, 13859.

10.1021/cm071279m CCC: $37.00 © 2007 American Chemical Society
Published on Web 09/05/2007



4950 Chem. Mater., Vol. 19, No. 20, 2007 MitiaMedina et al.

HOMO

LUMO

HOMO Q‘} . /{ ‘,.’A}I/‘{
LUMO {.(H,-(J;QH ' r{
HOMO (‘{
%fq&g&gﬁ
LUMO ii‘r{;’{(}‘»rﬁif{_f :

Figure 1. Molecular structures of PBTCT, PBTTT, and P3HT oligomers and shape of the frontier molecular orbitals at the ZIND®+e2¢l The size
and color of the spheres are representative of the amplitude and sign of the LCAO coefficients.

based semiconductors incorporating isomeric thienothiophenebetween the structure and properties of these new thienothio-
units has been reported. Both poly(2,5-bis(3-alkylthiophen- phene-based chains in comparison to P3HT. The first part
2-yl)thieno[2,3b]thiophené’ containing a cross-conjugated of the paper focuses on the molecular and electronic structure
thieno[2,3-b]thiophene (PBTCT) and poly(2,5-bis(3-alkyl- of the different polymers. In the second part, we estimate
thiophen-2-yl)thieno[3, b]thiophené’ (PBTTT) show good two important molecular parameters governing charge trans-
hole mobilities (up to 0.15 and 0.70 érv ! s, respec- port in organic semiconductors (i.e., internal reorganization
tively) and improved stability to air compared to P3HT. The energies and transfer integrals) to determine whether the
improved stability resulting from an increase in the ionization structural changes are likely to be responsible for the increase
potential by 0.5 and 0.3 eV compared to P3HT, respectively, in the hole mobility; the possible origin for the increase in
has been suggested to arise mainly from the reducedthe hole mobility going from P3HT to PBTTT is then
delocalization induced by the thienothiophene aromatic rings discussed.

into the conjugated backbone, especially in the case of cross-

conjugated thieno[2,3-b]thiophene, and/or from the reduction 2. Experimental Section

in electron-donating alkyl chains in the backbdh&. The

improved degree of crystallinity. and EBTTT have been synthesizeq according to Fhe progedure
Although the synthesis and characterization of these des_crlbed in refs 16 and 1?, respectlvely._Commerc!ally available
. regioregular poly(3-hexylthiophene) supplied by Aldrich was used
compounds haye b.een rgported, few spectroscopic and/og,iihout further purification.
quarlgum-chgmlcal Investlgatlpns have been perfqrmgd to Fluorescence excitation and emission spectra of dilute solutions
de}te- The .alm of this paper IS'therefore to EStab“,Sh n 'a of the polymer chains dissolved in chlorobenzene have been
joint experimental and theoretical study the relationship recorded on a Perkin-Elmer LS 55 fluorescence spectrometer
equipped with a Hamamatsu R928 photomultiplier. The fluores-
(14) Sainova, D.; Janietz, S.; Asawapirom, U.; Romaner, L.; Zojer, E.; cence excitation spectra were recorded at a fixed fluorescence

(15) f/l%%‘mz\c‘)-cihv?'_"gziec- %h_egie“gaﬁfzﬁggng T 1 shkunoy,  Wavelength (520 nm in the case of PBTCT, and 600 nm for PBTTT
M.: Sparro(/vé', D.: Tiérnéy, SChem. Mater2005 17, 1381. " and P3HT). The excitation and emission spectra were corrected
(16) Heeney, M.; Bailey, C.; Genevicius, K.; Shkunov, M.; Sparrowe, D.; with respect to the characteristics of the excitation and detection
Tierney, S.; McCulloch, IJ. Am. Chem. So2005 127Q 1078. systems, respectively.
(17) McCulloch, I.; Heeney, M.; Bailey, C.; Genevicius, K.; MacDonald, . . . .
I.; Shkunov, M.; Sparrowe, D.; Tierney, S.; Wagner, R.; Zhang, W.; 2.2. Computational Details. The geometries of oligomers of
Chabinyc, M. L.; Joseph, Kline, R.; McGehee, M. D.; Toney, M. F.  PBTCT, PBTTT, and P3HT were optimized at the density
a8) gzio“flgf;iﬁ?gaoé’r\f-z%ine R 3 Lin E K. Fischer. D. A Richter. _functional theory (DFT) level using the Becke's three-parameter
L. J.: Lucas, L. A.; Heeney, M.; McCulloch, 1.; Northrup, J. &dv.  B3LYP exchange-correlation functional and the standard 6-31G**

Mater. 2007, 19, 833. basis set. A fully planar equilibrium structure has been assumed,
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as expected in the solid state. The size of the oligomers varies fromthe splitting estimated within Koopmans’ approximation, which
n=1ton =4 (see Figure 1). To reduce the computational costs, assumes that the orbital energies of the two units are the same, can
we replaced the alkyl chains by methyl groups in all cases. The be affected by an offset of the molecular levels prior to their
vertical transition energies to the lowest excited state were computedinteraction because of polarization effects in asymmetric structfires.
on the basis of the optimized structures with the time-dependent To avoid these artefacts, which are generally not corrected, and
density functional theory (TD-DFT) formalism using the same access the effective couplings, we have directly computed the
functional and basis set. It has been shown that B3LYP provides transfer integral by expanding the molecular orbitals in atomic
reliable geometries for organic conjugated compounds, although contributions. This can be expressed for hole transport as
the length of bonds involving heavy elements is significantly
overestimated® In spite of the lower accuracy for the-€ bond = <gu [Ny, > = zzCchsz <xulhlz,> )
lengths, spectroscopic data calculated for medium-size molecules o
with this functional were shown to be reliable for sulfur-containing Where ¢n, and ¢y, denote the HOMO orbitals localized on
organic molecule® For the sake of comparison, semiempirical molecules 1 and 2, respectivel@,, (Cy,) corresponds to the
calculations were performed using the ZINDO method (Zerner's LCAO (linear combination of atomic orbitals) coefficient associated
spectroscopic parametrization of the intermediate neglect of dif- to the atomic orbita,, in the molecular orbitaby, (¢w,). A similar
ferential overlap HamiltoniaR) coupled to a single configuration ~ expression prevails between LUMO levels for electron transport.
interaction (SCI) scheme involving singly excited configurations The matrix elementy,|hly,> is implemented in the semiempirical
generated from all occupied and unoccupiedype molecular Hartree-Fock ZINDO method that we have used as
orbitals. The ZINDO calculations were performed on the optimized 1 _
B3LYP geometries. All (TD)-DFT calculations were carried out <Kulhly,> = 5 (Ba + Be)Su ©)
with the Gaussian 03 program pack&ge.

The energies of the electronic levels and optical transitions were
extrapolated at the polymer limit from the oligomer values by
Kuhn's expressiot#24

whereffx and 5g are two parameters depending on the nature of
atoms A and B, anJ/,,S is the overlap factor between the atomic
orbitalsu andv corrected by empirical factors.

The transfer integral for holes and electrons has been estimated
in cofacial dimers made of oligomers of P3HT, PBTCT, and

E=E,,/1+ ZKcos 7 (1) PBTTT, in which the molecules are exactly superimposed and
V ko N+1 separated by a distance fixed at 3.5 A. The influence of chain length
has been analyzed by considering oligomers of PBTCT and PBTTT
whereE, is the transition energy of a formal double bohtis the with n varying from 1 to 4 and P3HT oligomers with= 1, 3, 5,

number of double bonds (considered as identical oscillators in this 7. Because cofacial configurations are rarely encountered in
model), andk'/k, is an adjustable parameter measuring the strength crystalline structures, the impact of the translation of one molecule
of the coupling between the oscillators. along its long or short chain axis has also been investigated to assess
To shed light into the charge transport properties of PBTTT and the influence of the packing geometry on charge transport. In this
PBTCT compared to P3HT, we have calculated the transfer integralscase, the alkyl chains have been replaced by hydrogen atoms in
in model systems made of two chains in interaction. The transfer order to avoid possible steric interactions between the methyl groups
integral reflects the strength of the interaction between two adjacentin our model structures.
molecules and is the key parameter governing charge mobility in ~ The second parameter that we have estimated is the reorganiza-
both the band and hopping regiffeThe transfer integrals are  tion energy that appears in the expression of charge-transfer rates
generally estimated within Koopmans’ theorem as half the splitting in a hopping regimé® This parameter is made of two components
of the HOMO (highest occupied molecular orbital)/LUMO (lowest that both introduce an energy barrier for the charge-transfer process:
unoccupied molecular orbital) levels for hole/electron transport in 27 the internal reorganization energyaccounts for the changes in
a system formed by two molecules in their ground statéowever, the geometry of the two molecules upon charge transfer and the
external reorganization energyreflects the changes in the nuclear
(19) Ma, B.; Lii, J.-H.; Shaefer, H. F., Ill; Allinger, N. LJ. Phys. Chem. polarization of the surrounding medium. We have focused here on
1996 100, 8763. the internal part, which is expected to be the most affected by the
B e e e e 2% cpomsyyipiontz, 1095 1 the moleculr opoloay of the poymer chainsis
K. W., Boyd, D. B., Eds.; VCH: New York, 1994; Vol. 2, p 313. been estimated at the DFT level using the B3LYP functional and
(22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, the 6-31G** basis set. This approach has been found to prdyide
M. A;; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, values in very good agreement with experimental data extracted
\5:;Nl\./l;eBr]wl?g(fi’,Jé?.(;:'(\)/lsl!iml\/yl.‘?.S'\ﬁl:éllr%l’]ear:]?,ag.;Si?se.éj;,om?%ye‘gé;rgsa(:g?%. from gas-phase ultraviolet photoelectron spectra for several mol-
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; ecules?®® The internal reorganization energy is calculatediias
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, (ES, — ED) + (ES" — EB'), where for instanceES, corresponds

H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; ; ihri
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. to the ene_rgy of the heutral molectilein the equilibrium geometry
E.: Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. Of the radical-cation D.

W.; Ayala, P. Y., Morokuma, K.; Voth, G. A.; Salvador, P.;

Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; 3. Results and Discussion
Strain, M. C.; Farkas, o Malick, D. K Rabuck, A. D.; Raghavachari, . ]
K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; 3.1. Molecular and Electronic Structure. Experimen-

Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;

Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. (26) Valeev, E. F.; Coropceanu, V.; da Silva Filho, D. A.; Salman, S;

tally, both PBTCT and PBTTT have an ionization potential

Gaussian 03revision C.02; Gaussian, Inc.: Wallingford, CT, 2004. Brédas, J.-L.J. Am. Chem. So2006 128 9882.
(23) Kuhn, W.Helv. Chim. Actal948 31, 1780. (27) Marcus, R. ARev. Mod. Phys 1993 65, 599.
(24) Gierschner, J.; Cornil, J.; Egelhaaf, HA#ly. Mater. 2007, 19, 173. (28) Gruhn, N. E.; da Silva Filho, D. A,; Bill, T. G.; Malagoli, M.;
(25) Braas, J. L.; Beljonne, D.; Coropceanu, V.; Cornil,Chem. Re. Coropceanu, V.; Kahn, A.; Bdas, J. L.J. Am. Chem. SoQ002

2004 104, 4971. 124, 7918.
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Figure 2. Chain-size evolution of the HOMO and LUMO energies of PBTCT, PBTTT, and P3HT oligomersnwitil—4, as calculated at the DFT/
B3LYP/6-31G** (a) and ZINDO (b) levels. Solid lines are Kuhn fits across the calculated valuesthe number of double bonds in the molecular
backbone. Modified P3HT corresponds to oligomers of P3HT with only half the number of alkyl groups (see text for details).
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Figure 3. DFT-calculated bond length alternation (BLA) along the € conjugation path for PBTCT, PBTTT, and P3HT with= 1. The bond labeling
is shown in Figure 1. In the case of P3HT, thbond value 1+12 in the plot corresponds to the average value betwekl-12 andA11 —12.

larger than that of P3HT (5.3 and 5.1 vs 4.8 é%) Figure of the HOMO level by 0.5 and 0.3 eV going from P3HT to
2 displays the energies of the HOMO and LUMO levels of PBTCT and PBTTT, respectively.

oligomers of PBTCT, PBTTT, and P3HT plotted as a  The difference in the HOMO energies of the three
function of the inverse number of double bonds in the polymers can be understood from their molecular structure.
molecule, as calculated at the DFT and ZINDO levels; a Figure 3 sketches the-€C conjugation path for oligomers
Kuhn fit has been performed in each case across theof PBTCT, PBTTT, and P3HT witm = 1 (see Figure 1).
calculated data. The values extrapolated at the infinite The C-C bond length alternation (BLA) around the
polymer limit indicate that PBTCT has the lowest HOMO thienothiophene moiety in PBTCT is found to be larger than
level followed by PBTTT (i.e., 0.4 and 0.2 eV lower than the values in the other two compounds; this points to a
the HOMO of P3HT at the DFT level and 0.4 and 0.1 eV smaller delocalization of ther-electronic density in the
lower at the ZINDO level, respectively). Although the thieno[2,3]thiophene unit compared to thiophene rings. This
absolute values of the orbital energies are very much method-geometric modification induces in turn changes in the
dependent (DFT is known to yield very small electronic electronic structure, because a larger BLA value leads to a
bandgaps for molecules in the gas phase), both methodologietarger electronic bandg&pHowever, we realize by imposing
reproduce the experimental trends, namely, a stabilizationvarious BLA values along the backbone of P3HT that such
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geometric changes along the conjugation path cannot fully 1
account for the large differences observed between the
orbital energies. It is actually the breaking of the conjug- %
ation pathway along the chain in the cross-conjugated thieno—};
[2,3]thiophene unit of PBTCT, resulting in an increase in Z
the BLA in this unit (see Figure 1), which significantly raises
the LUMO level and lowers the HOMO level of this

chain*32as illustrated in Figure 2 when comparing PBTCT
and P3HT.

There is no breaking of conjugation along the backbone
of PBTTT; the overall G-C bond alternation is very similar . o
to that of P3HT, being even smaller around the thienothio- T .0 25 a0 35
phene unit. This indicates that the delocalization of electrons energy / eV
in fused r'ng_s is not less favorable than in single thlopheng. Figure 4. Fluorescence emission (left) and excitation (right) spectra of
The calculations show at both levels of theory that there is PBTCT, PBTTT, and P3HT in chlorobenzene at room temperature. The
a lowering of the HOMO and LUMO levels by about the excitation spectra are recorded at the fluorescence wavelengths of 520 nm
same amount~0.15 eV at the DFT level and0.10 eV at (PBTCT) and 600 nm (PBTTT and P3HT).

the ZINDO Igvel) wher_1 going from P3HT to PB’_TTT (S€€  flyorescence and excitation spectra, is almost identical for
Figure 2). This contradicts the suggested formation of a lesspgr1 and P3HT (2.33 versus 2.31 eV, respectively).
delocalized/aromatic structure in PBTTT. The lowering of The calculations of the S-S, vertical transition energies

the frontier orbitals in PBTTT actually arises from th? E.ert for the different oligomers reproduce the experimental
reduced number of alkyl groups along the backbone with findings at both the TD-DFT and ZINDO levels (Figure 5):

respect to P3HT and hence to a reduced electron-donatingPBTTT and P3HT have very similar transition energies,
character of the substituerifsThis interpretation has been whereas the transitions of PBTCT are significantly blue-

validated for P3HT oligomers with equal to 1 and 3 by gpigieq (0.5 eV at both levels of theory). This trend is

varying the number of alkyl substituents from 4 and 8, as directly correlated to the HOMBLUMO gaps because the
found in P3HT, down to 2 and 4 for modified P3HT chains, S-S transition is mainly described by an electronic

respectively; the latter choice reflects the substitution pattern excitation from the HOMO to the LUMO levels. However

in PBTTT chains. The results show a decrease in the energy, gjqnificant difference is observed between the two theoreti-
of k_)Oth the HOMO a”O_' LUMO levels, which _br_mgs them cal methods regarding the absolute value of the transition
to lie on the curve obtained for PBTTT, thus giving support energies. On the one hand, previous works indicate that TD-
that the reduced inductive effect due to the alkyl substituents je+ands to systematically overestimate the chain-length

is linked to the increase in the ionization potential. dependence of the transition energiétiis accounts for most
Changes in the molecular structure lead to modifications of the difference between the calculated TD-DFT and
in the electronic structure, which result in a possible experimental polymer values. This effect is less pronounced
modulation of the electronic bandgap and hence of the opticalfor the PBTCT polymer because the strength of the coupling
properties. The experimental fluorescence emission andpetween the repeat units is largely reduced because of the
excitation spectra of PBTCT, PBTTT, and P3HT chains in preaking of the conjugation, as illustrated by the reduced
chlorobenzene are shown in Figure 4. The three Compound%iope Of the ]N evoiution in Figure 5. Note aiso that the
exhibit the main $— S, absorption feature in the visible  TD-DFT calculations do not account for solvent effects,
region, with a similarly broadened lineshape. The emission \yhich typically red-shift the transition energies by. €a3
spectra are more structured than the excitation spectra in alley/ 24 On the other hand, the semiempirical ZINDO method
cases because of the flatter torsional potential in the groundhas peen parametrized to reprodig; for a large number
state compared to the first excited st&t&he absorption of compounds in apolar solvents. The ZINDO results
spectrum of PBTCT shows a maximumta = 2.98 eV generally closely match the slope of theNi¢hain-length
in Solution. Th|S iS Signiﬁcantly h|gher than fOI’ P3HT, Whose dependence inferred from experimentai défﬁ]e Significant
maximum absorbance is located at 2.72 eV. Contrarily, the underestimation of the Caicuiatﬂert values Compared to
absorption maximum of PBTTT appears to be very close t0 the experimentaE . values likely results from the combina-
that of P3HT. Moreover, the optical bandgap, which can be tjon of several factord (i) a deficient parametrization of
estimated as the energy at the intersection of the normalizecihe sulfur atom in ZINDO, which leads to a systematic
underestimation oE,er; (ii) a possible discrepancy in the
(29) Jedme, C.; Maertens, C.; Mertens, M.r8me, R.; Quattrocchi, C.;  theoretical description of the BLA along the conjugated
oy 220 B0 ), SN M99 54 165 . 5 backbone: () a proper eatment of the mpactof the therml
Brédas, J. L.; Delhalle, J.; Andred. M. Synth. Met1987, 21, 189. population of torsional modes is missing in the present
(31) Pascal, L.; Vanden Eynde, J. J.; Van Haverbeke, Y.; Dubois, P.; calculations performed on fully planar structures at 0 K. This

Michel, A.; Ranr, U.; Zojer, E.; Leising, G.; Van Dorn, L. O.; Gruhn, . .
N. E.; Cornil, J.; Bfelas, J. L.J. Phys. Chem. BR002 106, 6442. can introduce a difference as large as 0.3 eV betviggp

(32) Pogantsch, A.; Mahler, A. K.; Hayn, G.; Saf, R.; Stelzer, F.; List, E. and E,e for flexible polymer chains. The strong impact of

J. W.; Bralas, J. L.; Zojer, EChem. Phys2004 297, 143. . . . .
(33) Gierschner, J.. Mack, JH'_G';..EQ L O)élkrug, D.J. Chem. Phys. the torsional mode in solution is supported by the large

2002 16, 8596. Stokes shifts between emission and absorption (observed in

fluorescence intens




4954 Chem. Mater., Vol. 19, No. 20, 2007 MitiaMedina et al.

(a) 40- [ iy

ZINDO

3.5

— _—
% 3
b a4
il S
i 20
20- ® PBICT ® PBTCT
i m PBTIT i ® PBTTT
1= i A P3HT 1 A P3HT
1.5 S S VR S S S S 1.5 — T
0.0 0.1 0.2 0.0 0.1 0.2
/N /N

Figure 5. Chain-size evolution of the vertical transition energies of PBTCT, PBTTT, and P3HT oligomers with-4, as calculated at the DFT/B3LYP/
6-31G** (a) and ZINDO (b) levels. Solid lines are Kuhn fits across the calculated valuissthe number of double bonds in the molecular backbone.

Table 1. Internal Reorganization Energy (eV) for Hole Transport Table 2. ZINDO-calculated Transfer Integrals (in meV) Between
and Electron Transport for P3HT, PBTTT, and PBTCT (n = 1), as HOMOs (H) and LUMOs (L) for PBHT (n =1, 3, 5, 7), PBTTT and
Calculated at the DFT Level PBTCT (n =1, 2, 3, 4) Oligomers in a Cofacial Dimer with the Two

Chains Separated by an Intermolecular Distance of 3.5 A; Note that

P3HT PBTTT PBTCT the Number of Thiophene Ringsm is the Same for the Three Series
hole transport 0.29 0.31 0.31 (m = 4n for PBTTT and PBTCT and m = 2(n + 1) for P3HT)
electron transport 0.26 0.27 0.27 HOMO LUMO

Figure 4), which are much larger than in unsubstituted _M PSHT PBTTT PBTCT PSHT PBTTT PBTCT
oligothiopheneg4* 4  369.1 372.6 375.1 276.1 275.0 268.8
g P . - 8  346.3 344.2 351.5 286.8 288.9 275.2
3.2. Charge-TranSport PrOpertleS. The hole mOblllty 12 340.2 336.3 3455 200.2 203.7 2745

values for a series of PBTTT polymers with different alkyl 16 3377 3328 343.0 2918 2959 274.0
groups have been measured, reaching values up to ¢.7 cm
V-1 s7L this is about a factor of 5 higher than for P3HT the amount of bonding versus antibonding interactions in
measured under similar conditidhsand larger than the  the overlapping regioff. Our results do not show significant
values obtained for the analogous polymer PBTCT (up to fluctuations in the transfer integrals among the three polymers
0.15 cn? V-1s71)16|n all cases, the devices showed p-type for the same packing geometry whatever the chain length,
behavior. Quantum-chemical calculations have been per-thus indicating that the mobility is hardly affected by the
formed to estimate two main parameters governing transporthature of the repeat unit (thiophene versus thienothio-
properties and assess whether the differences in the mobilityphene).
values reflect changes in the molecular topology of the chains  Such cofacial configurations are rarely encountered in
and/or changes in the packing in thin films. crystalline structures because displacements often help to
The internal reorganization energigof P3HT, PBTCT, minimize the geometric and/or energetic constraints. Ac-
and PBTTT oligomers witlm = 1 are displayed in Table 1  cordingly, we have also examined the influence of the
for hole and electron transport. Values around 0.30 eV arerelative positions of the two interacting units by translating
obtained in all cases, thus indicating that the modulation of one chain with respect to the other. Because the polymers
the mobility values does not originate from changes in the exhibit only p-type transport, we will focus hereafter on the
internal reorganization energy. transfer integral for holes. Figure 6 displays the evolution
A first insight into the role played by the transfer integral of the transfer integrals for two interacting P3HT, PBTTT,
t has been gained by considering a dimer made of two P3HT,and PBTCT chains witth = 2 (n = 3 in P3HT to ensure
PBTCT, or PBTTT oligomers superimposed on top of one that the same number of thiophene rings is involved) when
another in a cofacial configuration. The calculated transfer the top oligomer is translated along its main chain axis
integrals are displayed in Table 2. In a cofacial geometry, (Figure 6a) and along its short chain axis (Figure 6b), while
the transfer integrals for holes are systematically larger thankeeping the molecular planes parallel and separated by 3.5
for electrons in the three polymers; the hole transfer integrals A. The transfer integrals obtained for a displacement of 0 A
slightly decrease with chain length while the opposite
behavior is found for electrons. These two features can be 34 graias, 4. L; calbert, J. P.; da Silva Filho, D. A.: Comil,Rtoc.
rationalized from the shape of the orbitals when considering Natl. Acad. Sci. U.S.A2002 99, 5804.
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a) 047 drop in the transfer integral. Because the mobility values
o T 2% are largely dictated by the amplitude of the transfer integrals,
03 A P3HT I small changes in the chain packing among the three polymers
' are likely to be responsible for the variations in the measured
5g 8 8 gR hole mobilities!® In this respect, the knowledge of the actual
B B chain packing is of utmost importance and is currently
8 g 8 8 3 8 investigated by force-field calculations. Note that other
a ! factors such as changes in the thin-film morphology,
011 8 8 concentration of impurities/defects, or amount of crystallinity
8 8 5 . . amount
might also play an important role in defining the hole
0.0 4 8 8 mobilites of the three polymers. In this respect, very recent
results on PBTTT show that the difference between the field-
effect mobility in thin films deposited on Sig&overed with
4 M 5 ; 5 : > 3 ) a self-assembled monolayer@.1 cn? V' s™1) and on bare
Displacement along the long axis (A) SiC, (<0'_005 cnd y—l S_l) is mamly related to changeg in )
the density of grain boundaries (the molecules organize in
b) 041 the same way on both surfaces and the crystals have similar

O PBTCT A i i
o rereT 808, orientation and level of ordefy.

0.2

Transfer Integral (eV)

A P3HT a a

0.3 1
6 [ .
8 8 4. Conclusions

02 4 B a We have calculated the electronic and optical properties
2® a of two newly synthesized polymers including thienothiophene
@ units (PBTTT and PBTCT) and have compared them to those
011 8o on of the widely studied poly-3-hexylthiophene chains (P3HT).
8o o8, The ionization potentials calculated for oligomers of different
004 8 o8 sizes and extrapolated at the polymer limit indicate that
PBTCT has the highest value, followed by PBTTT and
P3HT, in agreement with corresponding experimental data.
M M ; M : : ; : A It is the breaking in the conjugation pathway along the
PBTCT backbone that leads to a significant stabilization of
Figure 6. Evolution of the INDO-calculated transfer integrals (eV) for its HOMO Ie\{el. The larger Iomzatlo.n potential calculated
holes in a system made of two parallel eight-ring oligomers of PBTTT, for PBTTT with respect to P3HT arises from the smaller
PBTCT, and P3HT, as a function of the degree of translation of the upper number of alkyl substituents in PBTTT and hence from a
chain along its main (a) and short (b) molecular axes. Note that the zero raqyced donor inductive effect. The extrapolated vertical
value corresponds to the cofacial structure. L. . . . L
transition energy to the first excited state is similar for
PBTTT and P3HT and is blue-shifted by about-0315 eV

correspond to the cofacial structures. Although the transferjn pBTCT, in full consistency with the trends found for the
integrals show only small variations among the three HomMO—-LUMO gaps.

systems, we find very different profiles depending on the
chosen translational axis. Strong fluctuations are observed
when a translation along the long molecular axis is applied.

In contrast, tge profile arl]ong the_short aX'S]; dlsplgys a amplitude of the internal reorganization energy. Moreover,
monotonous decrease when moving away from the Co-iho gimjlar values obtained for the transfer integrals in

;acial ﬁonfiﬁ]uratiofn.hThese trer;ds (I:anr?e fully rationalized - a1 dimers made of PBTTT, PBTCT, and P3HT
rom the shape of the HOMO level, whose LCAQ pattern jisomers demonstrate that the mobility value is hardly

sr?ows a chgnge n thFe_ sign ; f1t_T1e wavgfunchon gvery half 4ttected by the nature of the repeat unit. Because the transfer
t 'Opl ene rllng (Sie I \gure _Z)' edmaxlmad (k))unb ugon integral is extremely sensitive to the relative position of the
translation along the long axis are dominated by bonding or chains, we are led to the conclusion that the changes in the

an_tl_bondlng mteragtlons _betvyeen _the ﬁ_rbr']talﬁ’ Wh_ereas theactual packing of the polymer chains are a key ingredient in
minima correspon to situations in-whic L ere Is a pro- rationalizing the variations in the mobility values.
nounced cancellation between bonding and antibonding inter-

actions. When the translation occurs along the short molec-

ulhar axis, nc;]osc_lllatofryhpattern |fs four\d, b:ecausr(]e_ therfa IS no by the Belgian Federal Governement “Interuniversity Attraction
change in the sign of the wavetunction along this axis. Pole in Supramolecular Chemistry and Catalysis, PAI 6/27",
The results demonstrate that the transfer integrals, althoughe Rejion Wallonne and the European Commission in the

showing a very similar evolution for the three systems, are framework of the Phasing Out-Hainaut, the European Integrated
strongly sensitive to the relative position of the chains; for

instance, Figure 6 illustrates j[hat a longitudinal shift as small (35) Chabinyc, M. L.; Toney, M. F.: Kline, R. J.: McCulloch, I.; Heeney,
as 1 A away from the cofacial structure leads to a marked M. J. Am. Chem. So@007, 129, 3226.

Transfer Integral (eV)

Displacement along the short axis (A)

Regarding the charge-transport properties, our calculations
indicate that the variations in the hole mobility among the
three polymer chains do not originate from changes in the

Acknowledgment. The work in Mons is partly supported




4956 Chem. Mater., Vol. 19, No. 20, 2007 MitidMedina et al.
Project NAIMO (NMP4-CT-2004-500355), and the Belgian acknowledges a grant from the Fonds pour la Formatide a

National Fund for Scientific Research (FNRS/FRFC). J.C. is Recherche dans I'Industrie et dans I'Agriculture (FRIA).
an FNRS Research Fellow; B.M.M. thanks the Ministerio de

Educacim y Ciencia of Spain for a postdoctoral grant. A.V.V. CM071279M



