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The effects of thermal disorder on electronic propertiesrg$talline polymers were investigated. Atomic configimas of the
material were obtained using classical Monte Carlo sinmatat room temperature, while electronic structure datmns were
performed using density functional theory based chargehpad method and overlapping fragments method. We invatstity
two different stable configurations of crystalline poly{8xylthiophene) (P3HT) and calculated the density of ebeit states
and the wave function localisation. We found that the eftéadisorder in side chains is more pronounced in the mordestab
configuration of P3HT than in the other one due to larger conédional freedom of side chains. The results show thardéso
in main chains has strong effect on the electronic stru@ndsleads to the localisation of the wave functions of thdsg states
in the valence band, similar to localisation that occursnmoegphous polymers. The presence of such states is one |gossdin

of thermally activated electrical transport in orderedypoérs at room temperature.

1 Introduction sion often used in the literature) disorder in small molecul
based organic crystals is now widely recogniZetf On the
Materials based on conjugated polymers attract a lot of inother hand, the effects of thermal disorder in polymersess |
terest due to their applications in electronic devices sa&h ell understood. Currently available simulation restitd’
organic field-effect transistors, organic light-emittidipdes  suggest that the highest valence band states in ordereaigoly
and organic solar cells® These materials contain both crys- materials at room temperature are localised. However, afost
talline and amorphous regions and consequently their eleghese calculations either consider a single polymer chailvo
tronic properties strongly depend on their morphology. Innot include the effects of side chains.
crystalline regions of the material, thiophene rings arB-co e aim of this work is to investigate in detail the effects

nected into main (backbone) polymer chains, which then formy¢ 1 ermay disorder on electronic properties of ordered/pol
two dimensional lamellar structures separated by insidati mer materials and to identify relative importance of vasiou

side chain_s. . - sources of thermal disorder. For concreteness, we choose
(_Zrystalllne polymer regions exhibit _better transport elcar poly(3-hexylthiophene) (P3HT) polymer for our study. We

teristics thap amorphpus regions. At f'rSt’ one may expedt th calculate the electronic density of states (DOS) and thailoc

the electronic states in crystalline regions are fully delsed 445 of hole wave functions. Atomic configurations at &nit

due to the effect of periodicity. On the other hand, wave functemperature are obtained using Monte Carlo (Mjimula-

tions of electronic states in amorphous regions are well 103j5ns while the charge patching method (CPM-%2%nd the

calls_ed due to the effects of disorder. Calculations of the-e overlapping fragments method (OFKA! are used for elec-
tronic structure of amorphous polymers show that wave functronic structure calculations

tions of the highest states in the valence band are locadised
few rings only®’ The electronic states in crystalline regions
may also exhibit localisation due to the effects of thernisd d
order; at finite temperature the atoms are displaced froin the
equilibrium positions in a random manner and the atomic po
sitions no longer exhibit periodicity. The importance oéth
effects of thermal (or dynamic, which is an alternative espr

The disorder in the structure at finite temperature comes
both from the disorder in the shape of the flexible alkyl side
chains (that will be referred to as side chain disorder fram n
on) and from the disorder due to variations of torsion angles
between thiophene rings in the main chains and the position
of main chains (that will be referred to as main chain disor-
der from now on)?? One should note that disorder of main or
8 Scientific Computing Laboratory, Institute of Physics Badg, Univer- side chains does not imply an amorphous material. While it
sity of Belgrade, Pregrevica 118, 11080 Belgrade, Serbiandd: ne- IS well known that the wave functions in conjugated polymers
nad.vukmirovic@ipb.ac.rs are localised on the main chain, side chains with a disoddere

b School of Electrical Engineering, University of BelgradQ. Box 35-54, shape still affect the electronic structure as they credisa-
11120 Belgrade, Serbia
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dered electrostatic potential on the main chain. Disomdété  found.23-32Two different stable crystalline structures are sim-

shape of the main chain mostly affects the electronic siract ulated at 300 K: aligned and shifted, which are shown in Fig 2.
through variations in electronic coupling between the sing In the aligned structure, thiophene rings from two adjacent
To isolate the effects of main and side chain disorder wesinve main chains in thet-mr stacking direction are aligned. On
tigate three types of structures: (1) the structures withigit ~ the other hand, in the shifted structure, thiophene ringsnfr
main chains and disordered alkyl side chains; (2) the strast  two adjacent chains in the- 71 stacking direction are mutually
with disordered main chains in the absence of side chaips; (Zhifted by the half of the unit cell in the main chain direc-
the structures with both main and side chains disordered. tion. Parameters of the unit cells are found using NPT (con-
We find that the effects of disorder are least pronouncedtant pressure and temperature) MC simulation at 300 K and
in the structures with disordered side chains. Strong wavd01.325 kPa. During the simulation, the size of the box in the
function localisation of highest valence band states acour main chain direction is kept constant, while two other dimen
structures with main chains disordered, both with and with-sions are changed. The energy of the system is modelled as
out side chains. Such a localisation is one possible orifjin oa sum of the long-range (van der Waals and Coulomb) inter-
thermally activated transport observed in all reported P3H actions between atoms from different chains. Expressioh an
mobility measurements. parameters for the long-range interactions are taken fhem t
OPLS parameters sét, which was previously successfully
) ) applied for the simulations of the same matetaCutoff for
2 Methods for atomic and electronic structure these interactions is taken to be A2The unit cell parameters
calculations are determined as the parameters obtained when the system
reaches thermal equilibrium. For the aligned structursehe
The method used for electronic structure calculations isare: a/2 =157 A, b=82A andc=7.77 A, while for
schematically described in Fig. 1. The atomic structurebis o the shifted structure these am/2 = 157 A, b=81A and
tained using in-house delevoped Monte Carlo (MC) simula< = 7.77 A. All unit cell angles are taken to be 90 These
tions. It is subsequently used to calculate the electrdnics  parameters are in very good agreement with previous compu-

ture, using the CPM and the OFM. tational results for the same structures of P3HT. For exampl
the unit cell parameters obtained for the aligned strudture
Initial atomic structure Small prototype system‘ Ref. 24 area/z =16 A, b= 8201& andc= 7081 A, while for
v v the shifted these aret/2 =16 A, b=7.85A andc=7.81
MC | (DFT) A. On the other hand, experimental results based on the X-ray
v 3 diffraction measurements suggest somewhat higher vatue fo
Final atomic structure Motifs ‘ the side chains stacking direction of. 8&\. 2° This difference
¥ might originate from the assumption of the ideal crystaletr
‘cPM) ture without disorder made in the calculations, which is not
i the case in reality. Interdigitation between side chaiosnfr
P—— different lamellas is V\_/eaker in more disordereq struct_umd
I consequently, the unit cell parameter for the side chaatkst
' i ) ing direction is higher. We find that the shifted structure is
Single-particle potential ) . .
' more stable at 300 K, since its potential energy per number of
OFM. rings is 0.38 eV lower than the corresponding energy in the
I " aligned structure, confirming the result given in Ref. 24 tha

the shifted structure is more energetically favourable.

‘ Electronic structure

Fig. 1 Schematic representation of the algorithm for the electronicz'2 Atomig structure

structure calculations. With the initial structure at hand, MC simulations are per-
formed to obtain the snapshots of the atomic structure amroo
temperature. During the MC simulations bond lengths and

21 Lattice constants bond angles are kppt constant,'while some or all torsiore;xngl
are changed. Variations of torsion angles affect eleatrooi-

The initial structure for MC simulations is the ideal crybie pling between orbitals more strongly than variations ofdon

structure of P3HT. Atomic structure of crystalline P3HT was lengths and bond angles. For example, the thermal energy at

extensively studied and different possible configuratisese ~ room temperaturkgT = 25 meV leads to displacement of an

2| Journal Name, 2010, [vol]l,1-9 This journal is © The Royal Society of Chemistry [year]
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ally demanding. Therefore, CPM is applied instead of DFT.

The main idea of the CPM is to calculate the electronic charge
density directly, instead of obtaining it from self-corisist
solving of Kohn-Sham DFT equations. The charge density
is calculated as a sum of contributions (called motifs) of al
atoms in the system. Motifs are extracted from the DFT calcu-
lations of a small prototype system containing 3 neighbayri
rings of P3HT and they are the same as used in Ref. 6. CPM
was previously applied to calculate the electronic stmectf
amorphous P3HT.” The details of the CPM are presented in
Ref. 19.

When electronic charge density is obtained, the single-
particle Kohn-Sham Hamiltonian is constructed by solvimg t
Poisson equation for the Hartree potential and using the lo-
cal density approximation (LDA) for the exchange-corrielat
potential®* The single particle Hamiltonian is then diagonal-
ized using OFM. This method uses the eigenstates of small
fragments of the system as the basis set. In this case, frag-
ments are systems of 3 neighbouring rings of P3HT (trimers).
In previous work we demonstrated that a good basis set is
obtained when the fragments mutually overfapo calculate
the electronic states in the desired spectral region (withb
eV below the top of the valence band) with good accuracy,
atom due to bond stretching on the order of 002while  only one eigenstate (the HOMO state) of each fragment is
the same energy leads to interring torsion angle changeson ttheeded. When the basis set is obtained, transfer and over-
order of 45, which yields the atomic displacements of more lap integrals between basis states are calculated and-subse
than 1A. For this reason, it is reasonable to keep bond angleguently, the Hamiltonian generalized eigenvalue problem i
and bond lengths constant. In each step of the MC simulasolved. These calculations can be done using parallel com-
tion a new configuration is generated by changing the torsiofputer architectures, which saves a lot of computationagtim
angles and moving the whole polymer chain. The new conA detailed description of the OFM can be found in Ref. 21.
figuration is accepted if it satisfies the Metropolis coruit}® In this work, the effect of polarons was not included. Pre-
The energy of the system is calculated as a sum of torsiomious DFT calculations of long straight polythiophene disai
potentials and long range van der Waals and Coulomb interat zero temperature indicate that polaron binding energnis
actions. Thiophene - thiophene torsion potential is takemf  the order of few meVs only and that it can be ignoféd®
Ref. 6, while thiophene - side chain torsion potential ietak However, it is more difficult to assess the role of polarons at
from Ref. 24. Long-range interactions are modelled in a saménite temperature when thermal disorder is present in the ma
way as for lattice constants calculations. OPLS paramegdrs terial. Since the main goal of this work is to understand the
is also used for the torsion potentials within side chairsi-P  effect of thermal disorder on wave function localisatiord an
odic boundary conditions are applied in each direction ef th DOS, as well as the contributions from main and side chains
unit cell for the systems with disorder in side chains. Beund to thermal disorder, polaronic effects were not considered
ary conditions are open in the main chain direction for the Next, we discuss the appropriateness of LDA for the de-
systems with disorder in main chains. The final atomic strucscription of the localisation effects. The localisatiofieefs
ture is taken after the system is thermally equilibrated0f 3 that we observe essentially come from two effects: (i) varia
K, which is evidenced from the saturation in the dependencéons of on-site energies of rings; (ii) variations in etectic
of potential energy on the number of MC steps. coupling between the rings. The effect (i) comes mainly from
disordered long range electrostatic potential that sidensh
the rest of the main chain and other main chains produce on a
certain ring. Within DFT, electrostatic potential is takieto
The final atomic configuration obtained from MC simulations account through the Hartree term in the Kohn-Sham equation,
is used as input for electronic structure calculations. tRer  which is an exact term. Therefore, for the effect (i), the use
system containing more than thousand atoms density funf LDA in our calculation is not an issue. To check if LDA
tional theory (DFT) calculations would be too computation- gives reliable values of electronic coupling (the effed)) (i

Fig. 2 Two stable configurations of crystalline P3HT: (a) aligned
and (b) shifted. The main chain direction is denotedchbthe -1t
stacking direction by and the side chains direction by

2.3 Electronic structure

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-9 |3
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we have performed the calculation of electronic energy lev- 10" Aligied Shifted

els of ten units long straight thiophene oligomer usingezith @ © Side chaine
LDA or B3LYP functional for the same atomic configuration. LI R il T
These calculations have been performed using the NWCher 2 °

code’”38and 6-31G basis set was used to represent the wav (1)0 n
functions. We find that the spacing between energy levels cal
culated using these two functionals differs typically by%5
Since the spacing between energy levels of straight oligpme
is proportional to electronic coupling between the rings, w
conclude that possible uncertainties in electronic cogpdial-
culated using LDA are on the order of 10-20% and such uncer
tainties are not expected to significantly affect the lazlon
lengths.
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Fig. 3 DOS in the case of: (a) aligned structure with disorder in
the side chains (bins) and ideal crystalline aligned structure (vertical
lines); (b) shifted structure with disorder in the side chains (bins)

The effects of thermal disorder in crystalline P3HT are @ve "9 1deal crystalline aligned structure (vertical lines); () aligned
structure with disorder in main chains and side chains omitted; (d)

tigated _by e?(amlnln_g 3_d|fferer_1t types of structures.: thecst shifted structure with disorder in main chains and side chains omit-
tures with disorder in side chains, the structures withrlied  ; (e) aligned structure with disorder in both side and main chains
in main chains and the structures with disorder in both side a (f) shifted structure with disorder in both side and main chains.

main chains. In the first case, main chains are kept rigid dur-

ing the MC simulation, while side chains are allowed to move

freely. In the second case, side chains are removed (more pre

Cise|y, rep|aced with a hydrogen atom) before the eleatroni difference in DOS for shifted and aligned structures can be
structure calculations start, in order to isolate the ¢ffexf ~ explained by the difference in the spatial distribution iofes
main chains disorder. In the case of structures with the-preschains in these two structures. In the aligned structud si
ence of disorder in both main and side chains, the same atomfhains connected to the aligned thiophene rings from neigh-
configurations are used as for the second case, but sideschaipouring chains in thet - 1 direction are at the same side
are not removed in this case. To get sufficiently large statisOf the main chains (chains denoted by 1 and 2 in Fig. 2a).
tics, for each of the investigated cases and for both a|igne@n the other hand, in the shifted structure these side chains
and shifted structures, 100 different realizations areegeted. ~ are at the opposite sides. The distance between nearest side
Each configuration contains 10 polymer chains stacked in thehains in the shifted structure (chains denoted by 1 and 2 in
m-17 direction, while each chain contains 10 rings. The totalFig. 2b) is greater than in the aligned. Therefore, siderchai
number of atoms in each configuration is 2520. For subsethe shifted structure have more conformational freedom tha
quent analysis only 10 highest states from each configuratioin the aligned. This is evidenced by the distributions of the
are taken into account, since they cover a spectral range dfiophene-side chain torsion angle for both structuregrgin
about 0.5 eV below the HOMO level, which is the range of Fig. 4a and Fig. 4b. The distribution of thiophene-side ebai
interest for the electrical transport properties. To asalihe  torsion angles is significantly wider in the shifted struetu
effects of disorder, we calculate the DOS and the locatigati Which results in higher degree of side chains disorder. This
length of hole states. difference in morphology leads to the difference in the elec
tronic structure.

In the structures with disordered main chains, DOS is con-
tinuous (Fig. 3c and Fig. 3d). In the case of aligned struc-
Densities of states obtained from the calculations are showtures distribution of energies is significantly wider tharthe
in Fig. 3. In the case of disorder in side chains in the alignedshifted structure. Distributions of thiophene - thioph¢oe
structure, DOS is nearly discrete, composed of severalgpealsion angles for the aligned and shifted structures are aimil
(Fig. 3a). These peaks correspond to the peaks in the DO ig. 4c and Fig. 4d) and agree well with the results of Ref.
of the ideal crystalline structure without any disorder.the  16. Therefore, the difference in the distribution of thergies
shifted structure, peaks are broader and overlap more tham not caused by the shape of the chains. Electronic coupling
in the aligned structure, making DOS continuous (Fig. 3b).between different chains isTlL eV in the ideal aligned struc-
Thus, the effects of side chains disorder on DOS are moréure and 007 eV in the ideal shifted structure. This substantial
pronounced in the shifted structure than in the aligned. Thalifference leads to the wider distribution of the energiethe

3 Results and discussion

3.1 Density of electronic states

4|  Journal Name, 2010, [vol] 1-9 This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Distribution of the: (a) thiophene-side chains torsion an-
gles in the aligned structure; (b) thiophene-side chains torsion anfig. 5 Distribution of the diagonal elements of the Hamiltonian in:
gles in the shifted structure; (c) thiophene-thiophene torsion angle&?) aligned structure with disorder in side chains; (b) shifted struc-
in the aligned structure; (d) thiophene-thiophene torsion angles in théire with disorder in side chains; (c) aligned structure with disorder
shifted structure. In panels (c) and (d) the angles are shifted iy 180in Main chains and side chains omitted; (d) shifted structure with dis-
for clarity. To exclude the effects of finite box dimension in the main order in main chains and side chains omitted; (e) aligned structure
chain direction, in (c), (d), (€) and (f) only torsion angles betweenWith disorder in both main and side chains and (f) shifted structure
rings in the middle of the chains are taken into account. with disorder in both main and side chains. To exclude the effects of
finite box dimension in the main chain direction, in (c), (d), (e) and
(f) only trimers in the middle of the chains are taken into account.

aligned structure. When both main and side chains are dis-

ordered, the DOS is continuous (Fig. 3e and Fig. 3f) withoutyore conformational freedom than main chains, especially i
any apparent difference between structures. This simylari  the shifted structure. Therefore, their disorder affeutsaiec-
DOS can be explained by the effect of compensation betweefgstatical potential more than disorder in main chains. kivhe
wider energy distribution in the shifted structure whenyonl effects of disorder in main chains are isolated, side chaies
side chains are disordered and wider energy distributionén  removed and, consequently, variations of electrostatierpo
aligned structure when only main chains are disordered.  tjg| are weaker than in the case of disorder in side chains,
Suitable measure of disorder in the system is the distribuwhich leads to the weaker variationshh
tion of diagonal Hamiltonian elements given By = (i | H |
i), where| i) are wave functions of trimers amtlis the Hamil- 5 5 \yave function localisation
tonian of the system. Wave functions of the trimers are lo-
calised on the main chain and on the carbon atoms in the sid&/ave functions of HOMO levels for 6 different cases are
chains closest to the thiophene rings. Consequently, iimaishown in Fig. 6. In the ideal crystalline structure the wave
chains of trimers are rigid, their wave functions and ereggi function of HOMO level (and any other level) is completely
of HOMO levels will be equal. When only disorder in side delocalised, as Bloch theory predicts. When the side chains
chains is applied, difference between diagonal Hamiltoela  disorder is partially applied, wave functions remain delo-
ements arises only from variationslh due to the variations calised (Fig. 6a and Fig. 6b). They are not delocalised along
in the electrostatics potential caused by side chainsdksor the whole structure, as in the ideal structure. Delocadinat
On the other hand, when disorder in main chains is presents broken both in ther-m stacking direction and in the main
variations inH; arises both forntH and| i), since wave func-  chain direction. On the other hand, wave functions of HOMO
tions of trimers now differ significantly. Distributions ofi- levels in the case of disorder in main chains are localisett b
agonal elements of the Hamiltonian are given in Fig. 5. Aswith and without side chains included (Fig. 6¢ - f). They are
expected, distributions are widest in the case when both didocalised on 5 - 15 rings, usually on 2 neighbouring chains
orders are present (Fig. 5e and Fig. 5f). Having in mind thg(as in Fig. 6¢ and Fig. 6e). Therefore, thermal disorder én th
results for DOS presented above which suggest that disorderystalline P3HT localises the wave function of HOMO level,
in main chains has more impact on the electronic structure o&s in the amorphous pha&é.
P3HT than disorder in side chains, one may find unexpected To investigate the effects of disorder on the wave func-
that distributions given in Fig. 5¢c and Fig. 5d are similatie  tions localisation more precisely, we calculate two loszli
distributions given in Fig. 5a and Fig. 5b. Side chains haveion lengths for each state: localisation in thert stacking

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-9 |5
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directionLy and localisation in the main chain directihg.
If the wave functions are represented in the orthonormal ba-
sis set of well localised orbitals, the localisation lengdn
be generally defined as = 1/ Zmldm|4, wheredy, are ex-
pansion coefficients of the wave functions in the orthonor-
mal basis|m).” The basis set used in the OFM calculations
is not orthonormal. The orthonormal basis set is constducte
by transformationm) = 3, Tmi|i) with transformation ma-
trix T = (S"Y/2)", whereSis the original overlap matrix and
li) are original basis wave functions. Expansion coefficients
of the orthonormal basis set are related to the original co-

SL‘?;?L‘STS efficientsc; via dm = 3; (Sl/ Z)mici. For the orthonormal ba-
sis set the conditiorzm|dm\2 =1 is satisfied. In our case,
this sum can be divided into two sums, one over different
chains and other over rings in one chas, ' |6;[* = 1,
where N; and Ny, are the number of chains and the num-
ber of rings within one chain, respectively. Following the

© @ general definition of the localisation lengthy, is defined as

< e —— l4 ' 2 Nm 2

P S A3 ) . o i - Main chains Lb = 1/ Zi ‘BI ’ ! Where‘Bi ’ = ijl ‘BI]‘

. mu : T vy disorder : AN dk N

e — v 0 defined agc =1/ ]ﬁj’ ,where\Bj] =35 |Bi
:t8

S PP ) s Plots of the dependence bf on energy of the electronic
k MDD ec g ka g states are shown in Fig. 7. In the ideal crystalline strgctur

Aligned Shifted

()
$3328WIBE 35
RS Y T Y SN

. Similarly, L¢ is
|2

(both aligned and shifted),, of the HOMO level is equal to
the number of chains, which is 10 in this case. Lower states
in the ideal structure haus, either 6.67 or 10. In the case of
the aligned structure with disordered side chains (Fig.tha)
values ofLy, for HOMO level vary from 4 to 10. Other states
Main and havel, which is around the value @f;, in the ideal structure.
side chains In the case of the shifted structure, distribution of thergies
of states is wider then in the aligned. Consequently, itff& di
cult to isolate the values df, for HOMO levels from Fig. 7b.
Looking into the range of 0.2 eV below the highest energy,
value ofLy is between 3 and 6, which is lower than the val-
Fig. 6 Wave function moduli of the HOMO level of crystalline Ues OfLp in aligned structures. Therefore, wave functions of
P3HT in the case of: (a) aligned structure with disorder in sideHOMO levels are more localised in the shifted structure than
chains; (b) shifted structure with disorder in side chains; (c) alignedn the aligned. In all remaining cases (Fig. 7c-f) we get qual
structure with disorder in main chains and side chains omitted; (djtatively similar results. Values dfy, for the highest occupied
shifted structure with disorder in main chains and side chains omitstates are low, they take values from 2 to 4 chains. Statés wit
ted; (e) aligned structure with disorder in both side and main chaingower energies have wider distributionslaf, suggesting that
() shifted structure with disorder in both side and main chains. 1so4g|gcalised states exist. Shape of the plotgfs similar to

surfaces correspond to the probability of finding a hole inside thethe plot of the hole localisation length of the amorphous P.3H
0 y
surface of 90%. given in Ref. 7.

Results forL. are similar to the results fdr,. Minimal
value forL. when both side and main chains are disordered is
3. Electronic coupling is stronger in the main chain directi
than in therrrt stacking direction and therefore localisation
in the rr- 11 stacking direction is stronger than in the chain di-
rection. It is interesting to note that the highest statethén
valence band are typically localised on 2 neighbouringrehai
when main chains are disordered. State will be localised on

6| Journal Name, 2010, [vol]1-9 This journal is © The Royal Society of Chemistry [year]
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10 Aligned S hole localization length, effects of disorder in crystadliand

q(a) ﬁg@% (b) scenins  @Morphous P3HT are similar. Delocalised states (localised
) ! Sk | ™ on more than 10 rings) start to appear only few hundreds of
o meV below the top of the valence band. This is in agreement
with findings presented in Ref. 17 where DOS and localization
Mancnans 1€NGLH IN PBTTT are calculated. Results for the carrier lloca
disorder—jzation orbital density of HOMO levels of crystalline P3HT
at 300 K, given in Ref. 15, indicate the presence of both lo-
105 - calised (4-10 rings) and weakly (more than 10 rings) loedlis
e winaa  States. These calculations were performed without alkid si
sdechains— chains and for isolated main chains. We obtain qualitativel
~ o 3 — 5 0 the same results fdr;, since we find states localised on few
Energy (eV) rings within a chain and states that are extended over the en-
tire chain. To conclude, our findings agree with previous tha
Fig. 7 Dependence dfy, on the energy of the electronic state in the wave functions of the highest states in the valence band are
case of: aligned structure with disorder in the side chains; (b) shiftedgcalised and that delocalised (or weakly localised) statso
structure with disorder in the side chains; (c) aligned structure withayist pelow these states.

disord.er ir? main 9hain§ and .Side Cha.ins Omi.tted; (q) shifted SUUC- - pesults for total localization length ahg are qualitatively
ture with disorder in main chains and side chains omitted; (e) aligned . _ . o . . L
structure with disorder in both side and main chains (f) shifted struc-S'm'Iar for the sFructure_s Wlth. |30Iatec_1 dlsord_er in maiaics
ture with disorder in both side and main chains. and with both disorder in main and side chains. Neverthgless
side chains have a significant quantitative effect on edeatr
properties. This can be seen by comparing the DOS (Fig. 3c
. Aligned Shifted vs. Fig. 3e and Fig. 3d vs. Fig. 3f), localization length (Fig
@ ® vs. Fig. 9e and Fig. 9d vs. Fig. 9f) and on-site Hamiltonian
elements (Fig. 5¢ vs. Fig. 5e and Fig. 5d vs. Fig. 5f). By com-
paring the figures one can also see that the effect of sidaghai

disorder is stronger in the shifted than in the aligned stmec

(d)

Localization length (chains)

=

[*]

Probability density (eV™")
'y

:,HH HH - which happens due to their larger conformational freedom in
BT R vy v m — R (y a7 i R the shifted structure, as discussed in Sec 3.1. Therefore, t
Energy (eV) obtain reliable results, side chains should be includemltim
calculations.

Fig. 8 Distribution of difference between electronic coupling be-
tween chains and variations of diagonal Hamiltonian elements in the
case of: (a) aligned and (b) shifted structure. 3.3 Consequences for electrical transport

We now discuss the consequences of our findings about ther-

mal disorder on electrical properties of the material. Irabm
two chains if the electronic couplirtg,, = (m|H |n) between  molecule based organic crystals (SMOCs) the effects of ther
orbitalsmandn from different chains is greater then variations mal disordet* were used to explain the temperature depen-
of the diagonal Hamiltonian elements. The distributionthef  dence of the mobility where the mobility that decreases with
quantityd = tmn— |Hnm— Hnn| are given in Fig. 8. Sincd increasing temperature is typically observed. On the other
takes positive values as well, existence of strong cougletrg  hand, all mobility measurements of P3HT, even for highest
tween chains is confirmed, which explains localisation om tw quality ordered samples, yield a thermally activated tenape
neighbouring chains. ture dependence.

Total localisation length can be found using general def- Our results suggest that in ordered P3HT there is a spec-
inition previously given. Plots of its dependence on energytral region within first 200 meV below the top of the valence
of the states is given in Fig. 9. For the highest states, wheband with electronic states localised to just a few rings. In
main chains are disordered, it takes values from 5 to 15 ringa combined molecular dynamics - electronic structure study
(Fig. 9c-f). These values are slightly higher than the value in Ref. 15 such states were found to be persistently loahlise
of the localisation length of highest states in the valeraredb  in the sense that their position does not vary over the time
of amorphous P3HT, which is around’5This difference is  on the order of few nanoseconds. Below the spectral region
expected, since crystalline P3HT, despite high degreessf di with localised states, there is a region where both locdbsel
order, is still more ordered than amorphous. In the sendeoft delocalised states exist. It is well understood that théiapa

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-9 |7
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Aligned Shifted x107
(b) r{r-\ (a)
Side chains g 15
disorder n
> 1 T=100K
2
E 1 ( H Il :
& g ‘ W =
E & £ L [k R
g Main chains g 5
g " disorder g x 107 § p
N 2 o = @
< 0 o o
Q S L5 Q
Q ° = 30)
— > > el +
) g1 S =300k
Main and EOS 15 ’g; w«z% 4 T
side chains h —‘ H R i I
v disorder mFJV ’7 ﬂ' lim'=est 0o
-08 -06 -04 -02 0 -08 -06 -04 02 0
0 -1 -0.5 0

Energy (eV)
FEnerov (eV)

Fia. 9D d f the total localization lenath on th H:ig. 10 (a) DOS of the shifted structure with disorder in main and

'9- ependence ol the fotal 'ocalization length on the energy Olgjye chajns at 100 K. (b) Dependence of the total localization length
the electronic state in the case of:(a) aligned structure with disorder N the energy of the electronic state of the shifted structure with disor-
the side chains; (b) shifted structure with disorder in the side chainsder in main and side chains at 100 K. (c) DOS of the shifted structure
© .aligned strqcture with disor.der ?n main.chain.s and. side Cha,in%vith disorder in main and side chains at 300 K. (d) Dependence of
oml_tted, (d.) sh!fted st_ructure with dlsor_der in main _chams a_nd sid he total localization length on the energy of the electronic state of
chains omitted; (e) aligned structure with disorder in both side an he shifted structure with disorder in main and side chains at 300 K.
main chains (f) shifted structure with disorder in both side and main

chains.

of temperatures from 100K to 300K, the temperature has a
weak effect on the DOS and on the dependence of localiza-
tion length on energy. This conclusion was obtained from the
comparison of these two quantities at 100K and 300K, pre-
sented in Fig. 10. A weak effect of temperature on the degree
: ’ of localization was also shown in Ref. 15 (Table I). Therefor
calised or delocalised states become more populated and the, temperature dependence of mobility in ordered polymers
transport is much better thefi. originates from thermal activation of carriers from losati
However, what is the main difference between polymersstates to delocalised or less localised states with betes+
and SMOCs where a different temperature dependence of mgrort. While we show that the effects of thermal disorder alone
bility is observed? In SMOCs, thermal disorder leads to |O-|ead to therma”y activated mob|||1y7 this does not necﬂ'sga
calised electronic states, as well. However, the spe@gadn  imply that they are the dominant cause of thermally activate
where these states exist is much narrower. For example, ifhobility observed in realistic samples. Various imperifats
Ref. 13 the spectral region with strongly localised sta@s h of chemical or structural nature produce traps where aarrie

the width of approximately @t, wheret is the electronic cou-  can be localised and these can also lead to thermally aadivat
pling transfer integral between two neighbouring molesule mopbility.

(which is typically on the order of 100 meV in SMOCs). In

Ref. 10 this range is equally narrow and is comparable to or

even smaller than thermal eneryT at room temperature. 4 Conclusion
For this reason, thermally activated behaviour is not oleser

in SMOCs. In this work the effects of thermal disorder on the electzoni
The comparison between the effects of thermal disorder irstructure of crystalline P3HT were investigated. The inflee

ordered polymers and SMOC:s illustrates the dual role of temef side chains and main chains on the thermal disorder were
perature when thermal disorder and transport properties atinvestigated separately for the first time. The main conclu-
concerned. The temperature acts on the one hand to creat®ns from the obtained results can be summarized as fallows
well localised states and on the other hand to promote the cafrhe disorder in side chains has a significant effect on the ele
riers from such localised states to delocalised statesheitier  tronic structure of P3HT. The effect is more pronounced é th
transport. In SMOCSs higher temperatures lead to bettet-locashifted structure than in the aligned, due to higher conferm
ization of the states and consequently to a smaller mobilitytional freedom of side chains. The disorder in main chairss ha
On the other hand, in ordered P3HT polymers, in the rangea strong effect on the electronic structure, leading to the |

and energetic distribution of electronic states that waioled
leads to thermally-activated transport; at low tempegatoost
carriers populate localised states at the top of the valeand
which yield low mobility, while at higher temperatures léss

8| Journal Name, 2010, [vol]l1-9 This journal is © The Royal Society of Chemistry [year]
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calization of HOMO levels wave functions to few rings only. 29
Such a degree of localization is similar to the localisaiion
amorphous P3HT and it is a possible cause of thermally acti2®
vated mobility that is typically observed in ordered polyme

5
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