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Charge transport in columnar stacked triphenylenes: Effects of
conformational fluctuations on charge transfer integrals and site energies

K. Senthilkumar, F. C. Grozema, F. M. Bickelhaupt,? and L. D. A. Siebbeles®
Radiation Chemistry Department, Interfaculty Reactor Institute, Delft University of Technology,
Mekelweg 15, NL-2629 JB Delft, The Netherlands

(Received 7 April 2003; accepted 11 August 2D03

Values of charge transfer integrals, spatial overlap integrals and site energies involved in transport
of positive charges along columnar stacked triphenylene derivatives are provided. These parameters
were calculated directly as the matrix elements of the Kohn—Sham Hamiltonian, defined in terms of
the molecular orbitals on individual triphenylene molecules. This was realized by exploiting the
unique feature of the Amsterdam density functional theory program that allows one to use molecular
orbitals on individual molecules as a basis set in calculations on a system composed of two or more
molecules. The charge transfer integrals obtained in this way differ significantly from values
estimated from the energy splitting between the highest occupied molecular orbitals in a dimer. The
difference is due to the nonzero spatial overlap between the molecular orbitals on adjacent
molecules. Calculations were performed on unsubstituted and methoxy- or methylthio-substituted
triphenylenes. Charge transfer integrals and site energies were computed as a function of the twist
angle, stacking distance and lateral slide distance between adjacent molecules. The variation of the
charge transfer integrals and site energies with these conformational degrees of freedom provide a
qualitative explanation of the similarities and differences between the experimental charge carrier
mobilities in different phases of alkoxy- and alkylthio-substituted triphenylenes. The data obtained
from the present work can be used as input in quantitative studies of charge transport in columnar
stacked triphenylene derivatives. 2003 American Institute of Physics.

[DOI: 10.1063/1.1615476

I. INTRODUCTION ity values as high as 0.2 &W 's ! have been found for

In discotic liquid crystalline materials disklike aromatic the crystalline phase of alkylthio-substituted triphenylettes.
molecules form m-stacked columnar aggregates. TheFor arecentreview of the experimental conductivity data see
m-orbitals on adjacent molecules overlap yielding a oneRef. 25.
dimensional pathway for charge migration. This offers prom-  Structural studies of liquid crystalline triphenylene de-
ising possibilities for application of these materials in photo-rivatives have revealed that the average intracolumnar stack-
copying, nanoscale molecular electronic devices such &g distance and twist angle are close to 3.5 A and 45°,
light-emitting diodes and field-effect transistors and photo-respectively, while structural fluctuations in the form of lon-
voltaic cells!~*Within the class of liquid crystalline discotic gitudinal oscillations, twisting motion and lateral slides of
materials, the triphenylene derivatives have been studied ithe moleculegsee Fig. 2 play a prominent rolé®~3! Struc-
great detail, with respect to both structural and physicatural disorder has a detrimental effect on the charge carrier
properties(See Fig. 1. mobility and gives rise to disperse photocurrent transients

Of particular relevance to their possible use in electronicand a frequency dependence of the charge carrier
device applications are charge carrier mobility measuremobility.!82*=24 The presence of disorder causes stacks of
ments. Experimental mobility values have been obtainedriphenylene molecules to have a non-periodic structure and
from time-of-flight (TOF) measurements,*® pulse-  consequently electronic band structure calculations, which
radiolysis  time-resolved microwave conductivityPR—  can be used to describe charge transport in molecular
TRMC) 'measuremen{é‘zo and frequency dependent AC ¢rystals3? are inapplicable. Quantitative insight into the ef-
conductivity measurements on doped sam_fﬂé%“.The CoN-  fects of structural disorder on the mobility of charge carriers
ductivity in triphenylene derivatives is mainly due to trans- gqyires an alternative theoretical treatment of charge trans-
port of positive chargegéholeg and for the liquid crystalline port. Theoretical studies based on incoherent hopping
phase mobility values in the range 70-10  cn?V~1s1 modeld®333 or (partially) coherent motiof? including ef-
have been reported. From PR-TRMC measurements mObqécts of dynamic or static structural fluctuations have been

used to estimate hole mobilities in triphenylene derivatives.

@Also at: Afdeling Theoretische Chemie, Scheikundig Laboratorium der Vi-The theoretical mobility values presented until now are at
ije Universiteit, De Boelelaan 1083, NL-1081 HV Amsterdam, The Neth- |a5st one order of magnitude higher than the experimental

erlands. | f liquid l inh | derivati

YAuthor to whom correspondence should be addressed. Electronic maiV&lues for IQUI” crystalline trip _eny _ene erivatives. Re-
siebbeles@iri.tudelft.nl cently, the mobility of charge carriers in DNA has been cal-
0021-9606/2003/119(18)/9809/9/$20.00 9809 © 2003 American Institute of Physics

Downloaded 02 Apr 2011 to 130.37.129.78. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



9810 J. Chem. Phys., Vol. 119, No. 18, 8 November 2003 Senthilkumar et al.

R (MO) model contained in Kohn—Sham density functional
theory (DFT).%® With the ADF program the orbitals of a
stack of triphenylene molecules can be expressed in terms of
the molecular orbitals on the individual molecules. The spa-

R tial overlap integrals belong to the standard output of the
ADF program, while the charge transfer integrals and site
energies are directly obtained as the off-diagonal and diago-

R nal matrix elements of the Kohn—Sham Hamiltonian. The
aim of the present work is to provide values of the charge

R transfer integrals and site energies involved in hole transport
in columnar triphenylene derivatives, which can be used in
R future calculations of absolute mobility values. The theoret-

FIG. 1. Chemical structure of the triphenylene derivatives investigatediCal methodology is described in Sec. Il. The results obtained

R=H, OCH,, or SCH;. for unsubstituted and alkoxy- or alkylthio-substituted triph-

enylenes are discussed in Sec. lll. The conclusions are pre-

ented in Sec. IV.
culated by using a model based on tight-binding methods

combined with structural fluctuations of the molecular

lattice 3® This model could well serve as a starting point for a

theoretical treatment of charge transport in columnar stacketh THEORETICAL METHODOLOGY
triphenylenes.

The theoretical models for charge transport require acc
rate values of electronic couplings for charge tranédso
referred to as charge transfer integrals or hopping matrix ‘ .
elements and site energiegenergy of a charge when it is HInZ( en(R(1))an k@n
localized at a particular molecylas a function of the geo- '
metric conformation of adjacent molecules. Charge transfer

U- An excess charge carrier in a molecular system can be
described by the tight-binding Hamiltoni&n

kK +
integrals for hole transport have been estimated from band +n k% o o (R(D) g @ - @)
structure calculatioré or from the energetic splitting of the e

highest-occupied molecular orbitalslOMOS) in a system Eq. (1) a,, anda, are the creation and annihilation

consisting of two adjacent molecul®s®3 These procedures . )
) ; operators of a charge at théh molecule in molecular orbital
are only correct in case the spatial overlap between the

HOMO orbitals on different molecules is equal to zero andk: £n(R(t)) is the site energy of the charge adfy, (R(1))

the site energies of the two molecules in a dimer system art the charge transfer integral involving orbitiddsindk’ on
identical®® These conditions are not generally fulfilled in the the molecules andn’. Both the site energies and the charge
systems considered here. In addition, information about théansfer integrals depend on the intramolecular and intermo-
fluctuations of the site energies cannot be obtained from thiecular geometric degrees of freedom, which may fluctuate in
procedures mentioned above. Therefore, an alternativéme and are collectively denoted Rgt). Hence, polaronic
method is applied in which the spatial overlap, charge transeffects due to possible coupling of an excess charge carrier to
fer integrals and site energies are calculated directly withouthe nuclear degrees of freedom are included in the Hamil-
invoking any approximation. The calculations were per-tonianin Eq.(1). For a complete description of the dynamics
formed using the Amsterdam density functiongADF) of a charge carrier the kinetic energy due to nuclear motions

theory prograr’ and the quantitative molecular orbital Must be added to Ed1), as has been done in a previous
study on charge transport in DN®&.Usually the wave func-

tion of an excess positive charge can be written as a linear
superposition of the HOMOs of the individual molecules.
A triphenylene molecule belongs to tBe,;, point group.

twist angle (0) The highest occupiedr-orbitals, ¢, are twofold degenerate

o and belong to the irreducible representatianep) E”.*° A
columnar stack of triphenylene molecules with the molecular
o w— |ateral slide (AX) planes perpendicular to the stacking axis and the centers of
" mass on this axis haS; symmetry for any twist angle be-
° o tween the moleculegexcept zero degrepsConsequently, a
i "’.“g't“d'“a' HOMO belonging to thé” irrep on one molecule will have
O displacement (AZ) nonzero electronic coupling with both HOMOs on an adija-

n cent molecule. However, if symmetry adapted linear combi-
' nations(SALCs9) of the HOMOs on the individual molecules

FIG. 2. Schematic representation of columnar stacked triphenylene mol‘:Jlre made, such that they belong to the iréépf the Cs

ecules with disorder in the form of different twist angles, stacking dis- ~ Symmetry group, each Orb_ital on a partiCU|ar molecule
tances AZ), and lateral slide motionsA(X). couples only with one orbital on an adjacent molecule.
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Therefore, it is convenient to transform the HOMOSs to thezero. In this situation the four HOMOSs in a triphenylene

SALCs belonging to irrefe of the C3 symmetry group. For
the nth molecule the SALCs are given by

1
n=—(¢p

‘72(¢n+i90§)! (Za)

« 1
gn =—(er—igd). (2b)

V2

In Eq. (2) the degenerate HOMQs: and ¢2 belong to the
E” irrep of theD 5, symmetry group. In case th@; symme-

dimer will interact. The mixing of the HOMOs is then fully
described by the two transfer integrals in E4). The spatial
overlap integrals are obtained analogous to(Eby replac-
ing the Kohn—Sham Hamiltoniarys, by the identity op-
erator. '

The molecular orbitals,p;,, of an individual triph-
enylene molecule were obtained from density functional
theory (DFT) calculations using the ADF prografmwith a
basis set consisting of atomic orbitals. The matrix elements
in Egs.(3) and(4) were obtained by using the unique feature
of the ADF program that allows one to use the molecular

try is broken, e.g., by a lateral slide of a molecule in a direcorhitals, ¢!, (fragment orbitals as a basis set in a subsequent
tion perpendicular to the columnar aXiS, each orbital in EqCa|Cu|ation on a System of two or more tripheny|ene mol-
(2) will have a nonzero charge transfer integral with bothecyles. The standard output of the ADF program then pro-
HOMOs on an adjacent molecule. vides the overlap matrixS, the eigenvector matrixC, and

In what follows the SALCs folC3 symmetry as defined  the diagonal eigenvalue matri&, Note, that the overlap and
in Eq. (2) will be used to compute the site energies, chargesigenvector matrix are defined in terms of the molecular or-
transfer integrals and spatial overlap matrix elements on adhjtals on the individual triphenylene molecules and not the

jacent molecules. For the orbitals in E@) the site energy of
the nth molecule is given by

en=(¥5/Nks| ¢E>:<¢E*|th| ¢E*>

= 3{{enlhislem +(@alhksleR)} . (3)

In Eq. (3) hgs is the Kohn—Sham Hamiltonian of the system
considered, which may consist of two or more triphenylen
molecules. The charge transfer integrals involving orbitals o

neighboring molecules are given by
Ine1=(¥nlhksl ¥r1)
= H(@nlhkslens 1) +(alhksl Ph- 1)
+i(@plhks| Phs1)

- i<(10%|hKS|(P%tl>}

=(IRnED*, (43
JE,’E;1:<¢E|hKS| 'ﬁﬁiﬁ
= %{<<Prl1|h|<s|(Pr11t1>_<€0ﬁ|th|‘Pﬁr1>
_i<<P%|th| (Pﬁil>_i<¢ﬁ|hKS|(Pﬁil>}' (4b)
When the system haS; symmetry
<<P%|th|<Prl1t1>=<<P§|th| @ﬁil> (53)
and
(@nlhksl@ne )=~ (@2l hkslene1)- (5b)

The charge transfer integral in E@a) involves the coupling
of one of the SALCs in Eq(2) with the corresponding

SALC on an adjacent molecule. The charge transfer integr
in Eq. (4b) refers to the cross coupling of the SALC in Eq.

(2a) on one molecule with the SALC in E€Rb) on the other
molecule. Combination of Eqs(4) and (5) immediately

€

atomic orbitals. The matrix elements of the Kohn—Sham
Hamiltonian{ ¢, |hks|¢l,), can be readily obtained frorg,

C, and E, since hysC=SCE, and consequentlyhxg
=SCEC . The matrix elementée}| hys| ¢! ,) were used to
evaluate the site energies and charge transfer integrals in-
volving the SALCs as defined in Eg&) and (4). This pro-
cedure provides a direct and exact calculation of site energies
and charge transfer integrals. It does not rely on the assump-
ion of zero spatial overlap, which is made in the orbital
splitting or Mulliken and Hush treatment to evaluate charge
transfer integral$®*! In addition the present procedure is
also applicable in cases where an orbital on one molecule
couples with two or more orbitals on another molecule.

It should be noted that the site energies and charge tran-
fer integrals to be discussed below refer to the HOMOs on
the triphenylene molecules. Hence, in a calculation of the
properties and dynamics of an excess positive charge based
on the Hamiltonian in Eq(l), the sign of these parameters
must be reversed.

lll. RESULTS AND DISCUSSION

The charge transfer integrals, spatial overlap integrals
and site energies were computed for different twist angles,
intermolecular distances and magnitudes of a lateral slide of
one of the molecules in a dimer system of two stacked triph-
enylene molecules. The results are collected in Tables | and
II. In Sec. IIl A computational and methodological aspects
are discussed on basis of the results for unsubstituted triph-
enylene molecules. In Sec. 11l B the results for alkoxy- and
alkylthio-substituted triphenylenes are discussed and related
to experimental charge carrier mobility values.

aA. Unsubstituted triphenylene

In the calculations the geometry of an individual triph-
enylene molecule was optimized without any constraint. This

shows that the matrix element in E@tb) is zero when the geometry was used in calculations on stacks consisting of
system hasC; symmetry. In the case of a lateral slide of a two (or more molecules to obtain the charge transfer and

molecule theC5; symmetry is broken and consequently the spatial overlap integrals and the site energies. The results
charge transfer integrals in Eggla and(4b) are both non- reported below were obtained with an atomic basis set of
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TABLE I. Charge transfer integrals)] and spatial overlap integral§) for the triphenylene derivatives investigated. The ratio of the imaginary and real part
of J andS are also given. Upper part, dependence on the twist angkat, a stacking distance of 3.5 A. Second part, dependence on stacking digtZnce,
for a twist angle of 45°. Third part, effect of lateral slide distank¥, onJEE defined in Eq(4a) (first row at each distance in the tapknd cross coupling,

JEE* | defined in Eq(4b) (second row at each distance in the table

H R=0CH, R=SCH,
Im(J) Im(S) Im(J) Im(9) Im(J) Im(S)
J S ReJ) ReS J s ReJ) ReS J S ReJ) ReS
a
0° 0.64 0.062 0 0 0.47 0.049 0 0 0.73 0.074 0 0
15° 0.55 0.053 -0.35 —-0.35 0.37 0.039 —-0.37 -0.37 0.43 0.041 0.36 0.35
30° 0.33 0.032 -0.83 —-0.81 0.30 0.031 —0.90 —-0.95 0.31 0.032 1.61 1.47
45° 0.12 0.012 -1.87 -1.78 0.22 0.024 0.20 0.17 0.12 0.012 1.61 1.54
60° 0.03 0.003 -1.72 -1.72 0.16 0.018 —1.74 -1.74 0.11 0.011 1.33 1.34
AZ (R)
3.0 0.20 0.018 —2.08 —2.00 0.41 0.039 —1.56 —1.46 0.28 0.024 1.62 1.56
3.2 0.16 0.016 —1.99 -1.91 0.32 0.032 —1.82 —1.43 0.20 0.019 1.62 1.55
3.4 0.13 0.013 -1.91 -1.82 0.25 0.026 —1.49 —1.40 0.15 0.014 1.61 1.54
35 0.12 0.012 —1.87 -1.78 0.22 0.024 0.20 0.17 0.12 0.012 1.61 1.54
3.6 0.11 0.011 -1.84 —-1.88 0.19 0.021 —1.46 -1.37 0.10 0.010 1.61 1.53
3.8 0.08 0.008 —1.77 —1.68 0.15 0.017 —1.43 -1.34 0.07 0.007 1.60 1.51
4.0 0.06 0.007 -1.71 —1.62 0.12 0.014 —1.40 -1.31 0.05 0.005 1.59 1.49
AX (A)
0.0 0.12 0.012  —1.87 -1.78 0.22 0.024 0.20 0.17 0.12 0.012 1.61 1.51
0 0 0 0 0 0
1.0 0.06 0.007 —2.38 -2.11 0.13 0.014 —-1.35 -1.27 0.06 0.006 1.48 1.37
0.16 0.015 —2.58 —2.59 0.07 0.007 -1.21 —1.10 0.08 0.008 —-0.16 -0.11
2.0 0.12 0.011  -0.85 —-0.84 0.03 0.002 —2.43 —3.52 0.03 0.003 —1.67 -1.74
0.10 0.010 —2.30 -2.33 0.07 0.008 0.45 0.45 0.08 0.008 0.76 0.80
3.0 0.23 0.021 —0.94 —0.95 0.08 0.008 —1.53 —1.52 0.05 0.006 —1.66 —1.57
0.05 0.005 1.88 1.96 0.12 0.012 10.09 6.91 0.11 0.001 —12.20 —38.76
4.0 0.09 0.010 -0.91 0.92 0.02 0.002 —20.48 —42.02 0.06 0.006 —-0.75 —0.69
0.09 0.010 1.37 1.46 0.10 0.011  —1.87 -2.07 0.11 0.011 —4.31 —-5.35
5.0 0.10 0.009 -1.01 —1.00 0.03 0.004 —-0.03 —0.58 0.02 0.002 —-0.07 —-0.05
0.07 0.006 0.19 0.27 0.04 0.005 -0.04 —0.26 0.05 0.005 22.31 7.43
6.0 0.14 0.013  —0.97 —0.96 0.04 0.003 0.82 0.72 0.07 0.007 —1.59 —1.90
0.02 0.002 —2.87 -2.13 0.02 0.002 —0.50 —0.45 0.02 0.003 0.03 0.10
7.0 0.06 0.006 —0.92 0.92 0.03 0.003 —-0.20 —-0.29 0.11 0.018 —1.64 -1.79
0.06 0.006 —0.05 -0.07 0.01 0.002 0.77 0.64 0.02 0.003 051 -0.34
8.0 0.01 0.001 -1.15 —1.20 0.02 0.002 —9.99 —6.01 0.07 0.007 —2.11 —2.37
0.08 0.007 -0.34 —-0.35 0.02 0.003 0.57 0.51 0.01 0.001 —6.20 —3.43
9.0 0.03 0.003  —1.00 —1.00 0.02 0.002 1.42 1.44 0.02 0.002 6.81 6.33
0.05 0.005  —0.47 —0.47 0.02 0.002 0.66 0.62 0.02 0.002 1.07 1.09
10.0 0.01 0.001 —0.97 —0.96 0.01 0.001 -0.17 -0.12 0.02 0.002 0.22 0.39
0.02 0.002 -0.54 —0.54 0.00 0.000 -0.97 -1.32 0.02 0.003 0.74 0.74
11.0 0.01 0.001 —0.94 —0.94 0.01 0.001 -2.37 —2.05 0.01 0.002 0.09 0.18
0.01 0.001  —0.8 —0.58 0.01 0.001 0.12 0.10 0.02 0.002 0.61 0.64

Slater-type orbital§STOS9 of triple- quality including two

with the correlation part of the Perdew and Wang(BW91)

sets of polarization functions on each at¢fiz2P basis set functional?® Using other exchange/correlation functionals

in ADF).*2 Using a triple¢ STO basis set with only one set gave charge transfer integrals that differ by less than a few
of polarization functions on each atoffZP basis set in percent from the values obtained with the Becke/PW91 func-
ADF) gave similar results, while a smaller basis set oftional. The absolute values of the site energies were found to
double{ quality with only one set of polarization functions vary by 0.1-0.2 eV for different exchange correlation func-
on each atom{DZP basis set in ADFgave charge transfer tionals. In particular, it is pointed out that good agreement
integrals that were ca. 10% smaller than those obtained wittvas obtained between the present PW91 values for the
the TZ2P basis set. All calculations are performed using theharge transfer integrals and values obtained with the more
generalized gradient approximatio6GA) of density func- recently developed asymptotically corrected SA@Htisti-
tional theory (DFT). This proceeds from the local density cal average of orbital potentiaJswhich has been shown to
approximation(LDA) for the exchange and correlation func- achieve good agreement between its outer valence Kohn—
tional based on the parametrization of the electron gas datgéham orbital energies and the corresponding vertical ioniza-
given by Vosko, Wilk, and NusaiftVWN).** The gradient tion energiegVIE) of various types of moleculé$.Further-
corrections of Beck¥ (for exchangg were used together more, it is noted that the variation of the site energies with
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TABLE Il. Site energies for the triphenylene derivatives investigated. Upper 0.8

part, dependence on the twist anglg, at a stacking distance of 3.5 A. @~ |4 Eq. (43)
—©— AE/2

Second part, dependence on stacking distahZe for a twist angle of 45°.
Third part, effect of lateral slide distancAX, at stacking distance 3.5 A
and twist angle 45°.

0.6

Site energieg (eV)

charge transfer integral (¢V)

0.4
R=H R=0OCH, R=SCH;
a 0.2
0° -5.21 —4.22 —4.46
15° —-5.22 —-4.23 —4.49
30° —-5.24 —4.26 —4.54 0.0 3 - L 2
25° 596 _430 460 0 60 120 180 240 300 360
60° —5.27 —4.32 —4.65 twist angle (deg)
AZ (A) FIG. 3. Variation of the charge transfer integral defified. (4a)] with the
3.0 —5.33 —4.40 —4.75 twist angle for unsubstituted triphenylene molecules at 3(likd circles
3.2 —5.29 —4.34 —4.67 and half of the energetic splitting between the HOMO and HOM@en
3.4 -5.27 —-4.31 —4.62 circles.
35 -5.26 —4.30 —4.60
3.6 -5.26 —4.29 —4.59
38 —5.26 —4.28 —4.57 angle to— 1.7 for a twist angle of 60°. The magnitude of the
4.0 -5.26 —4.28 —4.55 ; : . . .
imaginary part is determined by the cross coupling between
AX (A) different orbitals withD 5, symmetry, see Eq$4b) and(5b).
0.0 —5.26 —4.30 —4.60 This coupling increases with the twist angle since a nonzero
;:g :g;g :2:3(1) :igg twist implies a deviation fromD3, symmetry. The spatial
30 5134 432 457 overlap was found to vary from 0.062 at zero twist angle to
4.0 -5.38 —4.34 —459 0.003 at 60°, analogous to the variation of the charge trans-
5.0 —5.42 —4.37 —4.60 fer integral. The nearest-neighbor charge transfer integrals
6.0 —9.45 —441 —4.62 computed for a stack of three triphenylene molecules with a
;:8 :g:gg :j:ig :2:22 mutual twist angle of 45° were identical to those for the
9.0 554 _4.49 _ 468 dimer system. The charge transfer integrals are thus fully
10.0 ~555 —450 —4.70 determined by nearest-neighbor interactions. The charge
11.0 -5.55 —-4.51 -4.71 transfer integral involving the next to nearest-neighbor cou-

pling between two triphenylene molecules at a distance of 7
A was found to be more than an order of magnitude smaller
than those for adjacent molecules. Hence, a description of
the twist angle between two stacked triphenylene moleculesharge transport in terms of next-neighbor electronic cou-
was identical for the correlation functionals mentionedplings only, can be considered adequate.
above. Since in charge transport calculations based on the It is of interest to compare the calculated charge transfer
Hamiltonian in Eqg.(1) only the differences between the site integrals with half of the energetic splitting between the
energies on different molecules play a role, the results obHOMO and HOMO-1 levels. The latter value is often used
tained with the different functionals can be consideredas an estimation of the charge transfer integral. The charge
equivalent. transfer integral obtained from half the value of the energetic
In the calculations on systems consisting of two stackedlifference between the HOMO and HOMO-1 in a triph-
triphenylene molecules the HOMO in the dimer was found toenylene dimer is also plotted in Fig. 3 as a function of the
be composed of the HOMOs on the individual molecules bytwist angle. The charge transfer integrals estimated in this
more than 98%. The description of a positive charge carrieway are significantly smaller than the exact values in Fig. 3.
in terms of the HOMOSs only can thus be considered ad-The difference is due to the nonzero spatial overlap integral,
equate. The dependence of the absolute value of the char@ between the HOMOs on the two triphenylene molecules.
transfer integral in Eq(4a on the twist angle between two The energetic splitting between the HOMO and HOMO-1
unsubstituted triphenylene molecules is presented in Fig. 8an be calculated from thex22 secular determinant, which
and Table I. Note, that the current system involves no lateragives
slide of the molecules so that the system Rassymmetry 5 > >
and the charge transfer integral in Egb) is equal to zero. Ap— V(2 RAIS) —(1+22) "+ 4([I[°~2122) (1)
The distance between the molecules was taken equal to 3.5 1-[9?
A. The periodicity in the values of the charge transfer inte- (6a)
gral reflects theC; symmetry of the system. The charge which for S=0 ande,=¢, reduces to
transfer integral varies strongly from 0.64 eV at zero twist AE=2]J] (6b)
angle to reach a minimum value of 0.03 eV at 60°. The ratio '
of the imaginary and the real part of the charge transfer insing the values of and S together with the site energies
tegral in Eq.(4a), was found to change from 0 at zero twist obtained from the DFT calculations the energetic splitting
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0.5 distances. For two molecules at a distance of 3.5 A and a
—@— unsubstituted twist angle of 45° the site energy is5.26 eV, see Table Il.
3 04f —A— OCH, Adding a third triphenylene molecule at a distance of 7 A
= —H&— SCH, . . . .
g from the first molecule increased the site energy on the first
2 o3 molecule further to—5.13 eV. The latter effect on the site
}_, energy was also found for two molecules at a distance of 7
€ 02} A. Hence, the effect of different molecules on the site energy
‘fg of a particular molecule isclose t9 additive. The site ener-
3 o1} gies are also affected by non-nearest neighbor interactions
© and consequently the variations of the site energies in Table
0.0 L 1 t 1 ! 1 Il with the mutual configuration of the molecules are lower
28 30 32 34 36 38 40 42 limits to the fluctuations in longer stacks. It was found that
longitudinal distance (Angstrom) the effect of neighboring molecules on the site energy of a
FIG. 4. Distance dependence of the charge transfer integrals in triphenyler%"?u'tlcuIar mOI¢CU|e is mainly due tc_) the_COUIomb mteractlpn
derivatives for a twist angle of 45°. with the atomic charges on the neigboring molecules, which

were calculated by the Voronoi deformation dengipD)
method*’*® Even at a distance of 7 A the Coulomb energy
calculated in this way was found to be approximately 0.1 eV.

calculated from Eq(6a is indeed very close to the differ- Note, that the absolute value of 5.53 eV for the energy of

i?]ngesb;zvne]ecr(])rt]ziest?:eglivs\,:];r:hﬁei?ynz ﬁ::)(fe?ﬁegoé\g%;ihe HOMO of an individual triphenylene molecule differs
y 9 pheny . significantly from the vertical ionization energy, which is 7.9

pected. Even though in the present case the spatial overl%{?w This is due, amongst others, to the incorrégt., t0o

amounts taS=0.062 or less, the use of E(pb) gives inac- ' ' ’ "

curate results for the charge transfer integrals. The reasc;r?St decayingasymptotic behavior of the approximate GGA

stems from neglecting the additional terms in E6g). In exchange-correlation potentials that cause an upshift of all

case thad andS are real numbers and assuming $~1 it eigenvaluedi.e., orbital energigswith respect to the exact
can be found from Eq(6a that Kohn—Sham result® This is in line with the general obser-

vation that orbital energies obtained with GGA and hybrid
J~1S(e,+¢€,)+ 3AE. (7) potentials differ from the ionization energies by a close to

The difference between the value bfand half of the ener- Cconstant amount for a given molecdfeTherefore it is rea-
getic splittingAE is thus due to the first term in EG7). The sonable to assume that the variation of the site energies with

energetic splitting gives an approximation to the generalize&he geometrical configuration of the system is accuratg. The
charge transfer integr€ld’ =J— 1S(g, + 8,) ~ JAE. When differences petween the va}ues in Table I thus provide a
the spatial overlapS, is not taken into account in charge good appr.o’f'ma“"” o the site energy fluctuations as a func-
transport calculations based on the Hamiltonian in €. tion of tW|st|ng_ angle and Iongltudlngl or lateral displace-
the generalized charge transfer integral values may provide pents of the triphenylene molecules in a columnar stack.
good approximation. However, when the orbitals on a par-
ticular molecule in the system couple with more than one . . .
other orbital on an adjacent molecule this is no longer appro-B' Alkoxy- and alkylthio-substituted triphenylene
priate. As discussed above this situation is encountered in The optimized geometry of an individual molecule was
stacked triphenylene molecules. For these systems the valufsind to be such that the substituents on the same phenyl
of J together with the spatial overla, and the site energies ring are facing away from each other with the carbon atoms
from the present calculations can be used for charge tranga the same plane as the triphenylene core. Figure 4 shows
port calculations. the effect of substituents on the magnitude of the charge
The dependence of the charge transfer integral on th&ansfer integral in Eqi4a) as a function of distance between
distance between two triphenylene molecules is shown iitwo triphenylene molecules with a mutual twist angle of 45°.
Fig. 4 for a twist angle equal to 45°. The charge transfeiThe distance dependence is stronger when substituents are
integral decrease®lose to exponentially with the distance present. The fall-off parameters are 1.9, 2.3, and 2.1 for
between the molecules; i.el=J(AZ=0)exp( BAZ) with unsubstituted, methoxy-, and methylthio-substituted triph-
the falloff paramete=1.9 A~ 1. enylene, respectively. The electronic coupling is largest in
The site energies, as defined by E), are given in  methoxy-substituted triphenylene.
Table 1l for different twist angles and longitudinal and lateral The variation of the magnitude of the charge transfer
displacements between two triphenylene molecules in @ntegrals for methoxy- and methylthio-substituted triph-
dimer system. Increasing the stacking distarkkg, from 3  enylene with the twist angle is shown in Fig. 5. Comparison
to 4 A results in a change of the site energy frem5.33 to  of the data for methoxy-substituted triphenylene with those
—5.26 eV. When increasing the distance further the site enfor unsubstituted triphenylene in Fig. 3 shows that the intro-
ergy becomes equal to the HOMO energy of an individualduction of methoxy-substituents leads to a smaller variation
triphenylene molecule, which was found to bes.53 eV. of the charge transfer integral with the twist angle. At zero
Hence, the variation of the site energy with the stacking disdegrees the charge transfer integral is smaller when methoxy
tance exhibits a maximum between short and long stackingroups are present, while it is larger near 60°. In the case of
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FIG. 5. Variation of the charge transfer integf&lq. (48] with the twist
angle for methoxy- and methylthio-substituted triphenylenes with a stacking
distance of 3.5 A, 0.20

B) R=SCH, m SFE
0.15} o fFf
methylthio-substituents the charge transfer integral has a
larger value at zero twist angle, while near 60° it attains a
value intermediate between that for the unsubstituted and
methoxy-substituted triphenylenes.

The charge transfer integrals for methoxy-substituted
triphenylene molecules obtained from the present work are
approximately a factor of 5 larger than the values reported in
Ref. 34, which were obtained from the valence effective
Hamiltonian (VEH) method. The difference is most likely
due to the lower level of theory used in Ref. 34. The charge
transfer integrals calculated for methylthio-substituted triphFIG. 6. Dependence of the charge transfer integrals on the lateral slide
cmlene o hepresert work ate approXmately 2 a0 O o S e o35 v i
2 larger than those reported in Ref. 33, which were estimategl-. '
as half the energetic splitting between the HOMO and
HOMO-1 in a dimer, calculated at the intermediate neglect

of differential overlapINDO) level of theory. The difference estimated The data discussed above shows that such fluc-

is not surprising, since as is shown by the data in Fig. 3, th¢ations can lead to variations of the charge transfer integrals
estimation of transfer integrals from the energetic splitting;ng site energies of the order of a few tenths of an eV, see
gives lower values than the direct calculations. _ Tables | and II. Site energy fluctuations with a magnitude
Figure 6 shows the charge transfer integrals as a functiogomparaple to or larger than the charge transfer integral will
of the lateral slide distancesee Fig. 2 for methoxy- and g getrimental to charge transport. In addition the occurrence
methylthio-substituted triphenylene. The twist angle wasyt arge |ateral displacements causes the charge transfer in-
taken equal to 45° and one molecule was displaced in thgygra) to become small and will have a strong negative effect
lateral direction along th€; axis of the molecule. Similar ,'the charge carrier mobility. Improvement of the structural
results were obtained for a twist angle of 60°. For zero |t qer in triphenylenes is thus expected to have a large posi-
eral slide distance the charge transfer |nt*egral involving dif+ye effect on the charge carrier mobility. In particular a re-
ferentC; SALCs on the two molecules;%" in Eq.(4b), is  duction of the average twist from 45° to values near zero
equal to zero, since in this case the system@asymmetry.  degrees, e.g., by using different substituents, will enhance
As the slide distance increases the charge transfer integrgde mobility significantly.
JEE first decreases, then exhibits local maxima and tends to  The charge transfer integrals and site energy fluctuations
zero at distances exceeding 8 A. The charge transfer integrahiculated for methoxy- and methylthio-substituted triph-
involving differentC5; SALCs on the two moleculesEE", enylenes are not very different. This is in agreement with the
first increases and then decreases. From the results in Fig.sémilar charge carrier mobilities of 0.002 and 0.008
it can be concluded that lateral displacements~@ A or cnm?V !s !, as obtained from PR-TRMC measurements
more will have a large negative effect on the mobility of on hexyloxy- and hexylthio-substituted triphenylenes, re-
charge carriers. The data in Table Il shows that lateral disspectively, in the liquid-crystallin®,, phaset® In the micro-
placements affect the site energies most for unsubstitutedave conductivity measurements charge transport within
triphenylene, while the effects are minimum for methylthio- relatively ordered microdomains is probed, since the charge
substituted triphenylene. carriers can follow the oscillating electric field by moving
In triphenylenes fluctuations of the twist angles and in-between barriers for charge transptrtn contrast, in TOF
termolecular distance of the order of 50°dah A have been measurements charge carriers need to traverse the inter-

charge transfer integral (eV)

lateral slide (Angstrom)
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electrode distance of the order of seveuah and the prob- V. CONCLUSIONS

ability that a charge carrier encounters a large structural fluc- The unique feature of the Amsterdam density functional

tuation becomes more likely. For instance a large lateral slid@ADF) theory program to use molecular orbitals as basis
of a molecule leads to a relatively small charge transfer infynctions in electronic structure calculations, was exploited
tegral and consequently a low mobility. The lower mobility to calculate charge transfer integrals, spatial overlap integrals
values of the order of 0.001 &W *s ! or less;?as found and site energies involved in hole transport in columnar
from TOF measurements on alkoxy-substituted triph-stacked triphenylene derivatives. These parameters were ob-
enylenes, are most likely due to such effects. tained directly as the matrix elements of the Kohn—Sham
The mobility of charge carriers measured for alkylthio- Hamiltonian. The charge transfer integrals obtained in this
substituted triphenylene in the crystallikephase is about an Way were found to differ significantly from values estimated

order of magnitude or more higher than in the liquid crystal-from the energetic splitting between the HOMO and
line D, phase, depending on the length of the 1OMO-1 in a dimer. The difference is attributed to the non-

alkylthio-substituent52° In the K phase the triphenylene zero spatial overlap between the molecular orbitals on adja-

cores are tilted by 22° with respect to the columnar axis an&eng;]&?l;‘:ilsﬁ's were performed on unsubstituted and
the intracolumnar distance between adjacent molecules is P . .

3.45 A, which is smaller than the cofacial distance of 3.64 Amethoxy- or methylthm-substltuted trlphenylenes.. The
.' - . - ) ' charge transfer integrals were found to vary strongly with the
in the liquid crystallineD,, phas&’ Using the coordinates of

: i e mutual twist angle between adjacent molecules, with the
the atoms in the crystallink phase of hex@exylthiotriph-  ayimum value near 0.5 eV for zero twist and the minimum

enylene(HHTT), as obtained from x-ray diffractioff;*the  yajue of the order of 0.1 eV at a twist angle of 60°. The
charge transfer integral was calculated to be 0.19 eV. Thigharge transfer integrals decrease with the distance between
value is close to a factor of 2 higher than the charge transfethe stacked molecules. A lateral slide of one of the molecules
integral calculated for methylthio-substituted triphenylenescauses the charge transfer integrals to first decrease, then to
in the equilibrium conformation of the liquid crystalline exhibit local maxima and to tend to zero for slide distances
phase(i.e., a stacking distance of 3.64 A and a twist angle ofabove approximately 8 A. The variation of the spatial over-
45°), see Table I. In the presence of dynamic and/or statitap integrals with the mutual conformation of the molecules
structural fluctuations the mobility scales approximately with€xhibits a trend similar to that of the charge transfer inte-
the square of the charge transfer integP&f On basis of the grals. The conformational degrees of freedom affect the site

calculated charge transfer integrals the mobility of chargén€rgies by an amolunt oLthe order of 0'% flv' Thhese fluctu]:':\—
carriers in theK phase would be approximately a factor of 4 tions are comparable to the magnitude of the charge transfer

higher than in the liquid crystalline phase. The significantly'megral.S near the equilibrium Confqrmatlon of adjac_ent_ _mol-
. . . : ecules in a columnar stack and will thus have a significant
higher mobility ratio observed experimentally must be due to

the fact that the | tructural order in #eh d negative effect on the mobility of charge carriers.
€ fact that Ihe farger structural order in gnhase reduces The calculated results provide a qualitative explanation

the fluctuations of the site energies, which further enhancegs yhe similarities and differences between the experimental
the mobility. Interestingly HHTT also exhibits a more or- charge carrier mobilities in different phases of alkoxy- and
dered liquid crystalline mesophase, in betweenKhphase  gikylthio-substituted triphenylenes. The data obtained from
and theDy, phase. In this so-called phase the equilibrium the present work can be used in quantitative calculations of
stacking distance and twist angle are similar toihephase, charge transport in triphenylene derivatives.

while structural fluctuations are less pronounéed@he mo-

bility in the K phase has been found to be a factor threeACKNOWLEDGMENTS
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square of the charge transfer integrals computed for the equ&—eI

librium conformations of triphenylene molecules in tHe coordinates of the atoms in the unit cell of HHTT in the

phase and the liquid crystalline phase. ~ crystallineK phase. The Netherlands Organization for Scien-
On basis of the results discussed above a qualitative eXific ResearcHNWO) is acknowledged for financial support.

planation of the mobilities of charge carriers in different

phases of triphenylene derivatives could be provided. Ai, Bacher, I. Bleyl, C. H. Erdelen, D. Haarer, W. Paulus, and H. W.

guantitative treatment requires a theoretical model in which Schmidt, Adv. Mater(Weinheim, Gej. 9, 1031(1997.

the effects of dynamic and static structural fluctuations on_S- Chandrasekhar and S. Krishna Prasad, Contemp. #0237 (1999.
h h ¢ fer int | d sit . b h{L Eichhorn, J. Porphyrins Phthalocyanines88 (2000.
the charge transfer integrals and site energies are brough{ sequy. p. Destruel, and H. Bock, Synth. Mit1-112, 15 (2000.

into account in more detail. Information about the structural °p. Adam, F. Closs, T. Frey, D. Funhoff, D. Haarer, H. Ringsdorf, P. Schu-

fluctuations can be obtained from experimental studies hmacher, and K. Siemensmeyer, Phys. Rev. @t457(1993.
d/ | | deli With this inf ti the th D. Adam, D. Haarer, F. Closs, T. Frey, D. Funhoff, K. Siemensmeyer, P.
and/or molecular moaeling. i IS Informaton the theo- Schuhmacher, and H. Ringsdorf, Ber. Bunsenges. Phys. C3igm.366

retical model in Ref. 35, which has been applied to describe (1993.
o . . .
Charge transport through DNA, can serve as an approprlateD Adam, P. SChuhmaCher, J. S|mmerer, L. Hausshng, K. S|emensmeyer,
N . . . . K. H. Etzbach, H. Ringsdorf, and D. Haarer, Natyt®ndon 371, 141
starting point for the modeling of charge transport in triph- (1994).

enylene derivatives. This will be the subject of a future study.®D. Adam, P. Schuhmacher, J. Simmerer, L. Haussling, W. Paulus, K. Si-

P. A. Heiney from the University of Pennsylvania, Phila-
phia (PA), USA, is cordially thanked for providing the

Downloaded 02 Apr 2011 to 130.37.129.78. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



J. Chem. Phys., Vol. 119, No. 18, 8 November 2003 Charge transport in columnar stacked triphenylenes 9817

emensmeyer, K. H. Etzbach, H. H. Ringsdorf, and D. Haarer, Adv. Mater?°A. M. Levelut, J. Phys(Parig 40, L81 (1979.

(Weinheim, Ge). 7, 276 (1995. 30F, M. Mulder, J. Stride, S. J. Picken, P. H. J. Kouwer, M. P. de Haas, L. D.
9H. Bengs, F. Closs, T. Frey, D. Funhoff, H. Ringsdorf, and K. Siemensm- A. Siebbeles, and G. J. Kearley, J. Am. Chem. &5 3860(2003.

eyer, Mol. Cryst. Lig. Cryst15, 565(1993. 31X. Shen, R. Y. Dong, N. Boden, R. J. Bushby, P. S. Martin, and A. Wood,
10N, Boden, R. J. Bushby, J. Clements, K. J. Donovan, B. Movaghar, and T. J. Chem. Physl108, 4324(1998.

Kreouzis, Phys. Rev. B8, 3063(1998. ) 32y, C. Cheng, R. J. Silbey, D. A. da Sivla Filho, J. P. Calbert, J. Cornil, and
1A, Ochse, A. Kettner, J. Kopitzke, J. H. Wendorff, and HsBler, Phys. J. L. Bradas, J. Chem. Phy418 3764 (2003.

Chem. Chem. Phyd, 1757(1999. 333, Cornil, V. Lemaur, J. P. Calbert, and J. L."Bas, Adv. Mater(Wein-
'2T. Kreouzis, K. Scott, K. J. Donovan, N. Boden, R. J. Bushby, O. R. neim, Gen 14, 726 (2002.

Lozman, and Q. Liu, Chem. Phy262, 489 (2000. 34M. A. Palenberg, R. J. Silbey, M. Malagoli, and J. L. Bas, J. Chem.
137, Kreouzis, K. J. Donovan, N. Boden, R. J. Bushby, O. R. Lozman, and Phys.112, 1541(2000.
14Q- Liu, J. Chem. Physl14 1797(2002. 35E. C. Grozema, L. D. A. Siebbeles, Y. A. Berlin, and M. A. Ratner,

J. M. Warman and P. G. Schouten, J. Phys. Chg®n17181(1995. ChemPhysChers, 536 (2002.

SA. M. van de Craats, J. M. Warman, M. P. de Haas, D. Adam, J. Simmererss
! ’ e ! M. D. Newton, Chem. ReW1, 767 (199J).
D. Haarer, and P. Schuhmacher, Adv. Matéfleinheim, Gep. 8, 823 75 o Velde, F. M. Bickelhaupt, E. J. Baerends, C. Fonseca Guerra, S. J. A.

(1996. . " .
18A. M. van de Craats, M. P. de Haas, and J. M. Warman, Synth. 86et. E/Zagog)slsbergen, J. G. Snijders, and T. Ziegler, J. Comput. CRTB31
2125(1997). 38 :

F. M. Bickelhaupt and E. J. Baerends,Reviews of Computer Chemistry
edited by K. B. Lipkowitz and D. B. BoydWiley-VCH, New York,
2000, Vol. 15, p. 1.

A, M. van de Craats, P. G. Schouten, and J. M. Warman, J. Jap. Lig. Cryst.
Soc.2, 12 (1998.

18A. M. van de Craats, L. D. A. Siebbeles, I. Bleyl, D. Haarer, Y. A. Berlin, 44 .. : , .
A. A. Zharikov, and J. M. Warman, J. Phys. Chem1@2, 9625(1998. E. A. Silinsh,Organic Molecular Crystal$Springer-Verlag, Berlin, 1980

40 . . .

197, M. van de Craats and J. M. Warman, Adv. Mat&keinheim, Gej. 13, G: C. Schatz and M. A. RatneQuantum Mechanics in Chemist{fpover,
130 (2001). 41Mlneola, NY, 2002. . .

ZOB. R. WegeWIJSY L. D. A. Siebbeles, N. Boden, R. J. BUShby, B. Movaghal’, C. Creutz, M. D. Newton, and N. Sutin, J. Photochem. Ph0t0b|082A

O. R. Lozman, Q. Liu, A. Pecchia, and L. A. Mason, Phys. Re\653 47 (1994.

245112(2002. 42]. G. Snijders, P. Vernooijs, and E. J. Baerends, At. Data Nucl. Data Tables
21\ J. Arikainen, N. Boden, R. J. Bushby, J. Clements, B. Movaghar, and, 26, 483(1981. )
A. Wood, J. Mater. Chens, 2161 (1995. “3S. H. Vosko, L. Wilk, and M. Nusair, Can. J. Phys8, 1200(1980.

22N Boden, R. J. Bushby, and J. Clements, J. Chem. FI§/&920(1993. j;‘A- D. Becke, Phys. Rev. 88, 3098(1988.
23N, Boden, R. J. Bushby, A. N. Cammidge, J. Clements, R. Luo, and K. J. J- P. Perdew and Y. Wang, Phys. Rev4 13244(1992.

Donovan, Mol. Cryst. Lig. Cryst261, 251 (1995. 4D, P. Chong, O. V. Gritsenko, and E. J. Baerends, J. Chem. Rhgs.
24N, Boden, R. J. Bushby, J. Clements, B. Movaghar, K. J. Donovan, and T, 1760(2002.
Kreouzis, Phys. Rev. B2, 13274(1995. 47F. M. Bickelhaupt, N. J. R. van Eikema Hommes, C. Fonseca Guerra, and
%J. M. Warman and A. M. van de Craats, Mol. Cryst. Lig. CryBt.press. E. J. Baerends, Organometallitd, 2923(1996.
28E. Fontes, P. A. Heiney, and W. H. de Jeu, Phys. Rev. I6it.1202 48C. Fonseca Guerra, F. M. Bickelhaupt, J. G. Snijders, and E. J. Baerends,
(1988, Chem. Eur. J5, 3581(1999.
2P, A. Heiney, E. Fontes, W. H. de Jeu, A. Riera, P. Carroll, and A. B.“°W. Schmidt, J. Chem. Phy86, 828(1977.
Smith, J. Phys(France 50, 461 (1989. 0R. van Leeuwen and E. J. Baerends, Phys. Re49,/2421(1994).
283 H. J. Idziak, P. A. Heiney, J. P. McCauley, P. Carroll, and A. B. Smith, >'P. Politzer and F. Abu-Awwad, Theor. Chem. A&9, 83 (1999.
Mol. Cryst. Lig. Cryst.237, 271(1993. 52p, A. Heiney(private communication

Downloaded 02 Apr 2011 to 130.37.129.78. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



