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Charge-carrier mobilities in binary mixtures of discotic triphenylene derivatives
as a function of temperature
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The pulse-radiolysis time-resolved microwave conductivity technique was used to study charge transport in
three binary mixtures of triphenylene derivatives and in three of these components separately. In the liquid-
crystalline mesophase the hole mobilities in the mixtures are found to be an order of magnitude higher than
those in the separate components. This is partly due to the more stable columnar structure in the mixtures and
partly due to efficient “alloy band formation.” In the crystalline phase the mobility in the mixtures is only a
few times lower than that of the separate components. The ionization energies of the components as measured
by cyclic voltammetry are up te-0.5 eV apart. It turns out that this energy difference is easily compensated
by the relatively large charge-transfer integrals for hole transport in the binary mixtures, which was obtained
from ab initio Hartree Fock calculations. The mobilities estimated theoretically for ordered systems largely
exceed the experimental values. This is most likely due to structural disorder along the columns in the material.
Theoretical estimations of the hole mobility suggest that mobilities in excess of/\ snsould be attainable
in well-ordered crystalline triphenylene samples.
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[. INTRODUCTION microdomains of the material by high-frequency micro-
waves. In this way the effects of grain and domain bound-
In discotic liquid-crystalline materials disklike aromatic aries are minimized.
molecules formm-stacked columnar aggregates. Therbit- For some triphenylene derivatives the results obtained
als on adjacent molecules overlap and in this way a onewith these two techniques have been published in combined
dimensional path along which charge can migrate resultsstudies; from this comparison a deeper insight into the un-
This offers promising possibilities for application of these derlying mechanisms of charge transport in these materials
materials in photocopying and in nanoscale molecular elechas been gained:*’ For instance, it has been established that
tronic devices such as light-emitting diodes and field-effectfor a sample that forms a monodomain between the two elec-
transistors:~* Within the class of liquid-crystalline discotic trodes in a TOF cell, a mobility similar to that of the PR-
materials, the triphenylene derivatives have been studied ifRMC value is foundat least at higher temperatures where
great detail with respect to both structural and physical propthe motion of the charge carriers is not affected by disorder
erties. Of particular relevance to their possible use in elecThe presence of even small degrees of misalignment or
tronic device applications are charge-carrier mobility mea-breaks in the columnar integrity results in substantially lower
surements, of which quite a number have been publistidd. TOF mobilities as compared to the PR-TRMC values.
The two main methods that have been used for this purpose The main result obtained from both types of mobility
are time-of-flight(TOF) and pulse-radiolysis time-resolved studies on liquid-crystalline alkoxy-substituted triphenylenes
microwave conductivity(PR-TRMQ,??23 which are both such as  2,3,6,7,10,11-Hexaltisxyloxy)-triphenylene
nonperturbative, time-resolved techniques. (HAT6) and 2,3,6,7,10,11-Hexakismdecyloxy-triphenylene
In the TOF method, the photogenerated charge carrier@dHAT11) [see Fig. 1is that the charge-carrier mobilities in
drift under the influence of an applied electric field from thethe discotic mesophases are in general quite (6¥0.002
front electrode to the counterelectrode across the measurirn?/V s). This is attributed to the fact that the aromatic core
cell. Any defects or traps that are encountered by the chargef the triphenylenes is relatively small, and the motional
carrier will impede its passage between the electrodedreedom of the side chains in the mesophase has a detrimen-
thereby reducing the average mobility. In the case of strongal effect on the intracolumnar order.
disorder or the presence of grain boundaries, the observed Recently, an empirical rule relating the size of the aro-
photocurrent transients can become so dispersive that it imatic core of discotic molecules with the observed intraco-
impossible to determine the charge-carrier mobility. lumnar charge-carrier mobility in the discotic mesophase has
The contactless PR-TRMC method on the other hand i®een published® On comparing the PR-TRMC mobilities of
readily applicable to all types of bulk samples, without elec-a set of more than 30 different liquid-crystalline discotic
trode contact, medium polarization, and alignment problemscompoundgwith six different cores and a variety of substi-
The charge carriers are generated by pulsed irradiation wittution patterny it appeared that there is an “optimal” value
high-energy electrons, and their mobility is probed withinfor a certain size of the aromatic core, which increases with
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ology is outlined briefly in Sec. Il. The mobilities of charge
carriers in the mixtures HAT6/PTP9, HAT6/2,3,6,7,10,11-
Hexakig4-hexyloxyphenykttriphenylene (PTPO§, and

PR HAT11/PTP9 were studied in the temperature range between
OR —100 and 170°C. The results are presented in Sec. Ill. A
R theoretical analysis of the band structure for hole conduc-
tion is presented in Sec. IV. The conclusions are presented
R in Sec. V.
R
OR Il. EXPERIMENT

The conductive properties of the discotic materials and
their 1:1 mixtures were studied with the pulse-radiolysis
PTPr RCH, HATH ReC,faey time-resolved microwave conductivity technicifé’ The
experimental methodology and data-reduction procedures
have been reported previousiy?>?*?>?%nd are only briefly
described here.

FIG. 1. Chemical structures of the triphenylene derivatives dis-  Solid-state powder samplésa. 200 mg of the materials
cussed in the text. were irradiated with nanosecond pulses of 3-MeV electrons

from a Van de Graaff accelerator, which results in the cre-
increasing core size. A plot of the logarithm of these optimalation of a uniform micromolar concentration of electron-hole
values versus the inverse number of atoms in the corgairs. If the charge carriers formed are mobile, the conduc-
yielded a straight line, from which the optimal value for a tivity of the sample will increase upon irradiation, which is
certain core size can in principle be estimated. In practicemonitored as a decrease in the microwave power reflected by
this optimal value is often lowered by the presence of unfathe cell containing the sample. In the materials investigated
vorable structural features in the material. in this work the conductivity has been attributed to transport

Interestingly, it has been shofh that mixing of  of holes?®?! From frequency-dependent conductivity mea-
two triphenylene derivatives [for instance, HAT6 surements in the range 28—38 GHz the dose-normalized end-
and  2,3,6,7,10,11-Hexaki&n-nonylphenyktriphenylene  of-pulse(EOP conductivityA ozop/D is obtained. The one-
(PTP9, see Fig. 1in a 1:1 stoichiometry has a favorable dimensional (1D) hole mobility along the columnar
effect on the integrity of the columns. Owing to a favorable direction, w,p, is derived from the relationshipusp
enthalpy of mixing the molecules intercalate and form a|ter'=3(Aanp/D)(Ep/Wp), whereE, is the average electron-
nating A-B-A-B stacks. The resulting binary mixtures have hole pair formation energy anwp is the probabmty that
much higher melting points than their components and thenese ion pairs survive to the end of the 3-MeV electron
mesophase exists over a wider temperature résge Table pyise. The values iV, were estimated according to a model
). The columns were shown to possess better order by x-rahat describes the scavenging of charge carriers by the aro-
diffraction experiment§! From TOF experiments on two of matic cores of the columnar structures formed by the discotic
these mixtures it was concluded that the charge-carrier mgnglecule<d’-28
bility in the hexagonal columnar (Gl mesophase of the  The temperature of the sample was varied frerh00 to
mixtures is up to three orders of magnitude higher than that-170°C and controlled to within 1°C of the desired tem-
of the HAT molecules separatel§.This high mobility was  perature. The samples were routinely flushed with, 8F
shown to persist at room temperature in the glassy phase @kder to capture gas-phase electrons that are produced on

the mixtures. B irradiating the air contained in the measurement cell.
Since it is not always clear whether mobility values mea-

sured with the TOF method correspond to intrinsic properties Il RESULTS AND DISCUSSION
of the material, it is worthwhile to study these mixtures with '
the PR-TRMC technique as well. The experimental method- A. Triphenylene derivatives

PTPOn: R=0CyHy e

In this section the charge-carrier mobilities obtained with
both the TOF and PR-TRMC techniques in three of the triph-
enylene derivatives that have been used in the binary mix-
tures(see Sec. Il B are presented and discussed. Some of

TABLE |. Temperatures at which transitions between different
phases occur.

Compound/mixture Phase behavi6€) .
the measurements on HAT6 and HAT11 have been published

HAT6 Cr 70 Co}, 1001 beforel®!®2% |n Table Il the main results obtained in the
HAT11 Cr 53 Co}, 66| crystalline(Cr) phase and in the mesophase ({alf these
PTP9 Cr 59 three triphenylene compounds are listed. The phase behavior
HAT6/PTP9 Cr 66 Cql 1551 of the materials studied is presented in Table I.
HAT6/PTPO6 Cr 160 Cq11931 It should be noted that the photocurrent transients ob-
HAT11/PTP9 Cr 60 Cgl 1701 tained with TOF in the crystalline regime of HAT6 and

HAT11 are characterized by featureless decays, from which
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TABLE Il. Mobility values in the pure compounds obtained with the PR-TRMC technique and by TOF
measurements. The mobilities in the Cr phase are those obtained at room temperature, while the values in the
Col, phase were obtained just above the-QZol,, phase-transition temperature.

Compound Phase PR-TRMC Reference TOF Reference
M1D MTOF
(1072 cn?/V s) (1073 cn?/V s)
HAT6 Cr (virgin) 48 This work
Cr (cooling from Co},) 12 15 2.6 20
Col, 2 15 0.71 20
HAT11 Cr (cooling from Co}) 29 16 2.0 20
Coly, 2 16 0.10 20
PTP9 Cr(virgin) 31 This work
Cr (cooling froml) 2 This work
the mobility cannot be determined. However, by measuring 0.04
the magnitude of the photocurrent after cooling into the crys- A) HAT6/PTP9
talline phase and assuming that the charge-separation quan- § 003k
tum yield is similar to that in the mesophase, an estimate of = r
the TOF mobility could be givef’ s I
In the present study, the charge-carrier mobility in PTP9 EO'OZ.
was measured with the PR-TRMC method as a function of 0.01 3
temperature, starting with the virgin sample at room tem- T
perature fu;p=0.03 cnt/V's). On heating the sample above 0,000 Lo e
60 °C, the microwave conductivity signal decreases dramati- " -100 0 100
cally to the noise level; this coincides with the temperature temperature (°C)
of the transition(Cr-I: 59 °C) from the crystalline phase to
the isotropic liquid phasé), as found from differential scan-
ning calorimetry(DSC) measurements. On cooling to 20 °C, 0.04
a mobility of only 0.002 crV s was found, indicating that B) HAT6/PTPO6
the initial ordering of the virgin sample has been lost and that % 0.03}F
a supercooled state is obtained. % [
The results in Table Il show that the TOF mobility values S o.02F
are always lower than those found with PR-TRMC. This j‘i_
indicates that even in the mesophase where proper TOF tran- o001k
sients are obtained, the presence of domain boundaries or i
discontinuities in the columnar integrity lowers the TOF mo- 0.001 L.l
bilities compared to the PR-TRMC values. If a single or- -100 0 100
dered monodomain would be formed between the electrodes temperature (°C)
of the TOF setup, the same charge-carrier mobility should
have been found with both the PR-TRMC and TOF methods.
Furthermore, it is obvious from both methods that the mo- 0.04
bility in the mesophase of HAT6 and HAT11 is substantially C) HAT11/PTP9
lower than that in the crystalline phase, indicating that the 2 0.03F
intracolumnar disorder in the mesophase is much higher than = :
that in the crystalline phase. %0,02 [
=
0.01fF
B. Binary mixtures of triphenylene derivatives
. - . 1 | - M |
1. PR-TRMC charge carrier mobilities as a function 0'00-100 o 100

of temperature

Starting at room temperature with the virgin samples, mo-

temperature (°C)

bility values were obtained from PR-TRMC measurements F|G. 2. Temperature dependence of the PR-TRMC mobilities of
on the three binary 1:1 mixtures HAT6/PTP9, HAT6/PTPOG,charge carriers in binary mixtures of triphenylene derivatives. The
and HAT11/PTP9 at various temperatures. The results arepen and filled circles correspond to a cooling and heating run,
shown in Fig. 2 and mobility values in the Cr and ol respectively.
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TABLE Ill. Mobility values in the binary mixtures obtained with the PR-TRMC and TOF techniques. The
mobilities in the Cr phase are those obtained at room temperature, while the values inth&a were
obtained just above the €¢Col, phase transition temperature.

Mixture Phase PR-TRMC TOF
wip (1073 cm?/V s) wror (1073 cné/V's)
HAT6/PTP9 Cr 14 14
Col, 23 23
HAT6/PTPO6 Cr 15
Col, 32
HAT11/PTP9 Cr 12(29 in virgin samplég 16
Col, 17 20

phases are presented in Table Ill. The temperatures at which 2. Comparison of the PR-TRMC results for the mixtures
phase transitions occur in these binary mixtures are given in with TOF measurements

Table |. . o The temperature dependence of the mobility in the binary

The room-temperature PR-TRMC mobility of the virgin iy res HAT6/PTP9 and HAT11/PTP9 has been studied
sample in HAT6/PTP9 isX u;p=0.014 crﬁo/VS [see Fig. yith TOF as welP! For both mixtures a weak thermal acti-
2(a)]. During a cooling run down to-100°C a slight de- \4ti0n of the TOF mobility was found, similar to the results
crease in mobility(to 0.009 crﬁ/\/os) is observed. On a sub-  ,piained with the PR-TRMC technique. Even in the crystal-
sequent heating run up to 150 °C the mobility gradually in-jjne state proper TOF transients were obtained, showing that
creases to 0.023 citv's. On cooling down to room tempera- ne formation of charge trapping grain boundaries does not
ture again, the value of,p retumns to that of the virgin - ocoyr. The values obtained in the Cr and Ophases of the
sample. In contrast to the results obtained for the_ separai@ixiures with the PR-TRMC and TOF methods are listed in
components HAT6 and PTP9 no sudden changes in the m@ype i1 The similarity between these values is striking, and
bility are found across the whole temperature range studiel onfirmation that indeed a near-perfect alignment of the
[see Fig. 2a)]. Thus, although a phase transition was de‘sample has been achieved in the TOF cell.
tected at 66 °C (Gr Coly) with DSC for this mixture, there In case of the HAT11/PTP9 mixture, the change in mobil-
seems to be no appreciable change in structure at that poir}f,y at the phase-transition temperatufi® °C) has not been

In case of the HAT6/PTPO6 mixture, the room- ghserved with TOF. This is due to the fact that the TOF
temperature  mobility in the virgin sample 1o measurements were started in the liquid-crystalline phase; on
=0.013 cn¥/V's. Similar cooling and heating runs as de- cooling below 60°C it is likely that a supercooled state was
scribed above were performed, and the PR-TRMC mOb'“t'e%ached, as discussed above for the cooling run of the PR-
obtained are plotted in Fig.(®). The results is qualitatively Trwmc experiment on HAT11/PTP9. Indeed, during a cool-
very similar to that for the HAT6/PTP9 mixture, namely & jng run starting at ca. 150 °C, the results obtained with PR-

gradual increase with increasing temperatuf@.ip  TRMC and TOF were found to agree.
=0.004 cn?/V's at —100°C, and 0.032 cfV's at 170°C

without abrupt changes, despite the-©Col, phase transi-
tion at 160 °C. A slight difference between the two mixtures
is that the temperature dependence of the mobility in HAT6/
PTPO6 is more pronounced than in HAT6/PTP9. Comparison of the data in Tables Il and Il shows that the
The charge-carrier mobility in the mixture HAT11/PTP9 mobility values in the crystalline phase obtained for the mix-
is 11p=0.029 cn¥/V's at room temperature in the virgin tures are somewhat smaller than for the separate compo-
sample, which is twice as high as that of the other two mix-nents. According to recent cyclovoltammetry datde ion-
tures. On cooling the mobility decreases only slightly toization potentials of HAT6 and HAT12 are the same, while
reach a value of.;p=0.018 cn/V's at —100°C[see Fig. those of PTP9 and PTPO6 are 0.50 and 0.43 eV higher than
2(c)]. In contrast to the other two mixtures there is a sudderthat of the HAT6. Hence, in alternating stacks of PTP and
decrease in the mobility during the heating run at 60 °CHAT molecules, the PTP molecules act as barriers for hole
which corresponds to the phase transition temperature (Qransport between HAT molecules. However, this negative
—Col,) (see Table )l Between 60 and 120 °C the mobility effect on the mobility is not very pronounced, due to the
has a constant value gi;p=0.015cnmi/Vs. On cooling relatively large bandwidth in the mixturésee Sec. IV.
there is no immediate return to the original higher mobilities, ~ Surprisingly, the mobility values in the mesophase of the
even though the sample was cooled-t@0 °C and allowed mixtures(ca. 0.02 cfV's) are approximately an order of
to stand overnight. When the experiment was repeated a femagnitude higher than those of the separate compoitests
months later on the same sample, the results were identical €002 cn/V s). This must be due to the much more ordered
the first run. Thus, in the meantime the supercooled statstructure of the mesophase of the mixtures as compared to
with lower mobility had slowly recrystallized to the higher- that of the components. If the present PR-TRMC mobility
mobility state of the virgin sample. values in the mesophase of the mixtures are plotted on the

3. Comparison of the mobilities in the mixtures
with those of the separate triphenylene derivatives
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core-size grapl{Fig. 2 in Ref. 19, they correspond to the TABLE V. Charge-transfer integrals calculated for the pure
maximum value predicted for this particular core size. Re-compounds and the HAT1/PTP mixture.
versing the argument, the present results form convincing

confirmation for the core-size effect, namely, that a certain Material Charge-transfer
maximum mobility can be expected for a certain core size, integralJ (eV)
pr(_)vided that the stacki_ng is close to optimal. That this re- TP/TP 0.10
qguirement has been fulfilled can be concluded fr_om the fact HAT1/HAT1 019

that the PR-TRMC and TOF values for the mixtures are

identical PTP/PTP 0.16
laentical. HAT1/PTP 0.29

IV. THEORETICAL DISCUSSION OF THE RESULTS

olecules, the charge-transfer integral can be obtained from
e energetic splitting between the HOMO and HOMO-1 in

The results discussed above suggest that the difference pﬁl
model systems consisting of two triphenylene molecules.

~0.5 eV gt;etween the ionization energies of HAT and PT

molecule$® (or equivalently site energies of a hpldoes not . . .
N _ The charge-transfer integrdlis related to the energetic

lower the mobility of holes too much. From the weak tem plitting between the HOMO's in the dimeE( —E_) and

perature dependence of the hole mobilities in the mixtures i . L
can be concluded that hole transport does not involve the he energy difference of the HOMO?'s in the separate mol-

mally activated hopping steps from a HAT molecule to a PTPeCUIes at infinite distancee4— €;) according to
molecule. It is more likely that in the mixed systems the . 5 5
holes move from one HAT molecule to the next by quantum- [9]=3(E; —E_)*— (&2 €1)". (2
mechanical tunneling through the barriers caused by the inI
tervening PTP molecules with higher ionization energy. If
this tunneling process is efficient, the mobilities for the
mixed systems can become comparable to those for the pu
compounds. To get insight into the feasibility of hole trans-
port by tunneling, the charge-transfer integrals and band e
ergies for a hole were calculated and used to obtain theore

n the calculations the geometry of the individual triph-
enylene molecules was optimized using the Parametric Num-
ber 3(PM3) method™ It has been found from x-ray diffrac-
ffon measuremert$®® and semiempirical calculatioffsthat
triphenylene molecules in the mesophase have a mutual in-
racolumnar distance near 3.5 A and are mutually twisted
. : - rround the columnar axis by an angle close to 45°. These
ical estimates of the holg ”ﬁ"b"';y- indl f molecul values were used in the calculations on the dimers. The cal-
A In pluretsyS’;ferEibqogslstlgg Od a singie typfe tﬁ rr;]o Iecu ®%ulations were performed with a Double Zeta Vale(i&V)
(.) only, the tight-binding band energies of the Nole are,,sis sefd which was considered sufficiently large, since the
given by results for unsubstituted triphenylene molecules were found
_ not to change significantly when larger basis sets such as
Ean(k)=Ea=2Jascodka), (13 Double Zeta plus PolarizatiofdZP) and correlation consis-
while in a binary mixture consisting of alternating moleculestent Polarized Valence Double Zefec-PVDZ) were used.
A andB the band energies are equal to The charge-transfer integralg, obtained from calcula-
tions on dimers of unsubstituted triphenylefi®) molecules
_1 1 _ 2 2 and on HAT1 and PTP molecules are presented in Table IV.
Ens(K)=3(Ent E)+ 3 V(Ea~Es)*+ 160 Cog(k(al)l;) The results for HAT1 and PTP are considered representative
for the analogous alkyl- or alkoxy-substituted molecules. The
with E, and Eg the ionization energies of the moleculds data in Table IV show that the charge-transfer integrals for
andB, Jthe charge transfer or hopping integraithe wave the substituted triphenylenes lie in the range 0.16-0.29 eV,
vector of the charge carrier, aradthe distance between ad- which is somewhat larger than that for unsubstituted triph-
jacent molecules. Comparison of Eq4a) and (1b) shows enylene molecules for which=0.1 eV.
that the band structure of the mixture becomes identical to The fact that the charge-transfer integrals for HAT1 and
that of the pure compound if|d,g|/|Eo—Eg|>1. It should  PTP do not differ very much provides a qualitative explana-
be realized that the systems studied in this work are disortion for the similar mobilities measured for the separate HAT
dered so that the band structures described by(BEgare and PTP materialgsee Table . It is of interest that the
only approximate. However, as long as the charge-transfegalculated charge-transfer integral is largest for the HAT1/
integrals are comparable to or larger than the difference®TP mixture. The value 08=0.29 eV for the mixture is
between the site energies, the charges can move through thkose to the difference of 0.43-0.50 eV between the ioniza-
system by quantum-mechanical tunneling and do not need tiion energies of HAT and PTP molecules, as determined by
overcome the energy differences by thermally activatectyclic voltametry?”® For these values the condition
hopping. 4|Jagl/|Ep—Eg|~2.5>1 is fulfilled and the band energies
The charge transfer integrals for hole transport were obin Eq. (1) for the separate components and the mixtures are
tained from Hartree-Fock calculations using the progranmsimilar. Hence, in perfectly ordered crystalline systems the
GAMESS-UK>2 By assuming that the wave function of the mobilities of holes in the separate components and the binary
hole can be described as a superposition of the highestnixture should be comparable. This is in agreement with the
occupied molecular orbitaltHOMQ's) on the triphenylene similar mobilities measured for the different materials in the
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crystalline phasdsee Tables Il and )l The fact that the value ofDg in Eg. (3a), affecting both the TRMC and TOF
value of J in the mixture is comparable to the difference mobilities. To obtain agreement between the calculated and
between the ionization energies of HAT and PTP moleculesneasured mobility values, the effective charge-transfer inte-
makes hole transport by gquantum-mechanical tunneling begrals must be approximately one order of magnitude smaller
tween the HAT molecules through the PTP sites with highethan the values in Table IV. In that case the bandwidth be-
energy feasible. comes smaller than the difference between the ionization en-
From the small thermal activation of the hole mobilities in ergies of HAT and PTP molecules and the hole mobility in
the mixtures, it can be concluded that hole transport is onlthe mixed systems could become smaller than that in the
weakly affected by trapping sites due to structural disorder opure compounds, in contrast to the experimental observa-
polaronic effects along the columns in the material. Sinceions. Another possibility for a smaller mobility than calcu-
transport between sites with an energy difference less thalated as described above could be that the “two-step” quan-
J=0.29 eV takes place by tunneling rather than by thermatum tunneling between HAT molecules via a PTP molecule is
activation, only traps with an energy largely exceedingad  forbidden by symmetry and a situation arises where the PTP
to a thermally activated mobility. Apparently the occurrencemolecules act only as barriers and not as stepping stones.
of such deeper trapping sites is relatively rare. The charge-transfer integral between HAT molecules sepa-
From the Kubo formula in the random phase Ii#hibne  rated by an intervening PTP molecule is indeed very small,
can derive an expression that is essentially the same as tlaed this reduction would easily account for the small mobil-
Haken-Reineker-StrodHRS) model in Ref. 31 “in the co- ity. However, the calculations give a large value for the
herent limit.” One has to assume that the Mott-Thoulesscharge-transfer integral between HAT and PTP molecules
random-phase level broadening is identical to the disordeand there is no apparent symmetry problem, though rota-
broadening so that the random-phase coherent diffudiity tional and vibrational disorder in the liquid-crystalline phase

can be written as will reduce this number as mentioned earlier.
o The fact that the mobility of holes is overestimated by
D.— 4a(t?) 3a) using Eq.(3a) is most likely due to the assumption in obtain-
O mh[(EZomo) +(6t2) Y2 ing Eq.(3) that the molecular sites are equivalent, leading to

. . L ) an identical time-averaged amplitude of the wave function at

In Eq. (33 tis the resonance integral, wh!ch IS equ_aUt:m_ each site. In the PR-TRMC experiments, however, charges
Egs. (1) and (2) for a pure system consisting of identical 54 countercharges are generated by ionization. The charges
molecules, _whﬂg,- for anA-B %Iloy t=JasJea/(Es~Ea)-  thermalize into band-edge states in small ordered domains.
The quantitiegEjjovo) and(st®) are the mean-square diag- gyen in the liquid-crystalline phase the domains are not all
onal and off-diagonal disorder fluctuations, respectively. aligned and domains persist that are delimitedAs and

Expression(3a) is appropriate in the liquid-crystalline pg_B defects. The electronic band edges, probably Gaussian,
phase where one would expect the thermal fluctuations tgyise hecause of boundary disorder and the potential fluctua-
rapidly anneal out long-lived traps. In the crystalline phasgjons caused by the countercharges, which strive to recom-
the diffusivity gg Laplace variable spacg) is trap limited  pine with the given charge, and eventually do so on a longer
and given by™ time scale. The microwave absorption is proportional to the
Dy ac condu_ctri]vit)é Z:_sﬁcallcglated using thef Krl]chf) formula, giving
pD(p) = TS w T (3b)  a net weighted diffusivity per carrier of the form

wherew; andr; are the trap and release rates, which also D=£>, faDa/ > 1, (43)
give rise to a time dependence in the mobilitiye dc limit is a a
D=Dg/[1+Z;w;/r;]). In an equilibrium ensemble, the mo-
glle%/li{elated to the diffusivity by the Einstein relatiqa Da:h% Kalv,|B)PS( Ey—E,—fiw). (4b)

The hole mobility in the liquid-crystalline phase can be
estimated from Eq(3a) as follows. Taking the values dfin In Egs.(4a and (4b) f is the Fermi function|a) and |B)
Table IV, a root-mean-square total disorder broadening ofire the occupied and unoccupied eigenstatgss thex ve-
0.5 eV and a difference of 0.5 eV in the site energies in thdocity operator, andhiw is the microwave photon energy.
mixed compound give mobility values of5 cnf/Vs. This  Changing the sum into an integral then introduces the band-
value is approximately three orders of magnitude higher thatail density of states, which can probably be well approxi-
that measured for the pure compounds and about two ordersated by a Gaussian distribution. The point is that in a band
of magnitude higher than the values measured for the mixethil, the overlap of wave functions can be considerably re-
systemgsee Tables Il and ]l From the similarity between duced in comparison to the Mott-Thouless random-phase
the TRMC and TOF mobilities in mixed systems it can bevalue that is appropriate for the middle of the band. The
concluded that the mobility is not limited by the presence oflatter as given by Eq(3a assumes that the energy levels
static barriers for hole transport. However, dynamic fluctuaform a continuum. Neither condition need be fulfilled in a
tions in the charge-transfer integrals on a time scale shortétiquid crystal” under irradiation. Thus the overlap under the
than the microwave oscillation peridd-30 p9 will reduce  energy-matching condition can indeed be an order of magni-
the effective charge-transfer integral and consequently thtude smaller than the Mott-Thouless value. Temperature re-
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distributes the carriers into higher-energy levels and at vergluded that domaingdelimited by defects\A and BB) dis-

high temperatures, when each site has the same waverder and potential fluctuations must persist to some extent

function amplitude and a width close the gaps between theven in the liquid-crystalline phase and result in the break up

energy levels, the liquid-crystalline random-phase valueof the Mott-Thouless wave function and energy-level struc-

should be recovered, but by this time the liquid crystal will ture.

have broken up into the isotropic phase. In summary, Cou- The theoretical results obtained from E®a) with the

lomb potential fluctuations, band edging, energy discretizavalues ofJ in Table 1V suggest that hole mobilities in excess

tion, and molecular fluctuations will contribute to reducing of 1 cn?/V s could be attainable in crystalline samples with a

the effective mobility to its final observed value in the liquid- high degree of columnar order and without the Coulomb

crystalline phase. fluctuations of countercharges; i.e., in the true Mott-Thouless
The reason why the PR-TRMC measurements give suchmit. Such high-mobility values have indeed been observed

low mobilities, even at low temperature in the frozen Crin many crystalline organic semiconductors such as penta-

state, where one cannot invoke thermal agitation, has alreadyene crystald’~*° which provides confidence that the theo-

been outlined above for the liquid-crystalline phase and igetical estimate is clearly sensible.

not trivial. With granular domain disorder and potential fluc-

tuations, photon absorption from the microwave field can

only occur involving a transition to a more distant state and V. CONCLUSIONS

such “variable range absorption” leads to a small transition The PR-TRMC experiments presented above, combined
moment. Equatiori4b) treats the general case; now consideryith the TOF results reported earlier, yield a consistent de-
the crystalline phase in the small granular limit. An estimategcription of the mobilities of holes in a series of triphenylene

for this mobility can be obtained by using the expressioncompounds and their binary mixtures over a wide tempera-
above for the ac diffusivityproportional to absorptignfor  ,re range. The main conclusion is that the improved colum-
the case for which the lifetime for electron scattering, nar integrity of the mixturescompared to the separate com-

=#/T', is large compared to the energy difference betweeponents and the long-range alloy band structure together

the band-edge state§;E’, giving lead to an increased mobility in the liquid-crystalline me-
sophase with very similar values obtained for the three mix-

a’t’l a’t’r tures (at 80°C, 0.02, 0.024, and 0.015 #ws for HAT6/

D~ TZr(E—E —#w)?] R(E-EZ ®  PTPY, HAT6/PTPO6, and HAT11/PTPY, respectiyelihese

values are in line with the optimal mobility value expected

The last expression in E¢5) follows from the first, since the  Or this particular core sizéca. 0.025 critv s), which forms
microwave photon energ§w<E—E’ and the inverse life- 2 Nice confirmation for the general core-size rule for liquid-
time I <E—E'. Assumingl’'~0.01 eV and an energy width crystalline discotic molecules reported recently. Despite the
(E—E')=0.5 eV (approximately half the columnar band- fact that the ionization energies of the alternating molecules
width) gives a mobility that is about a factor 50 smaller than!n the binary mixture differ by approximately 0.5 eV, the

in the crystalline random-phase limit described by &), relatiyely small effect of these barriers to charge transpo_rt is
which is close to the experimental results. explained by the fact that the computed charge-transfer inte-

Now one can ask why the measured mobility is not tem9ral, J=0.29 eV, is comparable to the barrier height. The
perature dependent: i.e., why i5in Eq. (5) not the usual calculated coherent mobilities in the Mott-Thouless random-

phonon-assisted hopping rate, since carriers are trapped aRase limit are approximately two orders of magnitude larger
can hop from grain to grain. The reason is that the intergrai’an the measured values. The difference is most likely due
activated hopping, though important for getting a dc mobil-t0 the occurrence of disorder along the columns in the mate-

ity, is of no consequence for the microwave absorption thafi@l, Which breaks up the wave function and reduces the ef-
still takes place within individual crystalline grains. In Eq. '€ctive charge-transfer integral or bandwidth. The same the-

(5) T appears due to any lifetime process not just intergrai@ret'cal method_s suggest that the mobility of holes in well-
hopping, which is slower. Temperature does indeed redistriperdered crystalline triphenylene samples could be well above
ute the electrons in the eigenstates of the grains as well but & ciV's.

makes no difference to the absorption cross section because

the_ energy disordgr i; not seripusly changed. When the ma- ACKNOWLEDGMENTS
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