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Structure—property relations in the homologous series
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Four discotic liquid crystals (LCs) from the hexa-alkoxytriphenylene series
(R=C,H,,.,,n=5,7,9,11) classified as D,,, phases were investigated with respect
to their photoconducting properties. Under irradiation, all samples show photo-
conductivity within the mesophase, whereas in the isotropic phase the photocurrent
drops to zero. All of the observed effects, the phase dependence of the photocurrent,
the increasing values of the photocurrent with decreasing length of the side chains,
and the higher photoconductivity during the cooling process, can be explained in
terms of the transition temperatures, the intercolumnar distances and the orien-
tation behaviour. Comparison of the photocurrents of the investigated homologues
at a reduced temperature leads to an activation energy of 0-67¢V for the charge
transport.

1. Introduction

Molecules generating discotic liquid crystalline phases usually consist of a flat
aromatic core surrounded by several aliphatic side chains. Their structure corresponds
in most cases to a columnar packing of the rigid cores. The columns themselves
organize in a two dimensional superlattice as for instance a hexagonal one. Hexa-
alkoxytriphenylenes are well-known representatives of this class of liquid crystals
(LCs) (see figure 1) [1-5].

As a result of the columnar arrangement, discotic LCs have a preferred direction
along the axis of the columns. The distance between two discs within the columns is
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Figure 1. Formulae for 2,3,6,7,10,11-hexa-alkoxytriphenylenes 1-4 (R=C H,, , ; n=5,79,11)
and a schematic presentation of a D, phase (discotic hexagonal ordered).
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3-4 A, whereas the intercolumnar distance, dependent on the size and length of the
substituents, amounts to more than 18 A. This packing behaviour of discotic LCs
provides opportunities for the study of one dimensional transport processes such as
energy migration [6, 7], electrical conductivity [8-15] and photoconductivity [16-18].

Photoconductivity measurements have been used to determine phase transition
temperatures in L.Cs for more than two decades [19]. The idea of using the orientability
of LCs for enhancing charge carrier mobilities was first discussed in the eighties, e.g. for
doped liquid crystalline matrices [ 20], and low molar mass calamitic { 21] and discotic
[22,27], as weli as polymeric thermotropic [24] and lyotropic LCs [25].

Recently, a high charge carrier mobility in the discotic columnar phase of hexa-
pentoxytriphenylene was reported [17]; for the first time non-dispersive charge carrier
transport in LCs was observed. The present paper deals with the photoconductivity of
the homologous series of discotic liquid crystalline hexa-alkoxytriphenylenes 14 (see
figure 1).

2. Experimental

2.1. Synthesis

The lower homologues 1 and 2(C, H,, , ;,n=>5and 7) were synthesized according to
the literature [26] by trimerization of o-dialkoxybenzenes in H,SO, (70 per cent) with
FeCl, as the oxidizing agent. The higher homologues 3 and 4 (C,H,, ., n=9 and 11)
were obtained with 2,3,6,7,10,11-triphenylenehexayl hexa-acetate [27] as the starting
material in a sixfold etherification by phase transfer catalysis as described below for
2,3,6,7,10,11-hexanonoxyphenylene 3: 1 g (1-7 mmol) of 2,3,6,7,10,11-triphenylenehex-
ayl hexa-acetate, 1 g (3-7mmol) of 18-crown-6, 3-6 g (17-4 mmol) of nonyl bromide, 1 g
(17-9 mmol) of KOH pellets and 10 ml of dried toluene were mixed together and stirred
in a closed reaction vessel for two hours at 60°C. Completion of the reaction was
checked by thin layer chromotagraphy. The reaction mixture was washed with water,
0-5N H,SO,, saturated NaCl solution and dried over MgSO,. The organic solvent and
the unreacted alkylation agent were removed under reduced pressure at a maximum
temperature of 60°C. The crude residue was purified twice by flash chromatography
with a mixture of CH,Cl, and light petroleum as eluent (vol. ratio=2:1). Final
recrystallization from ethanol/hexane (vol. ratio = | : 1) resulted in 900 mg (0-8 mmol) of
white product 3(Yield: 48 per cent). The purity of all hexa-alkoxytriphenylenes 1-4 was
checked by thin layer chromatography. Elemental analysis and 'H N.M.R. data were
in accordance with the given structures.

Table 1. Phase transition temperatures for the hexa-alkoxytriphenylenes 1-4 [1-3].

Alkyl chain length

CnHZn +1
Compound n Phase behaviourt °C
1 5 C69 D, 122 1
2 7 C686D,, 93 1
3 9 C57 D, 7761
4 11 Cs54 D, 66 1

+ C =crystalline phase, Dy, =discotic hexagonal ordered phase, I =isotropic phase.
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Table 2. Structural data for the hexa-alkoxytriphenylenes 1—4: inter and intra-molecular
distances, the calculated areas covered by one molecule and the percentage area of the
triphenylene core.

Alkyl chain lengh

CnHZn +1
Compound n Aot A dind A A§A2 Ay A2
1 5 20-19 3-60 319 586
2 7 22-55 3-61 399 468
3 9 24-26 3-59 462 40-5
4 11 2613 3-59 535 350

T Intercolumnar distance as determined by X-ray [28].

I Intracolumnar distance as determined by X-ray [28].

§ Calculated area covered by one molecule, approximated as a circle, on the basis of the X-ray
data.

llgercentage area of the triphenylene core based upon the extrapolated value for n=0
(187 A2).

2.2. Characterization
The optical determination of the phase behaviour was done with a Leitz polarizing
microscope Ortholux IT Pol connected with a Mettler hot stage FP 80/82. The
measured transition temperatures are in agreement with the literature and are given in
table 1 [1-3]. The intercolumnar distances given in table 2 were measured by wide
angle X-ray for the liquid crystalline phase 10-25°C below the clearing temperature

[28].

2.3. Photoconductivity measurements

For the measurements of the photocurrent, the sample was placed between two
glass plates coated with transparent indium tin oxide (ITO) as electrode material. The
distance between the plates was adjusted to about 10 um by a Mylar® foil. The area of
the electrode was about 4 mm?2. A DC voltage of 9V was applied to the cell, which
corresponds to an electric field of 900kV m~!. The sample was illuminated by a
chopped halogen light (frequency: 10 Hz) focused on the plane of the sample. The
detection of the photocurrent was performed by measuring the voltage drop over a
resistance of 10kQ with a lock-in-amplifier (Princeton Applied Research, EG&G
5210). The temperature of the sample was controlled through a modified Mettler
FP 80/82 hot stage. The heating rate during the measurements of the photocurrent was
adjusted to 0-5°Cmin "'

3. Results and discussion

Although photoconductive properties of disc-like systems have been described
before [22, 23], highly photoconductive hexa-pentoxytriphenylenes were reported only
recently {17, 18]. The interesting point is that only in the liquid crystalline phase is the
detection of a photocurrent possible (see figure 2, heating curve and table 1): the
photocurrent increases rapidly at the phase transition from the crystalline to the
discotic hexagonal phase (C/D,,), levels off upon further increase in temperature,
reaches its maximum a few degrees below the transition from the discotic to the
isotropic phase (D,,/I) and collapses at the phase transition D, /I. This temperature
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Figure 2. Photocurrent of hexapentoxytriphenyiene 1 (R=C H ) and its dependence upon
temperature: (@), heating curve; (O), cooling curve.

dependence of the photoconducting behaviour within the liquid crystalline phase can
be understood if two effects determining the photoconductivity are taken into account:

(i) an exponential increase in conductivity with temperature, and
(i) the influence of the degree of orientation (the order parameter) on the
conductivity.

Qualitatively, the temperature dependence of the photocurrent is the same during the
heating and cooling cycle (see figure 2). During the cooling process (see figure 2, cooling
curve), only the transition temperatures between the phases are shifted slightly to lower
temperatures because of the well-known supercooling effect. Quantitatively, however,
the photocurrent observed is considerably higher while cooling the sample from the
isotropic phase as compared to heating it from the crystalline state.

This can be explained by the fact that, while cooling the sample from the isotropic
phase, an orientation effect takes place. Microscopic observations reveal that the
homeotropic alignment of the director # becomes much better on cooling. This
arrangement of the columns perpendicular to the surface results in an increased
number of dark areas as observed microscopically using crossed polarizers (figure 3,
¢.g. 1). This obscrvation points to the fact that the higher photocurrent during the
cooling cycle originates in the better orientation of the liquid crystalline phase. This
better orientation may result either in a reduction in the number of defects in the
mesophase which otherwise would act as traps for the charge carriers or a larger
number of charge transporting columns of hexa-alkoxytriphenylenes oriented properly
or both.

The temperature dependence of the photocurrent for the other triphenylene
derivatives 2-4 (C,H,, ., n=7,9,11) differs only slightly from that for the pentyl
derivative 1 (see figure 4). All the homologues, except the nonyl derivative 3, exhibit a
jump in the photocurrent at the phase transition C/D,, and a break down at the
clearing temperature (D, /I, cf. table 1). As already described for compound 1 (see figure
2), during the cooling process, supercooling effects can be observed, as well as higher
photocurrents compared to the heating run. For the highest homologue 4, for example,
only the better orientation present during the cooling cycle leads to a measurable
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(b)

Figure 3. Photomicrographs of hexa-pentoxytriphenylene 1(R =CsH, ;) within the mesophase
range, as observed using crossed polarizers: (a) during heating from the crystalline phase at
118°C, (b) during cooling from the isotropic phase at 117°C.
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current (see figure 4). In contrast to all other investigated triphenylenes, the nonyl
derivative 3 exhibits a different temperature dependence of the photocurrent (see
figure 4).

At a temperature of 40°C, i.e. in the crystalline state, the photocurrent has the
highest level of about 10 nA and decreases up to a temperature of about 48°C (see figure
4(a)). Upon further heating, two steps in the temperature dependence of the
photocurrent were observed: The first drop in the photocurrent at 56°C is related to the
melting of the sample [1-3] (see table 1). The second drop in the photocurrent
corresponds to the clearing temperature. In the D,, phase, from about 56°C to 74°C,
the same temperature dependence is found as for the pentyl 1 and heptyl 2 derivatives,
i.e. increasing photocurrent with increasing temperature and a drop at the phase
transition to the isotropic fluid.

The unusual behaviour of the nonyl derivative 3, namely the increase in the
photocurrent at the discotic to crystalline transition, is not consistent with a
polycrystalline phase and cannot be explained at the moment.

30
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Figure 4. Photocurrents of the hexa-alkoxytriphenylenes 2 (), 3(O), and 4 (@), in relation to
temperature: (a) heating and (b) cooling curves.
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Comparing the photoconductivity of the four triphenylene derivatives (see figures 2
and 4), the most prominent feature is the dramatic decrease in the photocurrent with
increasing chain length of the alkoxy units. Plotting the photocurrent at 10 K below the
clearing temperature against the number of carbon atoms in the side chain, one can
observe a nearly exponential decrease (figure 5). This effect may be explained by the
different molecular packings of the derivatives. In general, inter and intra-molecular
distances for discotic LCs vary with the side chain length and should be taken into
account in the interpretation of the resuits. Although a strong influence of any change
in the intracolumnar distances on the conducting behaviour is expected (by altering the
orbital overlap), this argument can be neglected. As shown in table 2, the intracolumnar
distances are identical within experimental error for all four triphenylene derivatives
1-4 and therefore cannot explain the differences in the photocurrent within the
mesophase (see figures 2 and 4). As opposed to this, the intercolumnar distances in the

150 T—&
\
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< \
£ \
= 90 \
o \
5 \
§ 60 - \
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=
8- 30 \
> _
0 T i \’|_~|—_$
5 7 9 11

Number of carbon atoms per side chain

Figure 5. Photocurrents of the hexa-alkoxytriphenylenes 1-4 at 10K below the clearing
temperature as a function of the number of carbon atoms in the side chains (photocurrent
values were taken from the cooling curves: see figures 2 and 4(b)).
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Figure 6. Photocurrents of the hexa-alkoxytriphenylenes 14 at 10K below the clearing
temperature as a function of the percentage area 4., of the triphenylene core (photocurrent
values were taken from the cooling curves: see figures 2 and 4(b).
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mesophase increase from 20 A to 26 A with increasing chain length from the pentyl 1 to
the undecyl derivative 4 (cf. table 2). Simultaneously with this increase, the photocur-
rent decreases. In conclusion, only the triphenylene core is responsible for the
photoconducting properties. As a result of the increasing intercolumnar distances, the
area covered by the triphenylene core is strongly reduced (table 2, column A4.,). Figure 6
shows the photocurrent at a temperature 10K below the transition D,./I plotted
against the percentage of the area covered by the triphenylene cores. In this plot, the
absolute temperature for each derivative is different. This may explain the nearly
exponential decrease in the photocurrent with increasing chain length (cf. figure 5).

The temperature dependence of the photocurrent and the strong influence of the
alkyl chain length on the photocurrent within the homologous series can be explained
by taking into account that the photocurrent (I ;) is influenced by three major effects:

(i) the temperature dependence of the order parameter S(T),
(i) the area covered by the triphenylene core 4., and
(ii1) the charge transport thermally induced with an activation energy E,.

Assuming Arrhenius-type behaviour, the photocurrent can be described as
Iy=1I,+ Ay, -S(T)-exp(—E,/RT), 1)

with the proportionality coefficient I,
For a derivative X, the photocurrent at a temperature 10K below the clearing
temperature (1) equation (1) can be transformed

Iop(X) =15 Agy(X)* S(T;(X) — 10)-exp [ — E,/R * (T(X) — 10)]. @

where 4.,(X) and T,(X) are the area covered by the triphenylene core and the clearing
temperature, respectively. A simplified expression can be obtained by considering the
ratio of the photocurrent of two derivatives, using compound 4, the highest
investigated homologue, as a reference. This results in equation 3

Ion(X) _1o* Ay (X) S(Toy(X) —10) - exp [ — E,/R - (Ty(X) — 10)]
Ind) Lo~ Ay (@) S(Ty(4)—10)-exp [ — E/R(Ty(4)— 10)]

?3)

Three more assumptions lead to a further simplification of equation (3):

(i) because only the triphenylene core is photoconductive, the charge transport
mechanism and the efficiency of charge generation in the homologous series of
hexa-alkoxytriphenylenes is assumed to be the same. Therefore the propor-
tionality coefficient 1, is a constant for all hexa-alkoxytriphenylenes,

(ii) the nature of intrinsic traps arising in the liquid crystalline structure are
supposed to be equal. Consequently the activation energy E, for the four
derivatives is the same,

(iii) at a temperature 10K below the clearing temperature (1), the order
parameter S(T,,(X)— 10) is the same for the four triphenylene derivatives 1—4.

Thus equation (4) is obtained

(1 pn(X)/4 %(X)) _E, T(X) - Toi(4) @
Ion(4)/ A% (4)

TR (T(X)—10)- (T,(4)—10)°

With equation (4) it is possible to determine the activation energy E, for the charge
transport process. In figure 7 the plot according to equation (4) with the measured
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Figure 7. Determination of the activation energy E, in accordance with equation (4)
(photocurrent values were taken from the cooling curves: see figures 2 and 4(b)):
Y=In[1,(X): Ao,/ 1,,(4) A(X)], and X =[TyX)— T(4]/[(T,X)~10) (T, (4)
—10)]-10* Linear regression: Y=7863X —0-245, r=0-989.

values of the cooling curves in figures 2 and 4 (b) is given. As expected a linear behaviour
is observed. The activation energy estimated is 65 kJmol~! or 0-67 eV per molecule.
This is in good accord with the value of 0-6 €V obtained for hexa-pentoxytriphenylene
by the time-of-flight method [17], and with activation energies of 0-4eV to 0-7eV
obtained for other well-known photoconductors (e.g. polyvinylcarbazole) [29, 30].

4. Conclusions
In this paper, the photoconductivity of hexa-alkoxytriphenylenes, as typical
representatives of discotic LCs forming hexagonal columnar mesophases, was
investigated. Measurements of the dependence of the photocurrent on temperature
reveal sharp drops at the phase transition D, /I for all four homologues examined. In
all cases, higher photocurrents within the discotic columnar mesophase was observed.
The main results can be summarized as follows:

(i) theincreasein the photocurrent in the mesophase with increasing temperature
is determined by a thermally induced increase in the conductivity and by the
order parameter,

(i) the higher photocurrent during the cooling cycle is attributed to a better
orientation of the discotic LC,

(iti) the intensity of the photocurrent is mainly determined by the area covered by
the triphenylene core.

The financial support by the Bundesministerium fiir Forschung und Technologie
(BMFT Projektnummer 03 M 4035 0) is gratefully acknowledged. The authors are
indebted to Dipl. Phys. J. Wendling (TH Darmstadt) for collecting the X-ray data.
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