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Abstract 

 

Charge carrier transport in the columnar phase of the discotic liquid crystal, 

hexapentyloxytriphenylene, has been investigated by the time-of-flight technique over a range of 

temperatures and electric fields. The hole mobility was found to be temperature and electric field 

dependent with a maximum value of 2×10-3 cm2/Vs. Its temperature dependence is consistent with a 

T-n power law, with the factor n being dependent on the electric field. The drift velocity is a linear 

function of the electric field below 10-5 V/cm and tends to saturate at higher fields. These results 

were interpreted in the framework of correlated polaron motion as described by the non-adiabatic 

low-temperature limit of Holstein’s polaron theory developed for a one-dimensional diatomic 

chain. 

 

PACS: 72.80.Ph; 71.38.-k;  



I. INTRODUCTION 

Organic materials cover the entire range of structural order from disordered polymers to three-

dimensional crystals. Liquid crystals occupy an intermediate range of order as quasi one- or two- 

dimensional systems [1]. Comparing to disordered polymers, transport of charge carriers in liquid 

crystals is enhanced due to a larger electron transfer integral as a consequence of the spatial 

organization of their aromatic cores [2]. Typical values of charge carrier mobility in columnar (one-

dimensional) and smectic (two-dimensional) liquid crystals range from 10-4 cm2/Vs to 10-2 cm2/Vs 

[3]. The hole mobility along the one-dimensional columns additionally organized into a helical 

columnar structure reaches the value of 10-1 cm2/Vs [4] approaching the values typical for organic 

crystals. 

The transport mechanisms applicable to semiconducting liquid crystals have been the subject of 

considerable study. The magnitude of charge carrier mobility and its dependence on temperature 

and electric field are the characteristics of a charge carrier transport mechanism. Depending on the 

magnitude of the nearest-neighbor electron transfer integral and dynamic disorder energies (intra-, 

inter-molecular phonon frequencies) the charge carrier transport can vary from uncorrelated 

hopping (typical for disordered polymers) to coherent band-like motion (discussed for organic 

molecular crystals) [5]. The respective temperature dependence of charge carrier mobility changes 

from thermally activated (increasing) to a power law (decreasing) function of increasing 

temperature. Recent studies of transport in liquid crystals reveal a temperature-independent hole 

mobility [3,6] described by the non-adiabatic small polaron model with uncorrelated hopping of 

polarons where delicate balance between the temperature dependence of the exponential term 

( ∝exp(-2Ep/kT) with Ep the polaron binding energy) and of the power law prefactor (for example 

∝1/T3/2) yields temperature independent mobility [7,8,9]. The decreasing hole mobility with 

increasing temperature for a hexagonal columnar phase of HHTT was related to the decreased 

intracolumnar correlation on a short-range scale [4] and the thermally activated temperature 
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dependence of the hole mobility arising from the hopping of charge carriers with a Gaussian 

distribution of hopping sites was recently reported [10]. A theory of band-like transport of charge 

carriers was recently proposed and its results satisfactory fitted the experimental data in HHTT 

discotic liquid crystal [11]. However, the mechanisms of charge carrier transport in liquid crystals 

leading to various temperature dependences of the mobility are still the subject of debate in 

literature [12,13,14,15,16].  

In this study, we used hexapentyloxytriphenylene (HAT5) as a model system for investigation of 

charge carrier transport in columnar discotic liquid crystals. HAT5 belongs to the class of 

triphenylene-based liquid crystals hexakis(n-alkoxy)triphenylenes (HATn) whose discotic 

molecules self-organize into columnar stacks of triphenylene cores with the degree of ordering 

dependent on the nature of side groups attached to the core [3]. We discuss the time-of-flight (TOF) 

measurements of hole mobility for various temperatures and electric fields in a hexagonal columnar 

phase of HAT5 and examine the observed transport of charge carriers in light of correlated motion 

of polarons described in the non-adiabatic low-temperature limit of the Holstein small-polaron 

model. Here, we report quantitative analysis and evidence for correlated transport in a fluid. 

II. EXPERIMENTAL DETAILS 

The HAT5 used in this study was prepared by VOCl3 mediated trimerization of 1,2-bis 

pentyloxybenzene followed by realkylation. Purification steps included multiple chromatographies 

and recrystallizations as described in detail in the EPAPS Document [17]. The transition from 

isotropic to hexagonal columnar and to polycrystalline phases takes place at 122 oC and 69 oC, 

respectively [18]. The liquid crystal cell was constructed of two glass substrates covered by 

semitransparent Al electrodes with 12.5 μm thick Myler spacers (cell thickness was controlled by 

measuring the interference patterns and its variation was less than 6 % for different samples). This 

cell was filled with HAT5 in the isotropic phase at 130 oC using the capillary effect, then slowly 

cooled to the liquid crystal phase at a rate of 6o/hour. The estimated lifetime of charge carriers 
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above 1 ms is evidence of the high purity of the samples [19].  

In our time of flight setup, charge carriers were excited by a frequency doubled 3.6 ns Q-

switched Nd:YAG-based laser, which was frequency shifted using a H2 stimulated Raman shifter. 

The absorption of the third anti-Stokes component at 320 nm in the liquid crystal results in a 

narrow sheet of photo-generated electron-hole pairs near the illuminated electrode that is much 

thinner than the internal cell thickness.  By choosing the polarity of dc bias (SRS PS350 high-

voltage power supply as a source) holes were attracted toward the opposite electrode. The 

photocurrent transients were measured by a current-to-voltage converter on an oscilloscope.  

III. EXPERIMENTAL RESULTS 

Typical photocurrent transients for HAT5 measured at several applied bias voltages at 85 oC are 

shown in Figure 1. The change of slope of the photocurrent transients marks the passage of photo-

exited holes throughout the 12.5 µm thick sample and determines the transit time τtr. The shape of 

the curves is typical for a non-dispersive (Gaussian-like) transport: a clear flat region before the 

transit time and a steep drop to zero after the transit time. A Gaussian–like shape of the curves 

implies that the photo-exited charge carriers undergo a similar history during their movement 

toward the opposite electrode: do not undergo significant trapping effects associated with energy 

dispersion of trapping sites or variation in geometrical paths, nor scattering effects on grain 

boundaries or defects. The transit time was determined by intersection of the tangents to pre- and 

post-transit slopes in the double logarithmic scale (inset of Figure 1). The hole mobility was 

calculated from μ = L2/Vτtr, where L is the thickness of the sample and V is the applied bias. 

Figure 2 shows the temperature dependence of the hole mobility within the liquid crystal 

mesophase of HAT5 for different electric fields. This dependence is a decreasing function of 

increasing temperature. The experimental points (symbols) and fits to a T-n power law (solid lines) 

are shown on a double logarithmic scale. The factor n decreases from 4.5 to 2.5 as the electric field 

increases from 5×103 V/cm to 5×104 V/cm. This dependence is inconsistent with thermally 
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activated behavior characteristic of strong localization of charge carriers resulting from energetic or 

positional disorder in most disordered organic polymers or from correlated disorder in the potential 

energy of polaron for molecularly doped polymers [20]. Instead, this behavior is indicative of the 

temperature dependence of mobility, associated with delocalized band-like transport. However, the 

slope of the curves is too high to account the decrease in carrier mobility by increasing scattering 

alone. We would like to note, that the smallest values of the mobility in our samples are still higher 

than the highest values previously measured by Adam et al. [14], who previously suggested no 

temperature dependence of the hole mobility in HAT5, suggesting a better purity of the samples 

used in the current study.  

The hole mobility (symbols) as a function of the applied electric field at a temperature of 85 oC 

is shown in Figure 3. The mobility is field-independent for low field strength and decreases above 

1×105 V/cm. 

IV. DISCUSSION 

The following discussion will be based on a summary of the experimental facts: i) the hole 

mobility has an intermediate value between the typical values in organic crystals and disordered 

organic polymers; ii) the photocurrent transients are Gaussian-like in shape, typical for a non-

dispersive transport; iii) the hole mobility is a decreasing function of temperature; iv) the slope of 

the temperature dependence of mobility strongly depends on the electric field; v) the drift velocity 

tends to saturate at high electric fields. These features contradict most existing hopping transport 

models with energetic and/or positional disordered of hopping sites and, rather, are similar to band-

like transport reflecting the importance of a one-dimensional order in the liquid crystal mesophase. 

IV.a Temperature dependence of hole mobility 

The temperature dependence of hole mobility was analyzed in the framework of the non-

adiabatic limit of Holstein small polaron theory [21]. The mobility of polarons can be deduced 

from the diffusivity via the Einstein relation. Below the Debye temperature (low-temperature limit) 
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the mobility is given by  
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where e is the elementary charge, k is the Boltzmann constant and   is the reduced Plank constant.  

The magnitudes of the characteristic atomic (molecular) vibration frequency ( ), the polaron 

binding energy (E

0ω

p) and the electron transfer integral (J) define the physical picture described by 

the theory and are fit to the experimental data. The theoretical expression given in Eq. (1) is a 

sharply decreasing function of temperature since the polaron bandwidth is a product of an electron 

transfer integral and vibrational overlap integral with the latter being an exponentially falling 

function of the occupation of the phonon modes (and, therefore, temperature). In contrast, at 

temperatures above the Debye temperature (high-temperature limit) the polaron mobility has an 

activated behavior, and a narrow temperature-independent region might be observed at intermediate 

temperatures. The model of transition from uncorrelated to correlated polaron transport and the 

concomitant temperature dependence have been previously described [22].   

Note that the diffusivity of polarons is derived for the case of equilibrium where the “zero-field” 

temperature dependence of the hole mobility has been extrapolated from the set of temperature 

dependences of the mobility at various electric fields (see Figure 2). The result of this extrapolation 

(symbols) and the polaron mobility calculated from (1) with = 50 meV, E0ω p = 75 meV and J = 

15 meV (solid line) are compared in Figure 4. The value of inter-disc distance along the column has 

been taken as a = 3.5Å (Ref [10]). Three parameters ( , E0ω p, J) allow some freedom in fitting the 

experimental curve and their range with satisfactory fits is given as 50 meV <  < 160 meV, 

0.075 eV < E

0ω

p < 1 eV, J < 15 meV. Some general conclusions will be derived next based on these 

values. 

The applicability of the above theory must be justified by verifying the two required conditions: 
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i) the non-adiabatic small polaron limit and ii) the low-temperature range. The condition for a non-

adiabatic small polaron is given by  

( )
1/ 21/ 4

1/ 4 02
a

kTJ W ω
π π
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                                                                                            (2) 

The validity of Eq. (2) for the extreme set of fitting parameters (largest J, smallest Wa=Ep/2 - J 

and ) justifies the applicability of the non-adiabatic limit of the Holstein theory to the treatment 

of charge carrier transport in HAT5. The low temperature limit of the model is valid below the 

Debye temperature. The range of temperatures where the decrease of the mobility with temperature 

dominates over the thermally activated transport depends on the strength of electron-phonon 

coupling (estimated as 2E

0ω

p/ , Ref. [0ω 21] ) and is preserved at temperatures as high as 3  for a 

moderate electron-phonon interaction [

0ω

23]. Taking into account the temperature range of 

measurements with 28 meV < kT < 34 meV and the optical phonon energies above 50 meV, the 

requirement of low temperatures is satisfied.  

The value of  is a sum of contributions associated with the phonon modes coupled to charge 

carriers [

0ω

24]. The energy range of phonon vibrations 50 <  < 160 meV is reasonable for organic 

materials. The vibrational modes of 700 cm

0ω

-1, 800 cm-1, and 1375 cm-1 were suggested to contribute 

into reorganization energy in the triphenylene core [2]. The mobility is strongly dependent on the 

scattering rate of the C-H bond flexing phonon of 92 meV and this phonon mode is the most 

important one for charge transport in HHTT discotic liquid crystal [11]. The smaller value of J in 

comparison to the calculated one for the dimer of perfectly arranged triphenylene molecules [2] 

might be due to the softness of a liquid phase. For example, a transverse shift of benzene rings of 1 

Å in a stack results in a decrease in J by one order of magnitude [25]. The vibrational, librational 

and/or transverse modes of a chain being thermally populated at higher temperatures are expected 

to reduce its value as well [2]. The transfer integral of 1 meV is accepted as a typical value for 

 7



molecularly doped polymers having hole mobility in the range of 10-3 – 10-6 cm2/Vs [26]. Because 

of the coherent transport of polarons (delocalization) suggestive of non-negligible values of J 

and/or  in comparison to E0ω p, lower values of Ep seem more reasonable.  

IV.b Electric field dependence of hole mobility 

A transition from field-independent mobility to a decreasing dependence with increasing electric 

field (F) is observed at around F0 = 1×105 V/cm. The energy gain of polaron (eFa) between the two 

nearest sites separated by a distance a = 3.5 Å in this field is about 3.5 meV. This value is 

comparable with the electron transfer integral J and, therefore, might influence the localization 

characteristics of the small polaron given by Ep-2J. The existing polaron theories [27] describe 

increasing hole mobility with increasing electric field due to a barrier lowering in the case of  

localized polarons and are inconsistent with our data. However, the field-independent mobility at 

small field strength and decreasing mobility for larger fields is consistent with polaron band-like 

motion: the energy gain along ~ 8 sites for a coherent motion is comparable with the polaron 

bandwidth 2J with the polaron scattered at the top of the band.  If these results indicate Wannier-

Stark localization, then the agreement between the field energy gain and the polaron bandwidth are 

additional evidence of our band polaron model. To our best knowledge, no detailed theory 

describing correlated small polaron motion at various electric fields was developed so far. A 

satisfactory fit of our experimental results (Fig.3) is obtained by µ=µ0exp(-(eaF/ Δ0)1/2). 

V. CONCLUSION 

Hole mobility has been measured in a liquid crystal mesophase of discotic HAT5 over a range of 

temperatures and electric fields by a time-of-flight technique. The observed high values of mobility, 

non-dispersive photocurrent transients, decreasing mobility with increasing temperature are all 

consistent with the Holstein small polaron theory in the non-adiabatic limit below the Debye 

temperature. Transport of polarons is viewed as a band-like motion with the bandwidth being the 

product of the electronic transfer integral and occupation of phonon modes. The electric field 
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dependence of the mobility is also consistent with the narrow-band-like motion of polarons.  This 

correlated motion is revealed by aggressive purification of the materials, which is necessary for 

semiconductor applications. 
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Figure captions 

 

FIG. 1. Typical photocurrent transients in HAT5 measured at applied biases of 75 V, 100 V and 

250 V at 85 oC. The inset shows the same photocurrent transients plotted on a double 

logarithmic scale. 

 

FIG. 2. Temperature dependence of the hole mobility within the liquid crystal mesophase of HAT5 

for several electric fields. The fits to a power law µ = µ0 T-n dependence are shown for 

comparison.  

 

FIG. 3. Dependence of hole mobility (µ) on the electric field (F) in HAT5 (symbols) measured at a 

temperature of 85 oC. The fit to ln µ/µ0 = -(eaF/Δ0)
1/2

 (solid line) is shown for comparison. 

The fitting parameter Δ0
  = 140 meV.  

 

FIG. 4. Temperature dependence of “zero-field” hole mobility (symbols) and its fit in the non-

adiabatic limit of a Holstein small polaron below the Debye temperature. The fitting 

parameters are = 50 meV, E0ω p = 75 meV, J = 15 meV, a = 3.5  Å. 
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