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Highly Ordered Columnar Superlattice Nanostructures with 
Improved Charge Carrier Mobility by Thermotropic Self-assembly 
of Tripheylene-based Discotics 

Jingze Bia, Hao Wua, Zhenhu Zhanga, Ao Zhanga, Huanzhi Yanga, Yuwen Fenga, Yi Fanga, Lina 
Zhanga, Zhengran Wanga, Wentao Qub, Feng Liu*b, Chunxiu Zhang*a 

A series of triphenylene esters with two ester groups at 2,3-, 2,7-, 2,6- and 3,6- substituent positions was successfully 

synthesized and fully investigated. Their self-assembly properties were exhaustively examined by DSC, POM, 1DXRD, 

2DXRD, SAXS, TEM methods together with EDM, ESP calculations. It was unexpected that 3,6-substituted triphenylene 

ester T5E36  formed an uncommonly helical hexagonal columnar superlattice structure made up of 91 right-handed helixes 

with a pitch of 60.3Å. This helical superlattice structure was further studied by transmission electron microscopy the 

diameter of T5E36 particles was found to be at nanometer scale. Ultimately, the bipolar charge carrier mobility was 

measured by time-of-flight method at the order up to 10-1 cm2V-1s-1. The formation of this helical superlattice 

nanostructure no doubt improved their electronic properties and made them more attractive in organic electronics.

Introduction 

To construct highly ordered molecular stacking structures as 

well as nanostructures with sophisticated optoelectronic 

properties by the assembly of discotic molecules is always an 

ultimate goal of researchers in the field of discotic liquid 

crystals (DLCs). DLCs are expected to be excellent charge 

carrier transport materials in optoelectronics devices such as 

field effect transistors, photovoltaic solar cells and light 

emitting diodes 1-6. Recent studies on ester groups substituted 

triphenylene DLCs have demonstrated that the dipole-dipole 

interactions of polar groups have a special guidance on the 

order and scale of self-assembled mesophase structures. 

The first triphenylene based DLCs, hexa-n-alkanotes 

triphenylenes, which were symmetrical hexasubstituted 

triphenylene esters were recognized by Billard, Dubois and 

Destrade in 1979 after the discovery that disc-shaped 

molecules benzene-hexa-n-alkanoates could form liquid 

crystals of Chandrasekhar in 1977 7-9. Early studies of 

triphenylene esters mainly focused on the new symmetrical 

hexasubstituted and asymmetrical mono-, di- and tri-

substituted compounds. Interestingly, they exhibited the 

characteristic hexagonal columnar (Colh) phases that were 

found to be monotropic mesophases 10-12. Compared with 

triphenylene ethers which were the counterparts of another 

big part of DLCs, mesogenic triphenylene ester derivatives 

showed decreases in the melting point and substantial 

broadenings in the liquid crystal phases. That was, the Colh 

phase can be maintained even at room temperature and this 

ordered structure can be suppressed in glassy states 13-15. 

Spiess and coworkers reported an unsymmetrical chiral ester 

groups substituted pentakis(pentyloxy)triphenylene and 

proposed that the steric effects strongly stabilized the 

intramolecular interactions due to the preferred out-of-plane 

conformations and the dipole moments of ester substituents. 

These intramolecular interactions significantly increased the 

clearing temperatures and suppressed the crystallizations 

giving rise to substantially lower glass transition temperatures 

Fig. 1 a) Molecular formula of T5E36; b) Optimized conformation and 

dipole moment of T5E36; c) Helical column of T5E36. 
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16. Their another work reported a superstructure existed in the 

chiral ester group substituted pentakis(pentyloxy)triphenylene 

for the occurrence of an additional peak at small angle region. 

However, the insight of this superstructure could not be fully 

elucidated at that time 17. Simultaneously, Wendorff and 

coworkers synthesized another type of mono-substituted 

triphenylene carboxylic esters based on 

hexapentyloxytriphenylenes (HAT5). The reflection near 2θ = 

2.5° in the small angle region of XRD pattern was the first 

evidence for the formation of a novel discotic mesophases 

superstructure caused by bulky substituents and polar 

substituents 18.Takuzo Aida and coworkers restudied the 

mesophases of triphenylene hexacarboxylic esters and 

confirmed that even a small aromatic mesogen such as 

triphenylene esters enabled an exceptionally wide-range 2D 

lattice correlation owing to the intercolumnar dipole–dipole 

interaction which lead to a large-area homeotropic columnar 

orientation. A rather high hole mobility was obtained along 

with its anisotropic nature up to 5x10-3 cm2V-1s-1 19. Takanori 

Fukushima and coworkers constructed a novel 

dibenzo[a,c]phenazine disc-molecule with a large dipole 

moment. The synchrotron radiation XRD results confirmed the 

formation of a 2D superlattice structure via the hierarchical 

columnar assemblies of discotic liquid crystals 20. Our recent 

works based on triphenylene esters also exhibited the 

supperlattice nanostructures with high charge carrier mobility 
21-23. Nevertheless, how the substituted positions decisively 

influenced the properties of the molecules not only in 

complanate two dimensional lattice correlations but also in 

three dimensional lattice structures was still unsolved. 

Experimental section 

Materials  

All chemicals were purchased from Aladdin, and all solvents 

from Aldrich. All chemicals and solvents were used without 

further purification. Silica gel 60 (200-300 mesh ASTM) and 

silica gel 60 glass thin-layer chromatography were used for the 

purification and identification of the reactions, respectively. 

Instrumentations 

The 1H-NMR spectra were recorded by a Bruker NMR 

spectrometer (DMX 300 MHz) in CDCl3, Chemical shifts are 

given as units of measurement and expressed in parts per 

million (δ) with tetra-methylsilane (TMS) as a reference. 

Multiplicities of peaks are expressed as s = singlet, d = doublet, 

t = triplet, m = multiplet; The KBr pellets were used to make 

the test samples and the infrared spectrum (FT-IR) was 

recorded on a Shimadzu FTIR-8400 spectrometer by Fourier 

transform; The high resolution mass spectrum was recorded 

on a Bruker Apex IV FTMS mass spectrometer. Elemental 

analysis (C, H) was performed on an Elementar Vario EL CUBE 

elements analyzer. The thermal properties of discotic liquid 

crystals were characterized by using differential scanning 

calorimeter (DSC) on a Netzsch DSC 200. Its optical properties 

were characterized by a Polarizing Microscope (POM) on a 

Leica DM4500P with a Linkam TMS94 hot stage. The structural 

characterizations of samples were characterized by 1D X-ray 

diffraction (1DXRD) through a Bruker D8 Advance 

diffractometer equipped with a variable temperature 

controller; two-dimensional X-ray diffraction (2DXRD) using a 

40KV FL tube as the X-ray source (Cu Ka) and the small-angle X-

ray scattering (SAXS) (SAXSess, Anton Paar) equipped with 

Kratky block-collimation system. The structure and 

morphology were investigated by Transmission Electron 

Microscope (FEI Tecnai G2 20 STWIN). 

Syntheses 

As the workhorse of discotic liquid crystals, triphenylenes have 

been frequently studied since they are relatively easy to be 

synthesized and processed. The syntheses of intermediates 

functional di-hydroxyl substituted triphenylenes were based 

on previous works. For 2,3-di-hydroxyl-6,7,10,11-

tetrapentyloxytriphenylene, the synthetic route by using 

lithium diphenylphosphine as a catalyst to make cleavage of 

two methyloxyl groups reported by Bushby in the year of 1995 
24. The 2,7-di-hydroxyl-3,6,10,11-tetrapentyloxytriphenylene 

was hard to be synthesized, but we are still enable to employ 

the general regiospecific synthesis reported by Boden in 1995 

which was very similar to the synthesis of 2,3-di-hydroxyl-

6,7,10,11-tetrapentyloxytriphenylene 25. For 2,6-di-hydroxyl-

3,7,10,11-tetrapentyloxytriphenylene, we used a synthetic 

procedure for the preparation of di- and tri- functional 

triphenylene derivatives starting from the readily available 

hexakis(pentyloxy)triphenylene by selective ether cleavages 

with B-bromocate-cholborane reported by Kumar in 1997, 

which mainly obtained 2,6-, 2,6,10- and 2,7,11- hydroxyl 

substituted triphenylene derivatives 13. For 3,6-di-hydroxyl-

2,7,10,11-tetrapentyloxytriphenylene, we took a click-on 

method reported by our group in 2014 with very high yield up 

to 24.7% 26. The detailed syntheses of T5E23, T5E27, T5E26 

and T5E36 are provided in ESI. 

Results and discussion 

Herein, we successfully synthesized triphenylene esters 

T5E23, T5E27, T5E26 and T5E36 with two ester groups at 

different substituent positions where T, 5 and E refer to 

triphenylene, pentyloxy and ethoxycarbonyl, respectively, 

while 23, 27, 26 and 36 refer to the substituent positions of 

ethoxycarbonyl. Their mesophases and self-assembly 

properties have been systematically studied and shown in 

Fig.2. 
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Considering the results of the polarizing optical 

microscopy (POM), differential scanning calorimetry (DSC) and 

one-dimensional X-ray diffraction (1DXRD) (Fig. 2, S9, S10), 

T5E23 and T5E27 showed hexagonal columnar phases during 

the cooling. But ultimately their crystallizations at room 

temperature broke the liquidity, continuity and peculiar 

physical property of liquid crystals, which were not conducive 

to their applications.T5E26 and T5E36 showed pseudo focal 

conic textures that have been proved to be typical hexagonal 

columnar textures at 160°C and 165°C during the cooling, 

respectively, which can be maintained at the room 

temperature without any changes in liquid crystal textures 27. 

The DSC results of T5E26 showed only an exothermic peak at 

168.1°C during heating and an endothermic peak at 164.2°C 

during cooling. Nevertheless, T5E36 showed two exothermic 

peaks at 134.9°C and 173.1°C during heating as well as two 

endothermic peaks at 121.1°C and 167.4°C during cooling. 

Combining with the 1DXRD data of T5E36 obtained at 30°C, 

100°C and 150°C during second heating (Fig. 2d), the 

diffraction peaks in the range of 2θ = 520° can be indexed to 

(100), (110), (200) and (210) with the reciprocal d-spacing 

ratios 1,1/√3,1/2,1/√7 which were attributed to hexagonal 

packing 28. When the temperature dropped to 30°C, under the 

second phase transition temperature of T5E36, the sharp 

diffraction peak in the wide angle region (about 2θ = 26°) split 

into two peaks, which was the evidence of a more ordered 

hexagonal columnar phase. 

The 1DXRD patterns, lacked of lattice dimensionality of 

the liquid crystalline structure, were not adequate to analysis 

more detailed structures. So we collected two-dimensional X-

ray diffraction (2DXRD) and small-angle X-ray scattering (SAXS) 

patterns of T5E26 and T5E36 (Fig. 3a, b). After careful 

purification of the samples, we put the purified samples into a 

cuboid container made of aluminum foil, ensuring the 

thickness was about 10 μm. Whereafter, the samples were 

Fig. 2 a) Molecular formulas of T5E23, T5E27, T5E26 and T5E36 (from 

left to right); b) POM images of T5E23 at 135°C, T5E27 at 155°C, T5E26 

at 160°C and T5E36 at 165°C (from left to right) with scale bar = 50μm; c) 

Graph of phase transition temperatures on heating (left column) and 

cooling (right column) based on the 1st cooling process and 2nd heating 

process by DSC(Iso=isotropic phase, Colh=hexagonal columnar phase and 

K = crystalline phase); d) 1DXRD patterns of T5E36 at 30°C, 100°C and 

150°C. 

 

Fig. 3. 2DXRD patterns of oriented samples at room temperature: a) T5E26; b) T5E36; c) SAXS diffractograms of T5E26 (up) and T5E36 (down) recorded at 

room temperature; d) Optimized conformation and schematic diagram of T5E36 (pink arrow: the direction of dipole moment); e) Self-assembly of three T5E36 

molecules; f) Model of hexagonal lattice and hexagonal superlattice. 
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placed on a heating stage and annealed from the temperature 

just below clearing point to room temperature over a whole 

night at a rate of 0.5°C/min. Eventually, good samples with 

monodomains for 2D WAXD measurement were obtained. 

Both T5E26 and T5E36 presented ordered diffraction spots in 

the low angle region that can be designated as (100), (110) 

(200) and (210), respectively, indicating that incident beam 

was perpendicular to the molecular plane 29. Nevertheless, 

there were also six distinct diffraction spots corresponding to 

another 100 plane appeared in the inner region with the d-

spacings equaled to 32.7Å and 32.6Å of T5E26 and T5E36, 

respectively. In combination with the results of SAXS patterns 

(Fig. 3c), it was confirmed that the d-spacings of the inner 

region was almost twice as the d-spacings of (100) in 

hexagonal lattice which was 16.4Å and 16.3Å for T5E26 and 

T5E36, respectively. According to our previous works on 2D 

superlattice nanostructures, it was confirmed that T5E26 and 

T5E36 formed 2D superlattice under the guidance of long-

range dipole-dipole interactions. The a parameters were 

calculated to be acolh1 = 18.9Å, acolh2 =37.8Å for T5E26 and acolh1 

= 18.8Å, acolh2 = 37.6Å for T5E36 in hexagonal lattice and 

hexagonal supperlattice respectively 30. For T5E36, each 

molecule only possessed a large dipole moment in plane from 

center of two ester groups to opposite alkyl chains showed as 

pink arrow (Fig. 3d) which must be cancelled out in order to 

get the steadiest and the most compact stacking. With flexible 

alkyl chains located in the center, three molecules assembled 

into a triangular shaped building block from three directions to 

minimize the net dipole and the contact area of side chains 

(Fig. 3e). This triangular shaped building block was essential 

for the formation of hexagonal closest packing and arranged 

latterally to form an extented hexagonal lattice (Fig. 3f). 

Different from T5E26, 2DXRD pattern of T5E36 showed a 

series of sharp diffractions of high intensity in wide angle 

region (2θ = 19°±1°, d = 4.6±0.1Å) marked with purple circles 

(Fig. 3a, b). In order to get the insight of the structure of T5E36, 

subsequently, we linearly adjusted the intensity (Fig. 4a) and 

reconstructed the reciprocal lattice space (Fig. 4b) of T5E36 

pattern. Superficially, these diffraction spots always came in 

pairs and some of these diffractions did not belong to both of 

the two hexagonal lattices exhibiting a higher intensity. The 

powder 2DXRD pattern of T5E36 (Fig. S12) also performed an 

obvious diffraction halo when d-spaceing was near 4.6Å, which 

was stronger than other diffractions except for (100) and π-π 

stackings. These results evidenced the ordered arrangement of 

the peripheral ester groups and further implied the existence 

of a more ordered hexagonal phase. 

In order to expound further on the phase structure of 

T5E36, we prepared the oriented sample by mechanical 

shearing with a mild external force at 120°C just below the 

isotropic temperature, followed by fast cooling to room 

temperature. After that, sheared T5E36 sample was placed 

vertically on the sample stage to make sure that the incident 

Fig. 4. a) Linearly adjusted 2DXRD pattern of T5E36; b) Reciprocal lattice 

of T5E36 (green arrows and blue lines: hexagonal lattice, red arrows and 

orange line: hexagonal superlattice). 

Fig. 5. a) 2DXRD patterns of sheared T5E36 at room temperature with shear direction and layer lines labelled; b) Schematic diagram of 2DXRD measurement 

of sheared T5E36 sample; c) Enlargement in low angle region with meridian and equator labelled.  
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X-ray beam can be perpendicular to shear direction (Fig. 5b). 

Fig. 5a showed the 2DXRD pattern of sheared sample which 

was recorded at room temperature. The (hk0) diffractions of 

the hexagonal phase at low angle region on the equator (Fig. 

5c) can be designated as (100), (110), (200) and (210) 

indicating that the axes of columns were well aligned along the 

shear direction (the meridian). The numerous sharp meridional 

and off-meridional diffractions demonstrated a periodic 

organization of molecules along the columns with long range 

intra- and intercolumnar order. Furthermore, the cross-like 

pattern of diffractions and 18 overt layer lines can be inferred 

to a helical arrangement in the columns 31-33. The first 

diffractions on the meridian (i and h) which was corresponded 

to the subunit axial translations H appearing at 6.7Å was 

attributed to layer line L = 9. Thus, a helical pitch and repeat 

containing 9 subunits can be well defined. This kind of self-

assembly structure was classified as a 91 helix with a pitch of  P 

= 6.7Å×9 = 60.3Å which was also corresponded to reciprocal 

distance between equator and layer line L = 1 34,35. In the 

meantime, the strong diffractions emerged on the meridian at 

3.4Å (k and j) which was attributed to layer line L = 18 in the 

wide angle region represented a compact π-π stacking 

between adjacent molecules. So the lattice parameters for 

T5E36 were calculated to be a = b = 18.8Å, c = 60.3Å and γ = 

120°. 

To investigate the model of T5E36 deeply, the electron 

density map (EDM) reconstructed from 1DXRD data at 30°C 

and the electrostatic potential (ESP) isosurface calculations at 

the B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) level with Gaussian 

09 package (Revision C.01) were performed (Fig. 6) 35-37. Each 

red area with the highest electron density represented 

positions of the aromatic core of the triphenylene, while the 

surrounding yellow, green and blue areas were packed with 

ester groups and alkyl tails. As the a parameter of hexagonal 

lattice labeled in Fig. 6a, the white arrow line that was the 

diameter of columns equaled to the distance between 

adjacent columns and also equaled to the a parameter of the 

hexagonal lattice. Therefore, the diameter of each column in 

this hexagonal lattice Dcolumn equaled to 18.8Å. In Fig. 6b, the 

3,6 position ester groups of T5E36 out of the triphenylene 

plane in contradictory directions possessed a high value of 

electrostatic potential. This electrostatic potential gave the 

opportunity to an ordered arrangement of the peripheral ester 

groups which were already observed from 2DXRD pattern of 

T5E36. 

With the help of all the results above, we reconstructed 

the model of molecules and supramolecular columns (Fig. 7). 

As so many alkyl chains were not good for clarity, we only used 

polyhedrons and circular cones to represent triphenylene 

cores and ester groups respectively. The subunit axial 

translations H = 6.7Å which was twice the distance of adjacent 

molecules indicated that two T5E36 molecules rotated 

together with the azimuthal rotation angle φ = 360/9 = 40°. 

This angle also led to a constant distance between 

intramolecular ester groups out of plane in contradictory 

direction, which was about 4.6Å and can be easily observed in 

the 2DXRD pattern because of the intense electronic 

interaction of ester groups. As the T5E36 only had a C2 

symmetry axis in plane, two different rotations of the 

molecules can lead to right-handed and left-handed helixes. 

However, the distance between adjacent ester groups of left-

handed helix was much larger than 4.6Å which will also reduce 

the molecules stability decisively. In order to accomplish a 

more stable and compact conformation, T5E36 tended to form 

right-handed helical columns. These columns also possessed a 

large c parameter of 60.3Å which was formed due to the 

triphenylene core and ester groups seeking the opportunity of 

close packing simultaneously. The most possible manner was 

Fig. 6. a) Reconstructed electron density map of T5E36 with scale bar 

from high density (red) to low density (blue); b) Electrostatic potential 

isosurface calculations of T5E36 with scale bar from negative electrostatic 

potential (red) to positive electrostatic potential (light blue).  

Fig. 7. Possible models of T5E36 with green ticks refer to right arrangement and red crosses refer to wrong arrangement: a) Model of triphenylene core; b) 

Result of two different rotations; c) Right-handed helix (left) and left-handed helix (right); d) Model of supramolecular columns. 
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just a slight rotation of molecules with respect to others in the 

column and helically assembled along the column axis, forming 

a 9-fold helix. 

This long-range superlattice nanostructure can be easily 

perceived in transmission electron microscopy (TEM) which 

was considered to be an essential way to characterize the 

morphology of self-assembly structures. Fig. 8 showed the 

TEM (FEI Tecnai G2 20 STWIN) image of T5E36. We took a 

particle count by using Nano Measure software to find out 

almost mono-dispersed T5E36 particles with diameters near 

11.5 nm 38,39. With the help of Scherrer equation 40, 

D=Kγ/(Bcosθ) 

where K is the Scherrer constant，γ is the X-ray wavelength, B 

is the peak width of the diffraction peak at half maximum 

height and θ is the diffraction angle. The correlation length D 

of column-column was calculated to be 11.3 nm from 1DXRD 

results which was fine consistent with the diameter of T5E36 

particles in TEM images.  

The intrinsic charge carrier mobility of T5E36 was 

measured by time-of-flight (TOF) method from room 

temperature to 160°C 41. At the isotropic temperature, the 

fully purified T5E36 was filled by capillary action into a liquid 

crystal cell consisted of two ITO glass substrates. A nitrogen 

pulse laser (λ=337nm, Pulse duration = 600 ps) irradiated the 

sample and generated charge carriers. The results of 

photocurrent were analyzed in double logarithmic plots 

recorded by a digital oscilloscope. The transient photocurrents 

for hole and electron of T5E36 at room temperature and 

mobility changes depending on temperatures were presented 

in Fig. 9. The non-dispersive curve with a plateau region 

followed by a sigmoidal decay indicated that the charge 

transport was Gaussian-type and can be described as a band-

like transport model. The transit time t can be determined by 

the inflection point in the transient photocurrent curves and 

the charge carrier mobility can be calculated according to 

eqation below, where V and d were the applied voltage and 

sample thickness which was 9 μm here, respectively. 

μ=d2/Vt 

The hole and electron mobility can reach high up to 1.8×10-1 

cm2V-1s-1 and 2.0×10-1 cm2V-1s-1 which were much higher than 

previously reported works while the mobility of most 

triphenylene derivatives without forming helical superlattice 

nanostructure was 10-210-3 cm2V-1s-1 42,43. As temperature 

raised higher than 120°C, the mobility of T5E36 exhibited a 

sudden decline which was entirely accorded with the transtion 

from helical hexagonal phase to hexagonal phase on heating. 

Thus,we can draw a conclusion that the formation of helical 

superlattice nanostructure notably improved bipolar charge 

carrier mobility. 

Conclusions 

In summary, we have successfully synthesized a series of 

triphenylene esters with ester groups at different substituent 

positions. After ample analyzation of the POM, DSC, 1DXRD, 

2DXRD, EDM and ESP results, we demonstrate that only T5E36 

with two ester groups out of plane in the contrary direction 

self-assembles to form a 91 right-handed helical ordered 

superlattice structure.The TEM images testify a mono-

dispersion of T5E36 particles with diameter near 11.5 nm 

which approximately equal to the correlation length of 

column-column.Finally, intrinsic charge carrier mobility of 

T5E36 measured by TOF method manifests unprecedented 

high hole and electron mobility up to 10-1 cm2V-1s-1 during its 

helical phase.These results are expected to play an important 

role in elucidations of fundamental aspects of self-assembly 

and applications on optoelectronic devices based on ester-

modified triphenylene derivatives. 
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