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Liquid crystals of disc-like molecules are known for 45 years. 2,3,6,7,10,11-Hexakis(alkyloxy)triphenylene ( HAT n ) 
containing n = 4 to 11 carbons in its achiral alkyl groups, represents one of the classic families of disc-like molecules. 
X-ray analysis suggested that disc-like molecules stack on top of each other at irregular spacing in columns 
distributed in the melt of their alkyl groups forming discotic or columnar or discotic nematic liquid crystals. Interest 
in discotic liquid crystals comes mostly from their conducting and photoconducting properties. While writing a 
recent perspective on the 45 

th anniversary of discotic liquid crystals we realized that the molecular structures of 
the 3D crystal and 2D liquid crystal phases of discotic molecules were never determined at the molecular level, in 

spite of the great interest in their physical properties. Since structure determines function, we decided to perform 

a detailed investigation of the molecular structure of HAT n self-organizations by reconstructing their oriented 

fiber X-ray diffractograms both in the crystal and liquid crystal states. This communication reports the synthesis, 
analysis by differential scanning calorimetry of HAT n containing n = 4 to 12 carbons in its achiral alkyl groups 
and the molecular structure of HAT4 in its crystal and liquid crystal states. Unexpectedly, a highly ordered 8/1 

helical pyramidal crystalline column assembled from a crown-like conformation of the HAT4 and a non-helical 
column of the discotic liquid crystal state, the last similar to the original suggested supramolecular structure, were 
resolved for the first time at the molecular level. These preliminary results raise a lot of fundamental issues in 

the area of discotic and columnar self-organizations and of related helical columnar self-organizations generated 

with different building blocks and belonging to different disciplines. A comprehensive mechanistic elucidation of 
the molecular details of helical and non-helical self-organizations in synthetic complex systems may become as 
influential in the field of soft condensed matter as that of helical and non-helical self-organizations in the field of 
molecular biology. 
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Introduction 

Most probably, the first examples of columnar lyotropic liquid
crystals were the water solutions of Tobacco Mosaic Virus (TMV)
reported by Bawden, Pirie, Bernal, and Fankuchen in 1936 [1] and
continued by the same laboratory in 1937 [2] and in 1941 [ 3 , 4 ].
 license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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he molecular structure of TMV was elucidated by Rosalind
ranklin [5] and Aaron Klug [6] laboratories. A. Klug received
obel Prize in Chemistry in 1982 for elucidating the structure
f biological assemblies while Rosalind Franklin passed away of 
ancer in 1958. TMV, a helical co-assembly of proteins with
NA, followed the simpler columnar assemblies of the α-helical
roteins and the double helix of nucleic acids that pioneered
he field of molecular biology [ 7 , 8 ]. The discovery of helical
ynthetic macromolecules was briefly discussed by one of us 
9] and it will not be repeated here. However, we must mention
hat the most influential synthetic helical macromolecule that 
nfluenced the field of supramolecular chemistry by bridging 
etween macromolecular and supramolecular chemistry to 
enerate the bioinspired synthesis of complex systems is based 
n the cis -stereoisomers of poly(phenyl acetylene) discovered 
y one of us [10–15] . Discotic liquid crystals were the next
olecules that impacted the field of helical assemblies [16–
7] . The first helical columnar structure was reported in
exakis(hexylthio)triphenylene [ 18 , 19 ], being of great interest
ues to its high charge carrier mobility [20] . However, the
olecular structure of helical hexakis(hexylthio)triphenylene 
as never determined at the molecular level. Substantial 
ffort was dedicated to the study of discotic 2,3,6,7,10,11- 
exakis(alkyloxy)triphenylene ( HAT n ) and of many other 
iscotic molecules. However, the self-organized structure of the 
ost fundamental HAT n assemblies were never determined at 

he molecular level [21–27] . The hexaalkyloxysubstituted crown 

onformation of cyclotriveratrylene (CTV) was claimed to display 
yramidal columnar mesophases [28–32] . Although X-ray studies 
ere performed on CTV assemblies no molecular structure of 
heir self-organizations were determined [33] . Helical columnar 
ssemblies were reported for libraries of self-assembling dendrons 
34–57] and self-organizable dendronized polymers [57–82] . 

ethods 
aterials 
,2-Dimethoxybenzene (99.0 + %), n -alkyl bromides, DMF, 
ichloromethane, acetic acid, hydrobromic acid anhydrous 
 2 CO 3 , sulfuric acid, FeCl 3 (all from Fisher, ACS reagents) were
sed as received. Silica gel (60 Å, 32-63 μm) was purchased
rom Sorbent Technology. Dichloromethane (Fisher, ACS reagent 
rade) was refluxed over CaH 2 and freshly distilled before use. All
ther chemicals were commercially available and were used as 
eceived. 

echniques 
uclear magnetic resonance (NMR) spectroscopy. 1 H NMR (500 MHz) 
nd 13 C NMR (126 MHz) spectra were recorded on a Bruker DRX
00 instrument at 300K or other temperature indicated. Chemical 
hifts ( δ) are reported in ppm and agree with literature data [85] .
oupling constants ( J ) in Hertz (Hz) are therefore, not reported.
he resonance multiplicities in the 1 H NMR spectra are described
s “s” (singlet), “d” (doublet), “t” (triplet), “quint” (quintet) and 
m” (multiplet) and broad resonances are indicated by “br”. 
esidual protic solvent of CDCl 3 ( 1 H, δ 7.26 ppm; 13 C, δ 77.23
pm, middle of the triplet), and tetramethylsilane (TMS, δ 0 ppm)
ere also used as the internal reference in the 1 H and 13 C spectra.
 

atrix-assisted laser desorption/ionization time-of-flight (MALDI- 
OF). Matrix-assisted laser desorption/ionization time-of-flight 
MALDI-TOF) mass spectrometry was performed on a PerSeptive 
iosystems-Voyager-DE (Framingham, MA) mass spectrometer 
quipped with a nitrogen laser (337 μm) and operating in linear
ode. Internal calibration was performed using Angiotensin II 
nd Bombesin as standards. The analytical sample was obtained 
y mixing the THF solution of the sample (5-10mg/ml) and THF
olution of the matrix (3,5-dimethoxy-4-hydroxy- trans -cinnamic 
cid or 4-hydroxybenzylidenemalononitrile, 10mg/mL) in a 1/5 
/v ratio. The prepared solution of the sample and the matrix
0.5 μL) was loaded on the MALDI plate and allowed to dry at
3 °C before the plate was inserted into the vacuum chamber
f the MALDI instrument. The laser steps and voltages applied 
ere adjusted depending on both the molecular weight and the 
ature of each analyzed compound. All MALDI-TOF data agree 
ith the theoretical values. They are confirming the structure of 
ll compounds and therefore, are not reported. 

hin-layer chromatography (TLC) and high-pressure liquid 
hromatography (HPLC). The purity of the products was 
etermined by a combination of thin-layer chromatography 
TLC) on silica gel coated aluminum plates (with F 254 indicator; 
ayer thickness, 200 μm; particle size, 2-25 μm; pore size 
0 ̊A, SIGMA-Aldrich), high pressure liquid chromatography 
HPLC), 1 H-NMR spectroscopy and matrix-assisted laser 
esorption/ionization time-of-flight (MALDI-TOF) mass 
pectrometry. HPLC experiments were performed with THF 
s mobile phase at 1 mL/min, on a Shimadzu LC-10AT high
ressure liquid chromatograph equipped with a Perkin Elmer 
C-100 oven (40 °C), containing two Perkin-Elmer PL gel columns 
f 5 × 10 2 and 1 × 10 4 Å, a Shimadzu SPD-10A UV detector
 λ = 254 nm), a Shimadzu RID-10A RI-detector, and a PE Nelson
nalytical 900 Series integrator data station. 

ifferential scanning calorimetry (DSC). Thermal transitions were 
etermined with a TA Instruments Q100 differential scanning 
alorimeter (DSC) equipped with a refrigerated cooling system 

ith 10 °C min 
–1 heating and cooling rates. Indium was 

sed as calibration standard. The transition temperatures were 
alculated as the maxima and minima of their endothermic 
nd exothermic peaks. An Olympus BX51 optical microscope 
100 X magnifications) equipped with a Mettler FP82HT hot 
tage and a Mettler Toledo FP90 Central Processor was used 
o verify thermal transitions and to characterize anisotropic 
extures. Melting points were measured using a uni-melt capillary 
elting point apparatus (Arthur H. Thomas Company) and were 
ncorrected. Density ( ρ20 ) measurements were carried out by 
otation in gradient columns at 20 °C. 

ensity Measurements. For density measurements, a small mass of 
ample ( ∼0.4 mg) was placed in a vial filled with water followed
y ultrasonication to remove the air bubbles embedded within 

he sample. The sample sank to the bottom of the vial due to its
igh density compared with water. A saturated aqueous solution 

f potassium iodide (KI) was then added into the solution at ∼0.1 g
er aliquot to gradually increase the solution density. KI was added
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Fig. 1 

Synthesis of hexakis(alkyloxy)triphenylenes HAT n with n = 4–12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

at an interval of at least 20 min to ensure equilibrium within the
solution. When the sample was suspended in the middle of the
solution, the density of the sample was identical to that of the
solution, which was measured by a 10 mL volumetric flask. 

Preparation of oriented fibers for X-ray analysis. Aligned samples
for fiber XRD experiments were prepared using a custom-made
extrusion device [83] . The powdered sample ( ∼ 10 mg) was heated
inside the extrusion device above isotropization temperature.
After slow cooling from the isotropic phase, the fiber was extruded
in the liquid crystal phase and cooled to 23 °C. Typically, the
aligned samples have a thickness of ∼ 0.3–0.7 mm and a length
of ∼ 3–7 mm. All XRD measurements were done with the aligned
sample axis perpendicular to the beam direction. 

X-ray diffraction (XRD). X-ray diffraction (XRD) measurements
were performed using Cu-K α1 radiation ( λ = 1.54178 Å) from
a Bruker-Nonius FR-591 rotating anode X-ray source equipped
with a 0.2 × 0.2 mm 

2 filament operated at 3.4 kW. The Cu
radiation beam was collimated and focused by a single bent
mirror and sagitally focused through a Si (111) monochromator,
generating in a 0.3 × 0.4 mm 

2 spot on a Bruker-AXS Hi-Star
multiwire area detector. To minimize attenuation and background
scattering, an integral vacuum was maintained along the length
of the flight tube and within the sample chamber. Samples were
held in quartz capillaries (0.7 – 1.0 mm in diameter), mounted
in a temperature-controlled oven (temperature precision: ±
0.1 °C, temperature range from –120 °C to 270 °C). The distance
between the sample and the detector was 9.0 cm for wide
angles diffraction experiments. XRD peaks position and intensity
analysis was performed using Datasqueeze Software (version
3.0.8) [84] that allows background elimination and Gaussian,
Lorentzian, Lorentzian squared, or Voigt peak-shape fitting was
used for X-ray analysis. 

Synthesis 
The synthesis of hexakis(alkyloxy)triphenylenes HAT n with

n = 4–12 is outlined in Fig. 1 . Hexakis(methyloxy)triphenylene
1 was synthesized by following modified literature procedures
for the trimerization of veratrole catalyzed by FeCl 3 in CH 2 Cl 2 
in the presence of a catalytic amount of H 2 SO 4 [ 53 , 85–
88 ]. Complete demethylation of hexakis(methyloxy)triphenylene
using concentrated aqueous HBr in refluxing acetic acid produced
hexahydroxytriphenylene 2 [ 53 , 87 ]. Subsequent alkylation of 2
with linear n -alkyl bromide derivatives having 4 to 12 carbon
atoms produced HAT n ( n = 4–12) respectively. 

General procedure for the o-alkylation of 
2,3,6,7,10,11-hexahydroxytriphenylene (2) 
Dry DMF (10 mL for 1 mmol of 2,3,6,7,10,11-
hexahydroxytriphenylene 2 ) and finely grinded dry K 2 CO 3 

(1.5 equivalents for each hydroxyl group of 2 were charged in
a three-neck round bottom flask equipped with a condenser
and magnetic stirring bar. The K 2 CO 3 suspension was degassed
at 50 °C for 0.5 h under efficient stirring. When the degassing
was completed, compound 2 was added while purging the
system with Ar. After the complete dissolution of 2 , the n -alkyl
bromide derivative (7 equivalents for each equivalent of the
hexahydroxytriphenylene 2 ), was added to the reaction mixture
and the temperature was raised to 75 °C. The suspension was
stirred at 75 °C under Ar until the reaction was completed (thin
layer chromatography (TLC) control, MeOH/CH 2 Cl 2 1/9 v/v or
acetone/hexane 3/7 v/v). The reaction mixture was poured into
cold water (10 times the volume of DMF) and stirred for 5 min.
The resulting precipitate was filtered, washed with water and
dried. The crude product was dissolved in minimum amount
of CH 2 Cl 2 and passed through a short pad of silica-gel using
CH 2 Cl 2 as an eluent. The CH 2 Cl 2 was removed completely
under reduced pressure. The resulting product was further
recrystallized from CH 2 Cl 2 /MeOH 1/2 (V/V), filtered and dried.
Analytical data including NMR, HPLC, MALDI-TOF and thermal
transitions agree with the theoretical values and literature data
[88] . 

HAT4 : Yield: 86%. 1 H NMR (CDCl 3 , δ, ppm, TMS): 1.07 (t,
18H, 6C H 3 (CH 2 ) 3 ); 1.59 (m, 12H, CH 3 C H 2 CH 2 CH 3 ), 1.96 (m, 12H,
CH 3 CH 2 C H 2 CH 2 ), 4.27 (t, 12H, CH 3 CH 2 CH 2 C H 2 OAr), 7.86 (s,
6H, ArH). 

HAT5 : Yield: 84%. 1 H NMR (CDCl 3 , δ, ppm, TMS): 1.01 (t, 18H,
6C H 3 (CH 2 ) 4 ); 1.47 (m, 12H, CH 3 C H 2 (CH 2 ) 2 CH 2 ), 1.58 (m, 12H,
CH 3 CH 2 C H 2 (CH 2 ) 2 ), 1.98 (m, 12H, CH 3 (CH 2 ) 2 C H 2 CH 2 ), 4.26 (t,
12H, CH 3 (CH 2 ) 3 C H 2 OAr), 7.87 (s, 6H, ArH). 

HAT6 : Yield: 85%. 1 H NMR (CDCl 3 , δ, ppm, TMS): 0.93 (t, 18H,
6C H 3 (CH 2 ) 5 ); 1.40 (m, 24H, CH 3 (C H 2 ) 2 (CH 2 ) 2 CH 2 ), 1.56 (m, 12H,
CH 3 (CH 2 ) 2 C H 2 (CH 2 ) 2 ), 1.93 (m, 12H, CH 3 (CH 2 ) 3 C H 2 CH 2 ), 4.22
(t, 12H, CH 3 (CH 2 ) 4 C H 2 OAr), 7.80 (s, 6H, Ar H ). 

HAT7 : Yield: 86% 
1 H NMR (CDCl 3 , δ, ppm, TMS): 0.92 (t, 18H,

6C H 3 (CH 2 ) 6 ); 1.38 (m, 24H, CH 3 (C H 2 ) 2 (CH 2 ) 3 CH 2 ), 1.55 (m, 24H,
3 
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H 3 (CH 2 ) 2 (C H 2 ) 2 (CH 2 ) 2 ), 1.91 (m, 12H, CH 3 (CH 2 ) 4 C H 2 CH 2 ),
.23 (t, 12H, CH 3 (CH 2 ) 5 C H 2 OAr), 7.82 (s, 6H, Ar H ). 
HAT8 : Yield: 89%. 1 H NMR (CDCl 3 , δ, ppm, TMS): 0.91 (t, 18H,

C H 3 (CH 2 ) 7 ); 1.33-1.40 (m, 48H, CH 3 (C H 2 ) 4 (CH 2 ) 2 CH 2 ), 1.56 (m,
2H, CH 3 (CH 2 ) 4 C H 2 (CH 2 ) 2 ), 1.98 (m, 12H, CH 3 (CH 2 ) 5 C H 2 CH 2 ),
.25 (t, 12H, CH 3 (CH 2 ) 6 C H 2 OAr), 7.80 (s, 6H, Ar H ). 
HAT9 : Yield: 89%. 1 H NMR (CDCl 3 , δ, ppm, TMS): 0.91 (t, 18H,

C H 3 (CH 2 ) 8 ); 1.32-1.37 (m, 60H, CH 3 (C H 2 ) 5 (CH 2 ) 2 CH 2 ), 1.59 (m,
2H, CH 3 (CH 2 ) 5 C H 2 (CH 2 ) 2 ), 1.97 (m, 12H, CH 3 (CH 2 ) 6 C H 2 CH 2 ),
.26 (t, 12H, CH 3 (CH 2 ) 7 C H 2 OAr), 7.87 (s, 6H, Ar H ). 
HAT10 : Yield: 94%. 1 H NMR (CDCl 3 , δ, ppm, TMS): 0.88 (t,

8H, 6C H 3 (CH 2 ) 9 ); 1.29-1.43 (m, 72H, CH 3 (C H 2 ) 6 (CH 2 ) 2 CH 2 ),
.55 (m, 12H, CH 3 (CH 2 ) 6 C H 2 (CH 2 ) 2 ), 1.93 (m, 12H,
H 3 (CH 2 ) 7 C H 2 CH 2 ), 4.22 (t, 12H, CH 3 (CH 2 ) 8 C H 2 OAr), 7.83
s, 6H, Ar H ). 

HAT11 : Yield: 92%. 1 H NMR (CDCl 3 , δ, ppm, TMS): 0.87 (t,
8H, 6C H 3 (CH 2 ) 10 ); 1.26-1.43 (m, 84H, CH 3 (C H 2 ) 7 (CH 2 ) 2 CH 2 ),
.55 (m, 12H, CH 3 (CH 2 ) 7 C H 2 (CH 2 ) 2 ), 1.94 (m, 12H,
H 3 (CH 2 ) 8 C H 2 CH 2 ), 4.22 (t, 12H, CH 3 (CH 2 ) 9 C H 2 OAr), 7.83
s, 6H, Ar H ). 

HAT12 : Yield: 89%. 1 H NMR (CDCl 3 , δ, ppm, TMS): 0.87 (t,
8H, 6C H 3 (CH 2 ) 11 ); 1.26-1.43 (m, 96H, CH 3 (C H 2 ) 8 (CH 2 ) 2 CH 2 ),
.55 (m, 12H, CH 3 (CH 2 ) 8 C H 2 (CH 2 ) 2 ), 1.94 (m, 12H,
H 3 (CH 2 ) 9 C H 2 CH 2 ), 4.22 (t, 12H, CH 3 (CH 2 ) 10 C H 2 OAr), 7.83
s, 6H, Ar H ). 

olecular Modelling and Simulation 
olecular modeling and simulation experiments were performed 
sing Material Studio Modeling (version 3.1) software from 

ccelrys. Package’s Discover module was used to perform the 
nergy minimizations on the supramolecular structures. Details 
f the methodology for the reconstruction of different helical
ssemblies are available in different publications [44] . Molecular 
odels of the supramolecular columns were build to match the
xperimental density of the periodic array and the dimensions 
f the supramolecular columns. For the construction of the 
olecular model of the supramolecular column of HAT4 in 

he �r-c 
k phase, first, a single HAT4 molecule was drawn on

S ViewerPro (5.0). The –C 4 H 9 chains were attached to the
riphenylene center in such a way that they match the column
iameter of 17.5 Å (calculated from the XRD data analysis, Table 2 )
nd the tilt angle (25 °). The energy minimization of the drawn
olecule was performed using Material Studio Modeling software 
nd a HAT4 molecule with distorted alkyl groups was obtained.
hen alkyl groups were again adjusted in such a way that it
grees with the column diameter and tilt angle. Again, the energy
ptimization was performed on Material Studio Software. The 
ame process was repeated several times until we obtained a
olecular model matching the experimental column diameter 
nd tilt angle. Once we obtain a good single molecule with
he required column diameter and titling angle with minimized 
nergy, the molecule was employed to build a column of the �r-c 

k 

hase. DS ViewerPro software was used to build the column. For

r-c 
k phase, the molecule takes a crown shape shown in Fig 4 e.

n the second step, another molecule was placed at a distance of
.1125 ( ̊A) as it was calculated from the c parameter (32.9/8 Å) of
he 8/1 helical column and the molecule was rotated with an angle
 

f 45 ° (360 °/8). In this way, the molecules will sit one on top of
ach other and will form a column. Eight molecules will form a
epeat unit in a column of the unit cell in 32.9 Å. Then a crystal
attice was built using the lattice parameter of the �r-c 

k phase 
 a = 29.0 Å, b = 19.5 Å, and c = 32.9 Å). The molecular simulation
as performed using the obtained crystal in cerius2 software on 

 silicon graphics computer. Various space groups were used for 
he �r-c 

k lattice, and ultimately a very good simulated pattern of 
he original X-ray diffractogram was obtained using the P 2 1 2 1 2 1 
pace group. For the construction of the molecular model of HAT4
ssembly from the �h phase, a similar process to be discussed later
as employed. 

esults and discussion 

he structures of HAT n , n = 4–12 and their synthesis are
hown in Fig. 1 . Details of their synthesis are presented in
he experimental part. The supramolecular assemblies of the 
,3,6,7,10,11-hexakis( n -alkoxy)triphenylene ( HAT n ) ( n = 4–12)
ere analyzed, characterized, and determined by a combination of 
SC, X-ray diffraction of oriented fiber specimens and simulation 

f the experimental X-ray diffractograms with molecular models 
onstructed as it will be reported later. 
The thermotropic phases of the HAT n series were first 

dentified by the DSC traces collected upon heating and cooling 
t 10 °C/min rate ( Fig. 2 ). They are summarized in Table 1 . XRD
atterns were collected on oriented fibers at the same heating 
nd cooling rates as the DSC experiments. DSC traces ( Fig. 2
nd Table 1 ) indicate that all columnar assemblies of the series
f HAT n exhibit several thermotropic phases before undergoing 
 transition to the isotropic liquid ( i ). In the case of HAT n
 n = 4–10), at low temperatures, center rectangular crystalline 
hases ( �r-c 

k ) were observed and at higher temperatures, liquid 
rystalline hexagonal phases ( �h ) were seen. However, in the case
f HAT11 and HAT12 , no liquid crystalline phase was observed
uring heating. In this case we see only the transition from
rystalline ( �r-c 

k ) to isotropic phase ( i ). 
However, a liquid crystalline hexagonal phase ( �h ) was 

etected while cooling as a monotropic phase, in the case of
AT11 . In the case of HAT4 , the phase between 76 °C and 51 °C
n cooling is most probably a center rectangular liquid crystalline 
hase ( �r-c ) because it has a very small enthalpy change associated
ith its phase transition, and due to its monotropic character, X-
ay analysis is difficult to accomplish at this time. 

DSC traces of HAT4 ( Fig. 2 , Table 1 ) indicate that its
elf-organized structure exhibits two phases before undergoing 
sotropization at 146 °C. Below 88 °C, there is a crystalline
olumnar center rectangular phase ( �r-c 

k : P 2 1 2 1 2 1 ). From 88
C to 146 °C, a columnar liquid crystalline hexagonal phase 
 �h 

io : P 6 mm ) phase was found. At 146 °C this phase enters
he isotropic liquid phase ( i ). The characteristic wide-angle 
owder X-ray diffraction pattern (WAXS) at 25 °C for HAT4 

s shown in Fig. 4 a and its corresponding radial plot at 25
C is provided in Fig. 4 c. The detailed analyses of the X-ray
iffractions are shown in Fig. 4 a and 4 c. These details have
lso been summarized in Table 2 . Fig. 3 a shows that there is a
iscontinuity for the dependence of transition temperatures of 
AT4 to HAT6 from the same dependence for HAT6 to HAT11 .
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Fig. 2 

DSC traces of HAT n series ( n = 4–12) recorded with heating and cooling rates of 10 °C/min. Phases determined by XRD, transition temperatures, and associated 
enthalpy changes (in parentheses in kcal/mol) are indicated. Phase notations: �r–c 

k – Columnar center rectangular crystalline phase; �h – Columnar hexagonal 
liquid crystalline phase; �r-c – Monotropic columnar center rectangular phase identified by the low enthalpy change of the transition from �h phase; the 52 and 
60 °C transitions observed on first heating of HAT11 and the extra peak at 54 °C on the second heat prior the main transition from 65 °C were not identified. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The same kind of discontinuity was previously reported for the
dependence of transition temperatures observed at low values of
n for CTTV n reported from two independent laboratories [ 89 , 90 ].
This discontinuity observed both in Fig. 3 a and in the CTTV n
literature data [ 89 , 90 ] may indicate different mechanisms of self-
organization. However, a continuous dependence of transition
temperatures was reported for CTV n [29] . This continuous
dependence suggests a single mechanism of self-organization
for the crown-like conformation of CTV n forming pyramidal
columns. The discontinuity of the transition temperatures from
Fig. 3 a prompted the X-ray analysis experiments reported here for
HAT4 . Fig. 3 b plots the dependence of column diameter (D col )
for HAT n with n = 4 to 12 both in the crystal as well as in
their liquid crystal self-organizations. Again, a discontinuity was
observed in both phases for the HAT4, HAT5 and HAT6 . In
the crystal state a potential odd-even dependence of D col vs n is
observed. A similar discontinuity seems to be observed for the
liquid crystal state. This discontinuity seems to hold also for the
aliphatic width of the columns. However, for the aliphatic region,
the discontinuity is not as strong as in the case of D col values.
Fig. 3 c plots the dependence of the aromatic part area (in %
from the top of the entire column area) of the supramolecular
columns of HAT n as a function of n . Again, a discontinuity
of this dependence is observed for the dependence of HAT4,
HAT5 and HAT6 columns vs the columns with larger values
of n . In this plot we see a remarkable difference between the
aromatic part area of the columns at n = 4, 5 vs larger values
of n . This indicates that supramolecular columns based on HAT4
and HAT5 occupy a much larger fraction of their column by their
aromatic part. In fact HAT4 and HAT5 columns exhibit an almost
identical aromatic area of their columns as the columns self-
organized from (3,4,5)dm8 ∗GI-PBI by the cogwheel mechanism
[42] . At higher values of n , HAT n self-organizations behave like
the CTV n assemblies generated from hat-shaped [41] and other
CTV n pyramidal columns. If confirmed by a structural mechanism
these results are remarkable for a series of different applications. 

The experimental XRD patterns ( Fig. 4 a) and corresponding
radial plot ( Fig. 4 c) at 25 °C indicate that the crystalline phase is a
columnar center rectangular crystal phase ( �r-c 

k : P 2 1 2 1 2 1 ). The
measured d -spacings along the equatorial plane are d 110 = 16.2 Å ,
5 
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Table 1 

Thermal analysis of the supramolecular columnar assemblies self-organized from HAT n, n = 4–12 

Compound 
Phase transition ( °C) and corresponding enthalpy changes (kcal ·mol –1 ) a 

Heating Cooling 

HAT4 �r-c 
k 88 (0.75) �h 146 (0.67) 

i 
i 140 (–0.64) �h 76 (–0.08) �r-c 51 (–0.70) 
�r-c 

k 

�r-c 
k 90 (0.74) �h 146 (0.64) 

i 
HAT5 �r-c 

k 65 (1.03) �h 122 (0.29) 
i 

i 118 (–0.28) �h 38(–1.03) �r-c 
k 

�r-c 
k 67 (0.96) �h 122 (0.27) 

i 
HAT6 �r-c 

k 68 (1.21) �h 98 (0.14) i i 91 (–0.16) �h 49(–1.31) �r-c 
k 

�r-c 
k 68 (1.21) �h 98 (0.13) i 

HAT7 �r-c 
k 68 (2.39) �h 92 (0.19) i i 87 (–0.20) �h 41(–2.53) �r-c 

k 

�r-c 
k 68 (2.43) �h 92 (0.20) i 

HAT8 �r-c 
k 64 (2.85) �h 83 (0.15) i i 78 (–0.16) �h 41(–2.39) �r-c 

k 

�r-c 
k 65 (3.29) �h 83 (0.13) i 

HAT9 �r-c 
k 57 (3.10) �h 79 (0.19) i i 79 (–0.19) �h 57(–3.32) �r-c 

k 

�r-c 
k 57 (3.32) �h 79 (0.19) i 

HAT10 �r-c 
k 59 (2.18) �h 73 (0.09) i i 68 (–0.11) �h 41(–2.38) �r-c 

k 

�r-c 
k 60 (2.35) �h 73 (0.09) i 

HAT11 �r-c 
k 65 (4.66) i i 58 (–0.07) �h 40(–4.16) �r-c 

k 

�r-c 
k 65 (3.94) i 

HAT12 �r-c 
k 55 (4.56) i i 41 (–4.90) �r-c 

k 

�r-c 
k 70 (4.42) i 

a Data from the first heating and cooling scans (at 10 °C ·min –1 ) are on the first line, and data from the second heating are on the 
second line; �r-c 

k : P 2 1 2 1 2 1 crystalline center rectangular columnar phase, �h : P 6 mm liquid crystalline hexagonal columnar phase, 
�r-c – Columnar center rectangular phase, i : isotropic phase. 
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 200 = 14.5 Å , d 020 = 9.7 Å , d 220 = 8.1 Å , d 130 = 6.3 Å , d 330 = 5.4 Å ,
 008 = 32.9 Å ( Table 2 ). The presence of these diffraction spots in
he XRD pattern indicates that it is a center rectangular lattice. The
attice parameters at 25 °C are a = 29.0 Å, b = 19.5 Å, and c = 33.9
˚ . The presence of intense off-axis diffractions indicates a highly
rdered crystalline lattice. The stratum thickness ( t = 4.1125 Å)
as been calculated from bright intense broad diffraction along 
he fiber axis ( d 008 = 4.1125 Å) ( Fig. 3 c). The eight equidistant layer
ines, L = 0 to L = 8 from the experimental oriented fiber X-ray
iffractogram of Fig. 4 a indicate an 8/1 helical column. From the
olecular weight of HAT4 , M wt = 660.9 g.mol –1 , we determine
n average number of molecules, μ, forming the supramolecular 
olumn stratum with thickness ( t ), μ = N A At ρ/ M wt where N A 

Avogadro’s number) = 6.022 × 10 23 mol –1 , where A is the area of
he column cross-section calculated from the lattice parameters, ρ
s the density of the supramolecular structure measured at room
emperature (1.02 g/cm 

3 ) and t is the stratum thickness. From this
alculation, we find that for the �r-c 

k phase, there must be eight
olecules per column stratum ( μ = 8.3 ∼ 8). The approximate
olumn diameter ( D col ) is 17.5 Å ( Table 2 ). 
Fig. 4 d–h displays the molecular models of the �r-c 

k phase of
AT4 . The repeat unit is formed by eight molecules ( Fig 4 f). In the
rst step, one molecule is placed with distorted –C 4 H 9 alkyl tails
 Fig. 4 d and 4 e). In the second step, another HAT4 molecule is
laced at an average distance of 4.2115 Å but this HAT4 molecule
ill be rotated by 45 ° along the column axis ( Fig. 4 f). Thus, HAT4
olecules will sit one on top of another in a similar fashion
 

 Fig. 4 f). In this way, a supramolecular column is formed with an
/1 helicity ( Fig. 4 f). 
Fig. 4 f and Fig. 4 g show the side and the top views of

he column. Thus, these columns will arrange themselves in a 
rystalline columnar center rectangular phase ( �r-c 

k : P 2 1 2 1 2 1 )
eriodic array ( Fig. 4 h). 
Simulation of the X-ray diffractogram was carried out using the 
olecular models ( Fig. 4 d–h) and the same cell parameters and
 2 1 2 1 2 1 space group. The simulated pattern ( Fig. 4 b) indicates
 very good agreement with the experimental XRD patterns 
 Fig. 4 a). The position and melting of the alkyl groups play an
mportant role in the crystal structure. The space group also plays
n important role in building the crystals. About fifty molecular 
odels and various space groups of �r-c 

k lattice were used to 
o the simulation experiment in order to obtain the optimum 

tructure from Fig 4 f. The molecular model shown in Fig 4 d–h
ith P 2 1 2 1 2 1 space group gives a satisfying simulated pattern

 Fig. 4 b) that is in good agreement with the experimental XRD
attern ( Fig. 4 a). We would like to mention that the methodology
mployed to solve the structure of the columnar assembly of 
AT4 relies on the transplant of the Watson and Crick strategy
mployed to solve the structure of DNA except that in our
ase both the molecular models and the reconstruction of their 
riented fiber X-ray diffractograms were generated by computer 
oftware [ 44 , 45 , 50 , 91 ]. 

The experimental XRD pattern at 128 °C in the liquid crystal
hase and the corresponding radial plot along the equatorial 
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Table 2 

XRD structural analysis of the columnar assemblies of HAT n, n = 4 –12 

HAT n [ n = 4 –12] a M wt (g/mol) b T ( °C) c Phase d Lattice Parameters a, b ( ̊A) e D col ( ̊A) f D col ( ̊A) g μ h d 100 , d 200 , d 020 , d 220 , d 130 , d 310 , 
d 400 , d 001 , d 005 , d 008 ( ̊A) i d 10 , d 11 , 
d 20 , d 21 ( ̊A) j 

HAT4 660.9 25 �r–c 
k 29.0, 19.5 17.5 20.7 8 16.2, 14.5, 9.7, 8.1, 6.3, –, –, –, –, 4.1 i 

128 �h 18.6, 18.6 18.6 20.7 1 16.2, 9.3, 8.1, 6.2 j 

HAT5 745.1 25 �r–c 
k 27.6, 23.6 18.2 17.5 8 18.0, 13.8, 11.8, 8.9, –, 8.6, –, –, –, 4.1 i 

80 �h 20.8, 20.8 20.8 23.3 1 18.0, –, –, 6.7 j 

HAT6 829.3 25 �r–c 
k 36.9, 28.6 18.2 5 22.7, 18.5, 14.3, –, –, 11.3, 9.2, –, 4.2, –

70 �h 21.3, 21.3 21.3 25.9 1 18.5, –, –, – j 

HAT7 913.4 25 �r–c 
k 37.0, 31.9 24.4 2 24.2, 18.5, 16.0, 12.1, –, –, 6.1, 4.3, –, 

– i 

70 �h 22.7, 22.7 22.7 28.4 1 19.6, 11.4, –, – j 

HAT8 997.6 25 �r–c 
k 38.1, 31.0 24.6 2 24.2, 19.1, 15.5, 11.8, –, 12.0, –, 4.3, –, 

–
70 �h 23.5, 23.5 23.5 31.1 1 20.4, 11.7, –, – j 

HAT9 1081.7 25 �r–c 
k 40.2, 37.1 27.3 2 27.5, 20.2, 18.6, 13.6, 10.4, –, –, 4.4, –, 

–
60 �h 25.1, 25.1 25.1 33.9 1 21.9, 12.5, –, – j 

HAT10 1165.9 25 �r–c 
k 46.1, 30.2 31.6 2 25.3, 23.1, 12.7, –, 11.5, –, 9.8, 4.4, –, 

– i 

1165.9 60 �h 26.0, 26.0 26.0 36.5 1 22.4, 13.0, 11.3, –j 

HAT11 1250.1 25 �r–c 
k 51.5, 35.2 – 31.2 – 29.1, 25.9, 17.7, 14.6, 11.5, –, –, 4.4, –, 

– i 

HAT12 1334.2 25 �r–c 
k 50.3, 40.0 – 32.1 – 31.5, 25.3, 20.2, 15.7, 12.9, –, 12.6, 

4.4, –, – i 

a Name of the HAT n , n indicates the alkyl chain length [C n H 2 n + 1 , n = 4 –12], 
b Molecular weight of the compound. 
c Temperature in °C. 
d Phase notation: �r–c 

k – Columnar center rectangular crystalline phase; �h – Columnar hexagonal liquid crystalline phase; 
e Lattice parameters determined from fiber X-ray diffractions; a = h d h0 and b = k d 0k for �r–c 

k phase; a = (2/ 
√ 

3)( d 10 + 

√ 

3 d 11 + 2 d 20 )/3 for �h phase. 
f Column diameter (experimental) for �r–c 

k phase calculated using D col = a /[2cos(tan –1 b / a ]. Column diameter (experimental) for �h phase calculated using D col = a . 
g Diameter of the columns with alkyl trails extended and straight. 
h number of dendrons per column stratum calculated from μ = VN A t ρ/ M wt , where V = unit cell volume, N A = Avogadro number, t = column stratum average thickness, ρ = the density of the supramolecular 

structure measured at room temperature, M wt = molecular weight, estimated error �μ = ±10%; 
i Experimentally derived d -spacings for the �r–c 

k phase d hkl = [( h / a ) 2 + ( k / b ) 2 + ( l / c ) 2 ] –1/2 for center rectangular lattices. 
j Experimentally derive dspacings for the �h phases calculated using: d hkl = [4( h 2 + k 2 + hk )/(3 a 2 ) + (l/ c ) 2 ] –1/2 . $ Fiber direction. 

7
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Fig. 3 

(a) Temperature transitions vs n of HAT n , (b) Dimensions of columns diameter in crystal, liquid crystal and the aliphatic thickness of HAT n vs n ; the cyan line is 
attempting to connect the column diameters in the �r-c 

k phase in a linear way demonstrating a more complex dependence on n ; (c) The fraction of the aromatic 
part from the total lattice cross-section in different regions and periodic arrays of the column (%) vs n of HAT n are compared with the same data for the cogwheel 
mechanism ((3,4,5)dm8 ∗G1-PBI, �h 

k and �h 
io lattice) from reference [42] and of the hat-shaped columns (3,4)dm8 ∗G1-CTV) from reference [41] . The aromatic area 

was calculated by ( �A/ �V) ∗100, where �A is the area of the cross-section occupied by the aromatic part and �V is the cross-section of the unit cell. 
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lane are shown in Fig. 5 a and 5 c. The diffraction spots
n the XRD pattern whose reciprocal d -spacings are in the
atio d 100 : d 110 : d 200 : d 210 = 1:1/ 

√ 

3:1/2:1/ 
√ 

7 can be indexed as a
exagonal lattice. The measured d -spacings along the equatorial
lane are d 100 = 16.2 Å , d 110 = 9.3 Å , d 200 = 8.1 Å , d 210 = 6.2 Å ,
nd d 001 = 3.6 Å ( Fig. 4 a,c and Table 2 ) and lattice parameters
 = b = 18.6 Å. The absence of any off-axis diffractions
ndicates that it is a columnar liquid crystalline lattice. The
resence of the meridional broad diffraction along the fiber 
xis ( Fig. 4 a) ( d 001 = 3.6 Å) indicates the stratum distance
 t = 3.6 Å). Absence of any off-axis diffraction indicates a non-
elical column. We calculate an average number of molecules
orming the supramolecular column stratum with thickness 
 t ) using the formula μ = N A At ρ/ M wt , where N A (Avogadro’s
umber) = 6.022 × 10 23 mol –1 , where A is the area of the
olumn cross-section calculated from the lattice parameters, ρ
s the density of the compound, measured at room temperature
 

1.02 g/cm 
3 ) and t is the stratum thickness (3.6 Å), and M wt is

olecular weight ( M wt = 660.9 g.mol –1 ). From this calculation,
e conclude that in the �h phase, there is only one molecule per
olumn stratum ( μ = 1.1 ∼ 1). The column diameter ( D col ) is 18.6
˚
 ( Table 2 ). 
Fig. 5 d–h shows the molecular models for the �h phase. There

s only one HAT4 molecule per column stratum of thickness 3.6
˚
 ( Fig 5 f). The HAT4 molecule is placed with highly distorted,
elted, liquid-like –C 4 H 9 alkyl tails, in the plane of the planar
art of HAT4 as well as some of them up and and some down
 Fig. 5 d and 5 e). In the next step, a second HAT4 molecule
s placed at an approximate distance of 3.6 Å ( Fig. 5 f). Thus,
he planar part of HAT4 molecules will form a column ( Fig. 5 f
nd 5 g) that is embedded in the melted state of its own
lkyl groups. These supramolecular columns will self-organize 
n a columnar hexagonal liquid crystalline phase ( �h : P 6 mm )
 Fig. 5 h). The reconstructed X-ray pattern ( Fig. 5 b) generated with
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Fig. 4 

X-Ray diffraction analysis and molecular models of HAT4 at 25 °C ( �r–c 
k phase). (a) Wide-angle fiber XRD (WAXS) patterns of HAT4 collected at 25 °C showing 

the (110), (200), (020), (220), (130), (330), and (008) diffractions indicating a columnar center rectangular phase ( �r–c 
k ). The fiber axis is vertical. (b) Simulated XRD 

patterns from the molecular model. (c) Radial plots; equatorial of the WAXS experimental XRD pattern showing the (110), (200), (020), (220), (130), (330), and (008) 
diffractions indicating the �r–c 

k phase. (d) Single molecule (Top View). (e) Single molecule (Side View). (f ) Formation of the column by stacking of the molecules 
with a distance of 4.1 Å and 45 ° rotation along the fiber axis (Side View) showing the helicity (8/1). (g) Formation of the column (Top View) of the �r–c 

k phase. 
(h) Center rectangular array formed by the columns (Top View). Color code used in the model: O atoms, red; H atoms, white; C atoms in the phenyl rings, orange, 
green, and blue; all other C atoms, grey. Black dot lines in (h) indicate the lattice parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the molecular models of the �h phase ( Fig. 5 d–h) indicate an
excellent agreement with the experimental XRD pattern ( Fig. 5 a).
We would like to mention that this is the first reconstruction of the
X-ray pattern of an oriented �h phase, demonstrating definitively
the model advanced by Chandrasekhar laboratory in 1977 [ 16 , 17 ].

Conclusions 
HAT4 self-organizes in a highly ordered crystalline 8/1 helical
pyramidal column via the crown conformation of its disc-
like triphenylene molecule. This unexpected mechanism
of self-organization was never reported or even considered
for hexakis(alkyloxy)triphenylenes. The mechanism of self-
organization shown in Fig. 4 resembles the cogwheel mechanism
of dendronized perylenebisimide, PBIs, that was recently
discovered in our laboratory [42] . Therefore, the self-organization
of HAT4 is expected to be extraordinarily accelerated, via proper
molecular design, as it was demonstrated for the cogwheel
model of self-organization [ 92 , 93 ]. This discovery is extremely
important since helical self-organization of achiral HAT n was
never observed before being reported here. In addition, the
9 
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Fig. 5 

X-ray diffraction analysis and molecular models of HAT4 at 128 °C ( �h phase). (a) Wide-angle fiber XRD (WAXS) patterns of HAT4 collected at 128 °C showing the 
(100), (110), (200), and (210) diffractions indicating a columnar hexagonal phase ( �h ). The fiber axis is vertical. (b) Simulated XRD patterns from the molecular 
model. (c) Radial plots; equatorial of the WAXS experimental XRD pattern showing the (100), (110), (200), and (210) diffractions indicating the �h phase. (d) Single 
molecule (Top View). (e) Single molecule (Side View). (f ) Formation of the column by stacking of the molecules with a distance of 3.6 Å (Side View). (g) Formation 
of the column (Top View) of the �h phase. (h) Hexagonal array formed by the columns (Top View). Color code used in the model: O atoms, red; H atoms, white; C 
atoms in the phenyl rings, orange, green, and blue; all other C atoms, grey. Black dot lines in (h) indicate the lattice parameters. 
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arge surface area of the triphenylene in this periodic array
ndicates that cogwheel like self-organizations maybe most 
nteresting for the design of highly efficient complex functional 
ystems based on columnar hexagonal assemblies. Therefore, it 
s interesting to elucidate the molecular mechanism via which 

he transition from HAT4 to HAT n with larger values of n
ccurs. This work is in progress and will contribute to the
lucidation of the mechanism and the generality of helical
hirality formation in supramolecular and macromolecular 
0 
ssemblies [ 41 , 42 , 44 , 45 , 46 , 50 , 53 , 55 , 70 , 72 , 73 , 74 , 76 , 94 , 95 , 96 ]
nd to its induction in even more complex systems [97] . 
t is interesting that the transition from �r-c 

k to �h was 
ccompanied by a transition from a helical column to a non-
elical column that is not yet elucidated [ 98 , 99 ]. The only other
elical self-organization of disc-like triphenylene was reported 
or hexakis(hexylthio)triphenylene [ 18 , 19 ], but the molecular 
tructure of its supramolecular columns was not determined. 
elical triphenylenes self-organized from triphenylene crowns 
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were also obtained by dendronizing triphenylenes with self-
assembling dendrons [53] . Crown self-assembling conformations
are responsible for the development of new concepts in helical
self-organization [100–105] , and we expect that they will play an
important role in the development of synthetic self-organizations
[106–112] with the dimensions and perfection of complex
biological systems [ 5 , 6 , 7 , 8 , 9 ]. 
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