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Columnar Structures from Asymmetrically Tapered Biphenylamide
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An asymmetrically tapered N,N'-tris[[(2-dodecylaminocarbonyl)ethyl]methyl]-4-biphenylamide (asym-Cj,PhA,
where n is the number of carbon atoms in the alkyl chains, n = 12) was newly designed and synthesized. In
this asymmetrically tapered asym-C;,PhA biphenylamide, H-bondable hydrophilic amide moieties are located
at between a rigid hydrophobic biphenyl rod and three flexible hydrophobic alkyl chains. Computer energy
minimization indicated that three-dimensional (3D) geometry of asym-C,PhA biphenylamide looks like a
cone with dimensions of 3.01 nm in height and 1.44 nm in bottom radius. Phase transitions and supra-
molecular structures were identified utilizing the combined techniques of differential scanning calorimetry,
1D wide-angle X-ray diffraction (1D WAXD), Fourier-transform infrared spectroscopy, and solid-state '*C
nuclear magnetic resonance analyses. The asym-C;,PhA self-assembled into a highly ordered columnar
mesophase just below the isotropization temperature and then transformed to 3D columnar crystalline phase
(®;) on further cooling. Selected area electron diffractions in transmission electron microscopy (TEM) along
with 1D WAXD and cross-polarized optical microscopy suggested that discotic building blocks were constructed
by rotating 120° of three asym-C;,PhA with respect to neighboring ones and the tmb (top-middle-bottom)
stacked discotic building blocks further self-organized into columns. These columns are laterally intercalated
to form the @, phase. On the basis of the TEM image and polyethylene surface decoration technology, it
was identified that the self-assembled asym-C,PhA fibers with ~1 um in diameter and several millimeters
in length were braids of tiny single crystals.

Introduction

Even though the recent rapid development in liquid crystal
display (LCD) technology has mainly been achieved on the basis
of calamitic (rod-like) LCs, the structures and dynamics of
discotic columnar molecules have been extensively studied in
academia and industry because of their extraordinary properties,
such as one-dimensional (1D) electrical conductivity, fast
photoconductivity, and ferroelectricity.! ™' In general, discotic
columnar phases were induced by the ;—u interactions between
the disk-like aromatic supermolecules which are the individual
giant molecules made of disk-like aromatic rigid cores with
covalently bonded flexible alkyl tails.>* Recently, a process of
self-assembly through noncovalent interactions including hy-
drogen-bonding, electrostatic, 7—s stacking, van der Waals
interactions, and hydrophobic—hydrophilic effects paves a new
road for the design and synthesis of functional organic
materials.'®"#! One of the examples is hydrophobic—hydrophilic
effects in block copolymers. Incompatible yet chemically bonded
components in block copolymers induces the nanophase separa-
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tion to form cubic, lamellar, hexagonal columnar, or bicontinu-
ous gyroid structures.'® H-bonding in supra-molecular structures
also becomes a major tool to program building blocks because
of its moderate bonding energy, directionality, selectivity, and
reversibility. >~ In H-bonding systems, self-assembled colum-
nar structures are not formed by the self-organization of discotic
supermolecules but rather constructed by the self-assembly of
supra-molecular discs as building blocks generated via intra/
intermolecular H-bonding.?*~*! By the combination of different
driving forces in self-assembly, various structures such as
smectic, laminated, and polygonal columnar phases can be
induced in different length scales depending on the volume
fractions of each component and interactions.?3™#!

From the recent study regarding self-assembly of sym-
metrically tapered bisamides, a self-assembled discotic building
block can be generated through intermolecular H-bonding and
nanophase separation of the rigid cores and alkyl tails.**~*6 These
supra-molecular discs were further self-organized into oblique
columnar phases. However, there remains an unsolved question:
Is a columnar structure constructed even from an asymmetrically
tapered biphenylamide rod-like molecule? If the answer is yes,
what is the molecular self-assembled structure from asymmetri-
cally tapered biphenylamide molecules?

An asymmetrically tapered N,N’-tris[[(2-dodecylaminocar-
bonyl)ethyl]methyl]-4-biphenylamide (asym-C;,PhA, n = 12)
was newly synthesized in order to understand the molecular
self-assembly of asymmetric biphenylamide molecule containing
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the H-bondable amine functions between an aromatic core and
flexible alkyl tails. It mainly consists of three different parts:
H-bondable hydrophilic amide moieties, a rigid hydrophobic
biphenyl aromatic core, and three flexible hydrophobic alkyl
chains at one end of biphenyl aromatic rod. One-dimensional
wide-angle X-ray diffraction (WAXD) and differential scanning
calorimetry (DSC) techniques were used for thermal and
structural transition analyses. The H-bonding between amine
(N—H) and carbonyl (C=0) groups and the dynamic confor-
mational changes of the aromatic and aliphatic parts of asym-
C,PhA biphenylamide at different temperatures were monitored
using Fourier-transform infrared spectroscopy (FT IR) and solid-
state carbon-13 nuclear magnetic resonance (*C NMR). In
addition to 1D WAXD, the phase structures were further
identified by selected area electron diffractions (SAED) in
transmission electron microscopy (TEM) from single crystals.
The phase morphologies in the ordered phases were further
investigated via cross-polarized optical microscopy (POM).

Experimental Section

Materials and sample preparation. A asymmetrically tapered
N,N’-tris[[(2-dodecylaminocarbonyl)ethylJmethyl]-4-biphenyla-
mide (asym-C,PhA, where 7 is the number of carbon atoms in the
alkyl chains, n = 12) was newly designed and synthesized via
simple peptide coupling reactions.*’~>° The detailed synthetic
procedures were shown in Scheme 1. The final compound was
purified through repeated chromatography with a silica gel using
an acetone—benzene (5:95) mixture as an eluting solvent, followed
by recrystallization from an ethanol—benzene mixture. The purity
was verified by thin layer chromatography (TLC) and proton
nuclear magnetic resonance ('"H NMR). Chemical structure of
asym-C,PhA was confirmed by '"H NMR spectroscopy in CDCls
solution: ¢ 8.01 (s, —CONH—, 4H), 7.94 (d, 2,6-ArH, 2H), 7.66
(d, 3,5-ArH, 2H), 7.61 (d, 2,6-Ar’H, 2H), 7.45 (dd, 3,5-Ar'H, 2H),
7.37 (dd, 4-ArH, 1H), 3.20 (m, —CONHCH,—, 6H), 2.17 (m,
—C(CH,CH,—)s, 6H), 1.87 (m, —C(CH,CH,—)3, 6H), 1.23 (m,
—CONHCH,(CH>),iCH3, 20H), 0.89 (m, —CONHCH,(CH,),¢-
CH;, 9H).

For one-dimensional (1D) wide-angle X-ray diffraction
(WAXD) measurements, films with a thickness of about 1 mm
were prepared by melting the compounds on an aluminum plate.
The samples prepared for POM analysis had a typical thickness
of 10 um and they were melt-processed between two bare cover
glass sides. The samples for Fourier transform infrared spec-
troscopy (FT IR) were prepared by film casting from a CHCl;
dilute solution onto KBr plates. The powder samples were used
for solid-state carbon-13 (!3C) nuclear magnetic resonance
(NMR). Thin film samples prepared for transmission electron
microscopy (TEM) via solution casting from a 0.05% (w/v)
chloroform solution onto carbon-coated mica had a thickness
of 50—150 nm. After crystallization and annealing processes,
the films were floated onto the water surface and recovered using
the TEM copper grids.

Equipment and Experiments. The thermal behavior of the
phase transitions was studied using a Perkin-Elmer PYRIS
Diamond DSC equipped with an Intracooler 2P apparatus. The
temperatures and heat flows were calibrated using standard
materials at various cooling and heating rates ranging from 2.5
to 40 °C/min. In order to eliminate previous thermal histories,
the heating process always preceded the cooling experiments.
The transition temperatures were determined by measuring the
onset, peak, or both temperatures from both the cooling and
the heating scans.
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1D WAXD experiments were conducted in the reflection
mode of a Rigaku 12 kW rotating-anode X-ray (Cu Ko
radiation) generator coupled to a diffractometer. The diffraction
peak positions and widths were calibrated with silicon crystals
in the high 26-angle region (>15°) and silver behenate in the
low 26-angle region. A hot stage was connected to the
diffractometer in order to study the structural evolutions during
heating and cooling. The temperature of hot stage was calibrated
to be within £1 °C. Samples were scanned across a 20-angle
range of 1.5—35° at a scanning rate of 4°/min. The background
scattering was subtracted from the sample scans.

Bright-field images of TEM (FEI Tacnai 12) were taken to
examine crystal morphology on the nanometer length scale using
an accelerating voltage of 120 kV. The camera length was set
at 3 m and the SAED spacing smaller than 0.384 nm was
calibrated using evaporated thallous chloride, which has a largest
first-order spacing diffraction of 0.384 nm. The calibration of
spacing values larger than 0.384 nm was conducted by doubling
the d spacing of the first-order diffractions. Furthermore, the
polyethylene (PE) surface lamellar decoration (SLD) technique
was applied in order to study the surface topology of the self-
assembled structure of asym-C;,PhA in the thin films. The PE
decoration was conducted using linear PE as a decoration
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material in a vacuum evaporator. The PE was degraded,
evaporated, and deposited onto the surface of the self-assembled
asym-C,PhA columns.

Optical textures of the ordered phases were recorded at
different temperatures with a POM (Olympus BH-2), which was
coupled with a Mettler heating stage (FP-90). A tint retardation
plate (530 nm) was placed between the objective lens and the
eyepiece in order to identify the orientation of molecules in the
POM textures. H-bonding and molecular chain conformations
were analyzed using a FT IR (Digilab Win-IR Pro FTS 3000)
containing a Bruker heating stage. The resolution was 1 cm™!,
and 40 scans were averaged for each spectrum. The temperatures
of hot stage were calibrated to be within £0.5 °C. The dynamics
of each carbon and the conformations of the alkyl chains in
asym-C,PhA were also studied as a function of temperature
using a solid-state *C NMR (Chemagnetics CMX 200) operated
at 201.13 and 50.78 MHz for 'H and '’C nuclei. The samples
were spun under nitrogen atmosphere at 4.5 kHz at the magic
angle. The magic angle was optimized by the intensity calibra-
tion of the aromatic carbon resonance of hexamethylbenzene.
The '’C cross-polarization/magic angle spinning/dipolar
decoupling (CP/MAS/DD) NMR spectra were acquired to
selectively investigate the rigid components and the Bloch
decay spectra with MAS/DD was used to study the mobile
components. 2323444631755 The CP contact time was 1 ms, while
the recycle time of the pulse was 5 s. Each spectrum consisted
of an accumulation of 500 scans. The temperature of the solid-
sate '3C NMR experiment was controlled using a REX-F900
VT unit covering the range from —70 to 210 °C.

Overlapped C=0 and N—H absorption peaks in FT IR, and
characteristic carbon peaks in solid-state *C NMR were resolved
using the PeakFit peak separation program (Jandel Scientific).
Symmetric/asymmetric Gaussian and Lorentzian functions were
used to obtain the best fit, respectively. The Cerius? (version
4.6) simulation software from Accelrys was used to calculate
the minimal energy geometry of the asymmetrically tapered
asym-C,PhA compound in the isolated gas-phase utilizing the
COMPASS force field.

Results and Discussion

Geometric Dimension and Shape of asym-C;,PhA. As
shown in Figure la, the asymmetrically tapered asym-C;,PhA
was programmed with three different parts: H-bonded hydro-
philic amide moieties, a rigid hydrophobic biphenyl core, and
three flexible hydrophobic alkyl chains. During self-assembly
and self-organization processes, nanophase separation between
rigid biphenyl rod and flexible alkyl tails might be enhanced
because of H-bondable hydrophilic amide moieties. Furthermore,
the asymmetric shape of asym-C;,PhA and relatively smaller
volume of rigid biphenyl rod compared with hydrophobic alkyl
chains can induce spatial steric hindrances, which might be one
of the major factors to determine the molecular self-assembly
of the asym-C,PhA compound.

In order to estimate the spatial geometric figure and its
dimensions of asymmetrically tapered asym-C;,PhA, the con-
formational energy minimization of asym-C;,PhA was con-
ducted in the isolated vacuum state using Cerius? 4.6 computer
software. The global equilibrium geometry of asym-C;,PhA was
constructed at 0 K using the COMPASS force field. The energy-
minimized side (yz plane) and head (xz plane) views of asym-
C2PhA were illustrated in Figure 1b,c, respectively. Hydro-
phobic alkyl chains at one side of the rigid biphenyl rod were
in the fully extended zigzag conformation at 145° with respect
to the aromatic biphenyl rod. Consequently, asym-C,PhA looks
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Figure 1. Schematic illustration of asym-C;,PhA compound (a).
Computer energy-minimized dimensions and shapes of asym-C;,PhA
with side (b) and head (c) views.

like a 3D cone with dimensions of 3.01 nm in height and 1.44
nm in bottom radius. This asymmetric 3D cone shape of asym-
C,PhA may induce a spatial steric hindrance during the
molecular self-assembly process.

Thermal Properties of Phase Transformations of asym-
C2PhA. DSC experiments were first conducted during cooling
and subsequent heating at scanning rates of 2.5—40 °C/min in
order to detect various thermal transitions of asym-C;,PhA
compound and to obtain quantitative thermodynamic properties
of the thermal transitions. The results are shown in Figures 2a,b.
During cooling at 2.5 °C/min, asym-C,;,PhA exhibits two distinct
exothermic peaks at 181 °C with —26 J/g (—24.2 kJ/mol) and
91 °C with —31 J/g (—28.8 kJ/mol), respectively. During the
subsequent heating, a broad exothermic transition between 20
and 95 °C with —1 J/g (—0.9 kJ/mol) heat of transition and a
sharp endothermic thermal transition at 188 °C with 58 J/g (53.9
kJ/mol) appeared. The endothermic transition during heating
process could be attributable to the disorganization (melting)
of the ordered structure developed during cooling and subse-
quent heating up to 95 °C. This statement can be supported by
the simple calculation of the heats of transitions during the
organization process (—24.2 kJ/mol + —28.8 kJ/mol + —0.9
kJ/mol = —53.9 kJ/mol) and during the melting process (53.9
kJ/mol), and by the observation of dark state at 190 °C under
POM. The structural transition will be further confirmed by the
WAXD experiments. It is noteworthy to point out that the
exothermic peak at 181 °C during the cooling process was much
less influenced than those of two subsequent exothermic thermal
transitions at 91 °C during cooling and at ~50 °C during
subsequent heating, which is often observed during the transition
from an isotropic phase to a highly ordered or a low ordered
LC phase'23*29,56*58

Molecular Origins of the Phase Transformations of asym-
C12PhA. The possible molecular origins of structural evolutions
were investigated using a combined FT IR and solid-state '3C
NMR experiments of asym-C;,PhA compound at different
temperatures in the range of 30—230 °C. Figure 3a showed the
FT IR spectrum of asym-C,PhA at 30 °C. The N—H stretching
vibration of amide groups exhibited a broad absorption band
with the maximum intensity at 3293 cm™!, and the amide 1, II,
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Figure 2. Sets of DSC cooling (a) and subsequent heating (b) thermal

diagrams for asym-C;,PhA at scanning rates ranging from 2.5 to 40
°C/min.

and III motions generated absorption bands at 1638, 1548, and
1233 cm ™}, respectively.**4>> The absorption bands for the alkyl
chains were found at 2956 cm™! for asymmetric stretching band
of CH3, 2924 cm™! for asymmetric stretching band of CH,, and
2873 cm™! for symmetric stretching of CHs, and 2853 cm™!
for symmetric stretching of CH,.**>3 Conformational change
during phase transitions and molecular interactions of asym-
C,PhA was not examined because of low sensitivity. The
H-bonding between the N—H group and the C=0 group has
been analyzed.**** The N—H stretching vibration band at 3293
cm™! and the carbonyl stretching vibration at 1638 cm™' may
build N—H-++-O=C H-bonds (Figure 3a). The intensity change
of amide and carbonyl group was also studied during cooling
and heating process at 2.5 °C/min. Two different spectral
contribution bands were involved in the N—H stretching mode
between 3200 and 3500 cm™! (Figure 3b,c). The relatively weak
and narrow band at 3448 cm™! came from the free N—H groups,
and the other broadband between 3200 and 3400 cm™' was
assigned to H-bonded N—H groups. The amide I mode is
sensitive not only to H-bonds but also to local conformational
changes.” The absorption peaks near 1600—1700 cm™' were
dominated by the carbonyl band, as illustrated in Figure 3b,c.>
A narrow band between 1630 and 1650 cm™! with a width at
half-height of 24 cm™! was originated from the H-bonded C=0
groups in ordered domains, while a broadband between 1645
and 1670 cm™! with a width at half-height of 45 cm™' came
from the H-bonded C=O groups in disordered domains. An
absorption band between 1660 and 1690 cm™! with a width at
half-height of 35 cm™' was due to the free C=0 groups. During
cooling, the absorption intensity of free N—H groups at 3448
cm~! became weaker and concomitantly the area of H-bonded
N—H groups increased with the gradual shift of maximum
intensity from 3335 to 3293 cm™'. Similarly, the intensity and
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area of free C=0 band in the amide I mode was declined.
According to Figure 3, more than 80% of amide groups formed
the disordered H-bonds even in the isotropic phase. When the
temperature was reduced to the high transition temperature at
around 181 °C, the amount of free C=0 groups and N—H
groups was dropped below 10%, whereas the intensity and area
of bands for H-bonded N—H and H-bonded C=O groups in
ordered domains increased significantly. At 91 °C corresponding
to low transition temperature, the intensity of H-bonded groups
were further increased more than 95%. Upon subsequent heating
up to 185 °C, the intensity of H-bonding in ordered domains
gradually increased as shown in Figure 3c. This result was
matched well with the exothermic thermal transitions in DSC
thermogram (Figure 2b). When the temperature increased up
to the endothermic thermal transition at 188 °C, the intensity
of absorption bands for H-bonded N—H and C=O groups in
ordered domains was abruptly dropped with the increases of
the intensity of absorption bands of free N—H and C=0 groups
as well as of H-bonded C=O groups in disordered domains.
Similar trends were continuously observed on further heating
up to 230 °C, as shown in Figure 3b.

Asymmetric and symmetric stretching band of CH, at 2924
cm™! and 2853 cm™! can be attributed to the alkyl chain
conformations of asym-C,,PhA. The peak changes were not so
obvious to distinguish the trans—gauche transitions at different
phases. Therefore, solid-sate '3C NMR experiments with both
CP/MAS/DD and Bloch decay methods were conducted to
evaluate the ordered (all-trans) and disordered (mixture of trans
and gauche) conformational changes of alkyl chains and the
mobility of each carbon in asym-C;,PhA in different
phases. 223444651755 1t is well-known that the CP/MAS/DD
method is sensitive to the rigid components, whereas the mobile
components can easily be detected by the Bloch decay
method. 23444651755 Chemical shift identifications by theoretical
calculations based on the tabulated data accorded well with those
of solid-state '3C NMR experiments, as shown in Figure 4b.>
The chemical shifts at 174 and 168 ppm resulted from the carbon
atoms in the carbonyl groups attached at the end of biphenyl
core and in the alkyl chains. The chemical shifts between 100
and 150 ppm came from the carbon atoms in the aromatic
biphenyl groups. Additionally, the '*C chemical shift at 57 ppm
represented the carbon atoms at the o position, and the  and
y carbon atoms appeared at 32 and 24 ppm, respectively. The
chemical shifts for other carbons were also identified as shown
in Figure 4b. The 8 carbon chemical shift in the Bloch decay
method (Figure 4c) consisted of two values resulting from all
trans sequences (34—32 ppm) and gauche/trans random se-
quences (32—30 ppm) of the alkyl chains. The 8 chemical shift
at 33 ppm corresponding to the methylene carbon atoms in the
ordered segments of alkyl tails did not change much at 181 °C
during cooling. When the temperature decreased below the low
thermal transition temperature (91 °C), the amount of trans—trans
conformation of 3 carbon suddenly increased from 25 to 75%.
This result indicates that the methylene carbon atoms in the
asym-C,PhA are more or less in the disordered state before
the low transition temperature, and therefore the exothermic
transitions at 91 °C should be related with the organization of
alkyl tails. These solid-sate '*C NMR results further indicate
that the exothermic peak at 181 °C during the cooling process
is the transition from an isotropic phase to a highly ordered or
a low ordered LC phase.

Identifications of Supra-Molecular Structures of asym-
C12PhA. The FT IR and solid-sate '>*C NMR results combined
with DSC results provided molecular interactions in different
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Figure 3. FT IR spectrum of asym-C;,PhA at room temperature after cooling from the isotropic phase at 2.5 °C/min (a). FT IR spectra of asym-
C,PhA during a cooling (b) and a subsequent heating (c) at the rate of 2.5 °C/min: 3500—3200 cm™' (N—H) and 1720—1620 cm ™' (Amide I

mode) regions between 230 and 25 °C.

phases of asym-C,PhA on a molecular length scale. However
these techniques did not provide direct information about
structural changes. 1D WAXD experiments were carried out at
different temperatures in order to monitor the corresponding
structural evolutions of asym-C;,PhA. Figure 5a,b showed two
sets of 1D WAXD powder patterns measured during cooling
and subsequent heating process at a rate of 2.5 °C/min,
respectively. Two different length scales, one is the nanometer
scale in the low 26-angle region between 1.5° and 9° and the
other on the subnanometer scale between 9° and 30°, can be
identified. Above 181 °C, there were two amorphous halos,
indicative of isotropic state. The peak in the low 26-angle region
at 20 = 3.98° (d spacing = 2.22 nm) may correspond to the
average periodicity of electron density fluctuations between the
nanophase separated aromatic phenyl core and alkyl chains and
the other in wide 260-angle region at 260 = 17.8° (d spacing =
0.498 nm) resulted from the average distance among the
disordered alkyl chains. When the temperature reduced below
181 °C, three peaks at low angle start to appear at 260 = 3.10°,
5.40°, and 6.20° (d spacing = 2.85, 1.64, and 1.43 nm,
respectively) with two sharp reflections at 20 = 17.58° and
20.07° (d spacing = 0.505 and 0.442 nm, respectively) in the
high 26-angle region. These WAXD results indicated that the
phase below 181 °C is not a simple low-ordered LC phase but

a highly ordered pseudo-3D LC phase. On the basis of the
diffractions in this 1D WAXD pattern, the 2D a*b* lattice of
the unit cell can be constructed to provide a highly ordered
hexagonal columnar LC phase with unit cell dimensions of a
=b=1328nm, ¢ = 1.13 nm, o = = 90°, and y = 60°. It
is worthy of reminding the fact that, on the basis of the solid-
state 3C NMR results of asym-C,PhA, alkyl tails in asym-
C,PhA are more or less in a disordered state between 91 and
181 °C. As the temperature was reduced below the onset
temperature of exothermic transition (91 °C), the intensities of
reflections peaks were increased. The WAXD results are well-
matched with the exothermic transition of DSC and the sudden
increase of trans—trans conformations of alkyl tails detected
by solid-state '*C NMR during this exothermic thermal transi-
tion. During a subsequent heating process up to exothermic
thermal transition at around 60 °C, the intensity of reflections
in the high 26-angle region were continually increased, as shown
in Figure 5b. Above 190 °C, all of the sharp reflections both in
low and in high 26-angle regions disappeared, remaining two
broad amorphous halos at 260 = 3.98° and 17.8°.

Even though the 1D WAXD powder experiments at different
temperatures combined with the DSC, FT IR, and solid-state
13C NMR results can monitor the structural evolutions in asym-
C,PhA, 1D WAXD results are limited to identify the 3D
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Figure 4. Sets of solid-state *C NMR spectra of asym-C;,PhA: CP/
MAS/DD spectrum and Bloch decay spectrum between 0 and 200 ppm
measured at 25 °C (b), and Bloch decay spectra at different temperatures
between 20 and 40 ppm during cooling from 200 to 25 °C (c). Chemical
shifts of each carbon in asym-C;,PhA were identified in a and b.

ordered crystalline molecular structure. 1D WAXD should be
supported by diffraction information from ordered domains. In
order to identify the ordered molecular structure of asym-
C,PhA, thin film samples (50—150 nm) were prepared for TEM
via solution casting from a 0.05% (w/v) chloroform solution
onto carbon-coated mica. Figure 6a is a bright-field TEM image
from a corner of an asym-C,,PhA spherulite, which is composed
of thin ribbon-like single crystals. The long axis of a flat-on
ribbon-like single crystal might be the growth direction because
this is the radius direction of asym-C;,PhA spherulite. This
speculation can be supported from SAED (Figure 6b). Without
any sample tilting, the SAED image was taken from the circled
area in Figure 6a. Combined with the results of 1D WAXD
(Figure 5), c* axis is assigned along the meridian direction, and
the equator is parallel to the [110] direction. On the meridian,
only one pair of weak diffraction is observed at d spacing =
0.376 nm, which can be the distance of the w—m sacking
interactions between aromatic biphenyl rings. This diffraction
peak should be assigned as (003), and the (001) and (002)
diffractions were extinct. This assignment can be supported by
the series of diffractions in quadrant regions with indices of
(hk1), (hk2), and (hk3). On the equator, there was one pair of
strong diffractions at d spacing = 1.640 nm, which was
identified to be (330). This assignment was also confirmed by
the diffractions at (hk1), (hk2), and (hk3), and the high order
diffractions of (330) located at d spacing = 0.820 nm and d
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Figure 5. Sets of 1D WAXD powder patterns of asym-C,PhA at a

cooling (a) and a subsequent heating (b) at a rate of 2.5 °C/min at
different temperatures.

spacing = 0.547 nm. Combined the (330) diffraction in SAED
and the low 26-angle diffractions at 260 = 3.10° (d spacing =
2.85 nm) and 26 = 6.20° (d spacing = 1.43 nm) in WAXD,
the 2D a*b* lattice of the unit cell can be constructed to provide
a 3D crystalline unit cell with dimensions of a = b = 9.84 nm,
¢ =113 nm, a = =90° and y = 60° via the refinement of
the reciprocal lattice,®*®! and this phase was abbreviated as the
@, phase. Its calculated crystallographic density is 0.73 g/cm?,
which fits well with the measured one (0.72 g/cm?).

On the basis of the WAXD and SAED results, the most
possible molecular packing was proposed as shown in the
schematic diagram of Figure 7a. A building block of the ®c,
phase can be constructed by three asym-C;,PhA compounds
rotating 120° with respect to neighboring ones. However, in
order to know the detail molecular packing and atom positions
in the monoclinic unit cell, computer simulation in both real
and reciprocal spaces should be carried out,>*?%4¢ which is
under investigation. Three major driving forces in the formation
of a building block of the @, phase were the H-bonds between
N—H and C=O0 groups, the nanophase separation between the
aromatic biphenyl rods and the alkyl chains, and the 7—x
stacking interactions between aromatic biphenyl rods. The
hydrophilic amide moieties between a rigid hydrophobic bi-
phenyl rod and flexible hydrophobic alkyl chains will enhance
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Figure 6. Bright-field TEM image of the highly ordered columnar
crystalline phase (®c,) of asym-C,PhA (a). (a) The arrow is pointing
along the long axis of the columns (c axis). SAED pattern (b) from the
circled area of the bright-field TEM morphology in a.

the nanophase separation. In addition to sz—z stacking interac-
tions between biphenyl rings, the intra/intermolecular H-bonds
stabilizes the ordered structure. During the molecular self-
assembly process for a supra-molecular discotic building block,
a spatial steric hindrance originated from the relatively big alkyl
chains in volume compared with the aromatic biphenyl rod
should be accounted for. Therefore, the discotic building blocks
of the @, phase was constructed by molecular self-assembly
process, where the tmb (top-middle-bottom) stacked discotic
building block further self-assembled into columns, and these
columns were laterally self-organized to provide @, crystalline
phase. Molecular arrangement in the @, crystalline was
schematically illustrated in Figure 7b (top-view, [001] zone),c
(side-view, [110] zone), which showed the good agreement with
the diffraction results of WAXD (Figure 5) and SAED (Figure
6b).

In order to further support the asym-C;,PhA packing model
in the [110] zone (Figure 7c), the PE lamellar surface decoration
experiment was conducted on the surface of the @, single
crystals.®>% The result was shown in Figure 8. In this figure,
the PE crystalline rods were perpendicular to ¢ axis which was
parallel to the long axis of columns. This indicates that the chain
axes of the PE oligomers are recognized as the columnar axis
and thus deposited along the ¢ axis. This surface topological
information of the @, crystalline phase agreed well with the

J. Phys. Chem. B, Vol. 113, No. 41, 2009 13505

(a)

construction of

molecular onstruction ¢
self-assembly | discotic building
block
side view

(c)

[110]

Figure 7. Schematic illustrations of the discotic building blocks by
the molecular self-assembly process (a) and the columnar crystalline
phase (®¢p) of asym-C,PhA by self-organization process in [001] zone
(b) and [110] zone (c).

proposed molecular packing model (Figure 7c) which was
similar to the results reported previously.2>#

The macroscopic molecular orientation of the @, crystal-
line phase was observed utilizing POM. Figure 9a showed
the POM micrograph of asym-C;,PhA prepared by mechan-
ical shearing just below the onset temperature of the high
thermal transition (181 °C) and further cooling to 25 °C. The
oriented asym-C;,PhA film was heated up to 90 °C in order
to maximize the organization. As shown in Figure 9a, cracks
in micrometer length scale were generated perpendicular to
the shear direction (SD), suggestive of the volume shrinkage
along the c¢ axis during the crystallization process of alkyl
tails. 2436+ A tint retardation plate (530 nm) was also applied
between objective lenses and eyepieces in order to identify
the orientation of molecules in the POM textures, as shown
in Figure 9b. The sheared film was turn to yellow, which
means that the refractive index perpendicular to the SD (n,)
is higher than parallel one (n;).2>* Therefore, the column
direction of this supra-molecular columnar phase should align
along the shear direction. This observation is also consistent
with the results of SAED (Figure 6b) and bight-field TEM
image of PE decorated ®c, crystals (Figure 8).



Downloaded by NATIONAL SUN YAT SEN UNIV on October 9, 2009 | http://pubs.acs.org
Publication Date (Web): September 18, 2009 | doi: 10.1021/jp905672s

13506 J. Phys. Chem. B, Vol. 113, No. 41, 2009

IR

Figure 8. Bright-field TEM morphology after the PE surface lamellar
decoration on the @, crystals. The arrow points along the long axis of
the columns (¢ and c* axis).

25N
::ﬁ\‘,\‘&&

AT

Figure 9. POM morphological observations of @, crystals (a) and
POM texture with a tint plate between an objective lens and an eyepiece
(b). The arrow points along the shear direction (SD, ¢ axis).

When a thin film of asym-C;,PhA compound was increased
above the isotropic temperature (181 °C) and cooled down to
room temperature at a relatively fast cooling rate (above 20 °C/
min), asym-C,,PhA fibers with ~1 um in diameter and several
millimeters in length were formed (Figure 10a). The fiber was
not a single crystal but was made of several tiny crystals, which
was obvious in the magnified bight-field TEM image (Figure
10b). In order to study molecular orientation in these fibers,
the PE lamellar decoration technique was applied once again.
The bight-field TEM image of asym-C;,PhA fibers (Figure 11a)
and its expended TEM image (Figure 11b) clearly indicated
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Figure 10. Bright-field TEM image of the ®¢, which was prepared
by cooling the isotropic state of asym-C;,PhA to room temperature at
a relatively fast cooling rate (20 °C/min) (a). (b) The magnified bright-
field TEM image of a.

that the self-assembled asym-C;,PhA fibers were braids of tiny
single crystals. The origin of fiber formation by gathering small
single crystals could be related with the diffusion of molecules
during the self-organization processes,® which is under
investigation.

Conclusions

Phase behaviors and the corresponding structures of a
synthesized asymmetrically tapered N,N’-tris[[(2-dodecy-
laminocarbonyl)ethyl]methyl]-4-biphenylamide (as asym-
C,PhA) have been investigated on the basis of various
experimental techniques. From the combined SAED, DSC,
FT IR, and sold-state '*C NMR results, we identified that
the discotic building block was constructed by three asym-
C,PhA biphenylamides rotating 120° with respect to neigh-
boring ones and the tmb stacked discotic building blocks
further self-assembled into columns, and then these assembled
columns were laterally close-packed to provide a highly
ordered hexagonal columnar mesophase by a self-organization
process. After the low transition temperature, alkyl tails
around the columns were crystallized and gave the 3D
columnar crystalline phase (®c,). Three major driving forces
for the formation of the ®c, phase includes the H-bonds
between N—H and C=O groups, the nanophase separation
between the aromatic biphenyl rods and the alkyl tails, and
the m—am stacking interactions between aromatic biphenyl
rods. Phase identifications were further supported by the
texture changes in POM, and molecular arrangements were
also investigated by introducing a tint plate. By utilizing
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Figure 11. Bright-field TEM image after the PE surface lamellar
decoration on the asym-C,PhA @, crystal fibers (a). (b) The magnified
bright-field TEM image of a.

polyethylene surface decoration technology, it was identified
that the self-assembled asym-C;,PhA fibers were constructed
by the aggregation of tiny single crystals.
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