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A symmetrically tapered N,N′-bis[tris[(2-dodecylaminocarbonyl)ethyl]methyl]]-4,4′-biphenylamide (d-CnPhA,
where n is the number of carbon atoms in the alkyl chains, n ) 12), was newly designed and synthesized in
order to investigate the supramolecular ordered structures induced by phase separation, hydrogen (H)-bonding,
and π-π stacking interaction. This symmetrically tapered d-C12PhA biphenylamide consists of three different
parts: H-bondable hydrophilic amide moieties, a rigid hydrophobic biphenyl aromatic core, and three flexible
hydrophobic alkyl chains at each end of the core. Major phase transitions and supramolecular structures in
d-C12PhA biphenylamide were characterized by differential scanning calorimetry (DSC), one-dimensional
(1D) wide-angle X-ray diffraction (WAXD), 1D and 2D Fourier-transform infrared spectroscopy (FT-IR),
and solid-state 13C nuclear magnetic resonance (NMR). The symmetrically tapered d-C12PhA biphenylamide
formed a hexagonal columnar (ΦH) liquid crystalline (LC) mesophase at a cooling process and a highly
ordered columnar (ΦHK) crystalline phase at a subsequent heating process. Selected area electron diffractions
(SAED) from single crystals combined with the results of WAXD and POM suggest that discotic building
blocks are constructed by three d-C12PhA biphenylamides rotating 60° with respect to neighboring ones and
the ABC stacked discotic building blocks further self-assemble into columns and then these columns are
laterally close-packed to give nanorods. Furthermore, it was identified that the long axis of column is parallel
to the long axis of rods.

Introduction

Since the first discovery of liquid crystalline (LC) materials
in the 1880s, the relationships between the formation of LC
mesophases and the structures of the constituent molecules have
been major research topics.1-3 When the thermotropic LC of
rodlike molecules (calamitic LC) started to revolutionize com-
mercial LC display technologies, Chandrasekhar et al. first
reported the formation of LC phase from a disclike molecule
(discotic LC) in 1977.1 Exponentially accelerated development
of LC display (LCD) technology utilizing calamitic LCs makes
LCDs an essential part of our everyday life and it looks like
that discotic LCs cannot compete with calamitic LCs in terms
of electro-optical displays.1-3 However, due to the many
extraordinary properties of discotic LCs such as one-dimensional
(1D) electrical conductivity,4 fast photoconductivity,5 and fer-
roelectricity,6 the structures and dynamics of discotic LCs have
been studied extensively for practical applications and scientific
challenges.1 In addition to the traditional discotic LCs consisting
of discogenic molecules as building blocks which possess a
disclike rigid core with flexible tails, many novel discotic LCs
have been introduced, including those with building blocks that

are chiral molecules, inverted molecules, tapered molecules,
half-disc molecules, dendrimers, or symmetric-tapered mol-
ecules.7

The formation of columnar phases has been traditionally
through a process of self-organization of discotic supermol-
ecules, giant molecules made of covalently bonded smaller
identifiable components.1 Recently, a process of self-assembly
through noncovalent interactions provides a new approach to
design and synthesis of programmed functional soft materials.
Noncovalent interactions include hydrogen bonding, electrostatic
(ion-ion, ion-dipole, and dipole-dipole), π-π stacking, van
der Waals interactions, and hydrophobic-hydrophilic effects
along with others.8 The hydrophobic-hydrophilic phase separa-
tion between two incompatible yet chemically bonded compo-
nents often used in block copolymers has been successfully
applied as a driving force to facilitate the formation of self-
assembled columnar structures.2,3,8 This can happen between
rigid aromatic discotic cores and flexible alkyl parts. Since the
rigid aromatic discotic cores and flexible alkyl parts are
covalently bonded, only nanoscopic phase separation is allowed.
Depending on the volume fractions of each component, various
nanostructures have been constructed from smectic phases,
laminated phases, to polygonal columnar phases.1-3 In addition
to the phase separation, H-bonding has become one of the major
tools to program building blocks of supramolecular structures
due to its moderate bonding energy, directionality, selectivity
and reversibility.2,3 In these H-bonding systems, self-assembled
columnar structures are not formed by the self-organization of
discotic supermolecules but constructed by the self-assembly
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of supramolecular discs as building blocks generated through
intra/intermolecular H-bonding.

Recently, self-assembled discotic building blocks were con-
structed by combining both H-bonding and phase separation
processes in symmetric-tapered bisamides (CnPhBA).9 It was
found that a self-assembled disc was generated through inter-
molecular H-bonding and phase separation of the rigid cores
and alkyl tails, and these supramolecular discs further self-
organized into oblique columnar phases. The question remains:
what is the molecular packing when the spatial steric hindrance
is involved and the H-bondable amine functions are located
between an aromatic core and flexible alkyl tails?

In order to find possible answers to this question and to
investigate the supramolecular ordered structures induced by
phase separation, π-π stacking interactions and H-bonding, a
symmetrically tapered N,N′-bis[tris[(2-dodecylaminocarbonyl)-
ethyl]methyl]]-4,4′-biphenylamide (d-CnPhA, n ) 12) was
newly designed and synthesized. Differential scanning calo-
rimetry (DSC) was utilized to detect the thermal transitions in
this d-C12PhA sample. The phase structures of d-C12PhA were
identified by wide-angle X-ray diffraction (WAXD) at different
temperatures and selected area electron diffraction (SAED) from
single crystals. The phase morphologies in the ordered phases
were further investigated via polarized optical microscopy
(POM). The H-bonding between N-H and CdO groups were
studied using Fourier-transform infrared spectroscopy (FT-IR).
The dynamic conformational changes of the aromatic and
aliphatic parts of d-C12PhA at different temperatures correspond
well with the thermal transitions via solid-state carbon-13
nuclear magnetic resonance (13C NMR) experiments. The
d-C12PhA forms two ordered phases below the isotropic
temperature. The hexagonal columnar (ΦH) mesophase is
constructed during a cooling process and this ΦH phase
transforms a highly ordered hexagonal columnar (ΦHK) crystal-
line phase during a subsequent heating process. On the basis of
our experimental observations, we conclude that the discotic
building block is constructed by three d-C12PhA biphenylamides
rotating 60° with respect to neighboring ones and the ABC
stacked discotic building blocks further self-assemble to columns
which are laterally close-packed to hexagonal columnar phases.
Furthermore, d-C12PhA forms nanorods via the molecular self-
assembly and self-organization process.

Experimental Section

Materials and Sample Preparation. A symmetrically
tapered N,N′-bis[tris[(2-dodecylaminocarbonyl)ethyl]methyl]]-
4,4′-biphenylamide (d-C12PhA, where n is the number of carbon
atoms in the alkyl chains, n ) 12) was newly synthesized via
simple peptide coupling reactions.10 The detailed synthetic
procedures for d-C12PhA are shown in Scheme 1. The final
compound was purified through repeated chromatography with
a silica gel using an acetone-benzene (5:95) mixture as the
eluting solvent, followed by recrystallization from an ethanol-
benzene mixture and vacuum drying. The purity of the materials
was verified by thin layer chromatography (TLC) and proton
nuclear magnetic resonance (1H NMR). Chemical structure of
d-C12PhA was confirmed by 1H NMR spectroscopy in CDCl3

solution: δ 8.10 (s, -CONH-, 4H), 7.99 (d, 2,6-ArH, 2,6-Ar′H
4H), 7.66 (d, 3,5-ArH, 3,5-Ar′H, 4H), 3.22 (m, -CONHCH2-,
12H), 2.18 (m,-C(CH2CH2-)3, 12H), 1.91 (m,-C(CH2CH2-)3,
12H), 1.25 (m, -CONHCH2(CH2)10CH3, 40H), and 0.86 (m,
-CONHCH2(CH2)10CH3, 18H).

For one-dimensional (1D) wide-angle X-ray diffraction
(WAXD) measurements, film samples with a thickness of about

1 mm were prepared by melting the compounds on an aluminum
plate. The samples prepared for POM had a typical thickness
of 10 µm, and they were melt-processed between two bare cover
glass sides. The film samples for Fourier transform infrared
spectroscopy (FT-IR) were prepared by film casting from a
CHCl3 dilute solution onto KBr plates and the solvent was
evaporated. The powder samples were used for solid-state
carbon-13 (13C) 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 process, 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 with an Intracooler 2P apparatus. The temper-
atures and heat flows were calibrated using standard materials
at cooling and heating rates ranging from 2.5 to 40 °C/min.
The heating experiments always preceded the cooling experi-
ments in order to eliminate previous thermal histories, and the
cooling and heating rates were always kept identical. The
transition temperatures were determined by measuring the onset
and/or peak temperatures from both the cooling and heating
scans at different rates.

1D WAXD powder experiments were conducted in the
reflection mode of a Rigaku 12 kW rotating-anode X-ray (Cu

SCHEME 1
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KR radiation) generator coupled to a diffractometer. The
diffraction peak positions and widths were calibrated with silicon
crystals in the high 2θ angle region (>15°) and silver behenate
in the low 2θ angle region. A hot stage was coupled to the
diffractometer in order to study the structural evolutions with
temperature changes during heating and cooling. The temper-
ature of this hot stage was calibrated to be within (1 °C.
Samples were scanned across a 2θ angle range of 1.5° to 35°
at a scanning rate of 4 deg/min. The background scattering was
subtracted from the sample scans.

Bright images of TEM (FEI Tacnai 12) were obtained to
examine crystal morphology on the nanometer scale using an
accelerating voltage of 120 kV. The camera length was set at
3 m and calibration of the SAED spacing smaller than 0.384
nm was carried out using evaporated thallous chloride, which
has the largest first-order spacing diffraction of 0.384 nm.
Spacing values larger than 0.384 nm were calibrated by doubling
the d-spacing values of the first-order diffractions.

Optical textures of the ordered phases at different tempera-
tures were observed with a POM (Olympus BH-2) coupled with
a Mettler heating stage (FP-90) in order to investigate morphol-
ogy on the micrometer scale. A tint retardation plate (530 nm)
was also placed between the objective lenses and the eyepieces
in order to identify the orientation of molecules in the POM
textures. H-bonding and molecular chain conformations were
studied using a FT-IR (Digilab Win-IR Pro FTS 3000) equipped
with a Bruker heating stage. The resolution was 1 cm-1 and 40
scans were averaged for each spectrum. The temperatures of
this hot stage were calibrated to be within (0.5 °C. The
dynamics of each carbon and the conformations of the alkoxyl
chain in d-C12PhA at different temperatures were also studied
using a solid-state 13C NMR (Chemagnetics CMX 200) operat-
ing at 201.13 and 50.78 MHz for 1H and 13C nuclei. The samples
were spun in nitrogen gas at 4.5 kHz at the magic angle. The
magic angle was optimized by the intensity calibration of the
aromatic carbon resonance of hexamethylbenzene. The 13C
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 selectively study the mobile components. 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-state 13C NMR experiment
was controlled using a REX-F900 VT unit covering the
temperature range from -70 to 210 °C.

Overlapped CdO and N-H absorption peaks in FT-IR,
characteristic carbon peaks in solid-state 13C NMR, and thermal
transitions in DSC 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 Cerius2 (Version 4.6) simulation software
from Accelrys was used to calculate the minimal energy
geometry of the symmetrically tapered d-C12PhA compound in
the isolated gas phase utilizing the COMPASS force field.

Results and Discussion

Geometric Dimension and Shape of d-C12PhA. As repre-
sented in Figure 1a,b, the symmetrically tapered d-C12PhA
consists of three different parts: H-bonded hydrophilic amide
moieties, a rigid hydrophobic biphenyl core, and three flexible
hydrophobic alkyl chains at each end of the core. Because of
H-bondable hydrophilic amide moieties between rigid hydro-
phobic aromatic core and flexible hydrophobic alkyl chains,
hydrophilic-hydrophobic phase separation could be enhanced

during self-assembly and self-organization processes. Further-
more, relatively smaller volume of rigid aromatic core compared
with hydrophobic alkyl chains at each side of the rigid core
can induce steric hindrances which could be one of the dominant
factors to determine the close-packing assembly. The whole
shape of d-C12PhA looks like a dumbbell, as illustrated in Figure
1a. In order to know the precise 3D geometric dimensions and
shape of d-C12PhA, computer calculation of the conformational
minimum free energy of d-C12PhA in the isolated vacuum state
was carried out using Cerius2 4.6 software. The energy-
minimized side and head views of d-C12PhA are shown in Figure
1b and 1c, respectively. The global equilibrium geometry of
d-C12PhA was constructed at 0 K using the COMPASS force
field. As shown in Figure 1b, biphenyl aromatic core and amide
functions right at the end of the rigid aromatic core are on the
same line, and its length is 1.38 nm. Hydrophobic alkyl chains
at each side of the rigid core are in the zigzag conformation
and they made 145° angles with respect to the aromatic core.
Therefore, three alkyl chains at each side of the rigid core made
3D corn shapes, which may induce a steric hindrance during
the self-assembly process. The total length of d-C12PhA is 4.64
nm, which is smaller than that of the fully extended length.

Thermal Properties of Phase Transformations. Figure 2a
shows sets of DSC cooling and subsequent heating thermal
diagrams at different cooling and heating rates in the range of
2.5 to 40 °C/min. First of all, thermal transition behaviors
strongly depend on the cooling and heating rates. At 10 °C/
min cooling rate, d-C12PhA does not show any obvious thermal
transitions during cooling process. However, a subsequent
heating at 10 °C/min exhibits a sudden step change of heat
capacity around 50 °C which belongs to the glass transition
temperature (Tg). At 83 °C, which is 33 °C above Tg, an
exothermic thermal transition with -11.5 J/g (-19.6 kJ/mol)
enthalpy change was observed. This exothermic thermal transi-
tion could be a recrystallization and/or reorganization of
d-C12PhA. When the temperature reached 130 °C, a broad
endothermic thermal transition started and overlapped with
another endothermic thermal transition having the peak tem-
perature at 153 °C. The total enthalpy change of these two
thermal transitions was measured to 23.1 J/g (39.4 kJ/mol). In
order to confirm the existence of two thermal transitions as well

Figure 1. Schematic illustration of d-C12PhA compound (a). Computed
energy-minimized spacing dimensions and shapes of d-C12PhA with
side (a) and head (b) views.
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as to know the amount of heat change during the transitions,
the DSC thermal diagram was resolved using the PeakFit peak
separation program. Asymmetric Gaussian functions were used
to obtain the best fit. As represented in Figure 2b, the overlapped
DSC thermal transitions were deconvoluted to two thermal
transitions with peak temperatures at 145 °C (12.2 J/g, 53%)
and 153 °C (10.9 J/g, 47%), respectively. The amount of heat
changes at two thermal transitions depend on the cooling and
heating rates so that this thermal transition should be related
with kinetics of reorganization of d-C12PhA. The faster heating
rate, the more heat change at 145 °C. Above 20 °C/min heating
rate, the thermal transition at 153 °C is almost depressed, which
could be due to the less period of time for d-C12PhA to be
reorganized.

Molecular Origins of the Phase Transformations. Although
DSC experiments are sensitive to heat absorption and release
events during thermal transition and can give quantitative
thermodynamic values, this technique does not usually provide
direct information of the molecular origins of structural changes.
Therefore, FT-IR and solid-state 13C NMR experiments at
different temperatures in the range of 30-170 °C were
combined with DSC results to identify the possible molecular
origins of structural evolutions. Figure 3a shows the FT-IR
spectrum of d-C12PhA sample at 30 °C, which is prepared by
cooling at 2.5 °C/min from the isotropization temperature (Ti

) 153 °C). The characteristic bands of aromatic biphenyl rings
appear at 1610, 1582, 1527, and 1493 cm-1.11 The N-H
stretching vibration of amide groups exhibits a broad absorption
band with the maximum intensity at 3300 cm-1, and the amide
I, II, and III motions generate absorption bands at 1642, 1547,
and 1232 cm-1, respectively.11 The absorption bands attributed

to the alkyl chains can be found at 2956 cm-1 (asymmetric
stretching band of CH3), 2924 cm-1 (asymmetric stretching band
of CH2), 2873 cm-1 (symmetric stretching of CH3), and 2853
cm-1 (symmetric stretching of CH2), respectively.11

With careful examinations of frequency, intensity, and shape
of absorption bands at different temperatures, conformational
and molecular interactions of d-C12PhA in phases and during
phase transitions can be investigated. Extensive H-bonding
between the N-H group of one amide unit and the CdO of
another in d-C12PhA can impose prominent influence on the
involved IR bands. The H-bonding sensitive N-H stretching
vibration band (3293 cm-1) and amide I mode (1642 cm-1)
mainly from the carbonyl stretching vibration clearly indicate
that at room temperature almost all the N-H groups in
d-C12PhA are associated with the CdO groups via N-H...OdC
H-bonds (Figure 3a). The amide I mode which is sensitive to
H-bonds as well as to local conformational changes shows a
broad absorption band between 1600 and 1700 cm-1, which
can be resolved to three spectral contributions.11 A narrow band
between 1635 and 1642 cm-1 with a width at half-height of 20
cm-1 stands for the H-bonded CdO groups in ordered domains,
while a broad band between 1645 and 1654 cm-1 with a width
at half-height of 40 cm-1 is originated from the H-bonded CdO
groups in disordered domains. Finally, an absorption band
between 1678 and 1683 with a width at half-height of 25 cm-1

is due to the free CdO groups. The N-H stretching mode
between 3200 and 3500 cm-1 consists of two different spectral
contributions. A weak and relatively narrow band at 3448 cm-1

is for the free N-H groups, while a broad band between 3200
and 3400 cm-1 is assigned to H-bonded N-H groups.

On cooling from 180 to 140 °C at 2.5 °C/min, the intensity
and area of free N-H bands is decreased by increasing the
intensity of H-bonded N-H band with the gradual shift of
maximum intensity from 3335 to 3312 cm-1, as shown in Figure
3b. At the same time in the amide I mode, the amount of free
CdO groups is decreased by concomitantly increasing the
intensity and area of the band for H-bonded CdO groups in
disordered domains. It is worthwhile to note that significant
dissociation of H-bonds only takes place above the isotropization
temperature but more than 80% of amide groups participate to
form the disordered H-bonds even in the isotropic phase. As
shown in Figure 3b, when the temperature reaches the phase
transition temperature at 130 °C, the amount of free CdO groups
and N-H groups suddenly drops below 5% with a significant
increase of the intensity and area of bands for H-bonded N-H
and H-bonded CdO groups in ordered domains. This IR result
is well matched with that of DSC in Figure 2a. Up to 125 °C
during the subsequent heating process at 2.5 °C/min, the
intensity of absorption bands for H-bonded N-H and H-bonded
CdO groups in ordered domains is gradually decreased, but
the bands for free N-H and CdO groups are not emerged at
all. This IR result indicates that the exothermic thermal tradition
at 77 °C during heating, as shown in Figure 2a, does not involve
the significant change of the H-bonds between N-H and CdO.
When the temperature is increased up to 135 °C, the onset
temperature of the broad endothermic transition, the intensity
of absorption bands for H-bonded N-H and H-bonded CdO
groups in ordered domains is abruptly dropped with the increases
of the intensity of absorption bands of free N-H and CdO
groups as well as of H-bonded CdO groups in disordered
domains, and the spectra do not change up to 150 °C. This IR
result explains the fact that the broad endothermic thermal
transition at 145 °C involves a partial dissociation of H-bonding
between N-H and CdO groups and certain local conforma-

Figure 2. Sets of DSC cooling and subsequent heating thermal
diagrams for d-C12PhA at scanning rates ranging from 2.5 to 40 °C/
min (a). Analytical deconvolution of a DSC thermal diagram at a heating
rate of 10 °C/min.
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tional changes. Note that there are two types of amide functions
in d-C12PhA. One is attached at the end of aromatic core and
the other is attached in alkyl chains, and the amount of amide
functions in d-C12PhA is 25% and 75%, respectively. After
considering the amount and frequency of amide functions in
d-C12PhA, it is clear that the broad endothermic thermal
transition at 145 °C is accompanied with the dissociation and/
or rearrangement of H-bonds in amide functions at the end of
aromatic core. Continuous heating up to 155 °C, the temperature
above the endothermic thermal transition at 153 °C (Figure 2b),
suddenly increases the amount of free N-H and CdO groups
of amide functions in alkyl chains.

In order to investigate the phase transition by the environ-
mental changes of functional groups in a molecular dimension,
2D FT-IR correlation spectroscopy is also generalized, as shown
in Figure 4a and 4b. 2D FT-IR correlation spectroscopy can
identify different intra- and intermolecular interactions through
the analysis of selected bands from the 1D vibration spectrum.
White and shaded areas in 2D FT-IR correlation contour maps
represent positive and negative cross peaks, respectively. 2D
FT-IR correlation spectra are characterized by two independent
wavenumber axes and a correlation intensity axis.11 In general,

two types of spectra, 2D synchronous and asynchronous, are
obtained; the correlation intensities in the 2D synchronous and
asynchronous maps reflect the relative degrees of in-phase and
out-of-phase responses, respectively. The 2D synchronous
spectra are symmetric with respect to the diagonal line in the
correlation map. Auto peaks, which represent the degree of
autocorrelation of perturbation-induced molecular vibrations, are
located at the diagonal positions of a synchronous 2D spectrum;
their values are always positive. When an auto peak appears,
the signal at that wavenumber would change greatly under
environmental perturbation. Cross peaks located at off-diagonal
positions of a synchronous 2D spectrum (they may be positive
or negative) represent the simultaneous or coincidental changes
of the spectral intensity variations measured at V1 and V2. Positive
cross peaks emerge when the intensity variations of the two
peaks at V1 and V2 occur in the same direction (i.e., both increase
or both decrease) under the environmental perturbation. On the
other hand, negative cross peaks reveal that the intensities of
the two peaks at V1 and V2 change in opposite directions (i.e.,
one increases while the other decreases) under perturbation.11

As in the case for a synchronous spectrum, the sign of an
asynchronous cross peak can be either negative or positive,

Figure 3. FT-IR spectrum of d-C12PhA at room temperature after cooling from the isotropic phase at 2.5 °C/min (a). FT-IR spectra of d-C12PhA
during cooling (b) and subsequent heating (c) at the rate of 2.5 °C/min: 3500-3200 cm-1 (N-H) and 1720-1620 cm-1 (amide I mode) regions
between 180 and 30 °C.
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providing useful information on the sequential order of events
observed by the spectroscopic technique along the external
variable. The 2D asynchronous spectra are asymmetric with
respect to the diagonal line in the correlation map. According
to Noda’s rule,11 when Φ(V1,V2) > 0, if ψ(V1,V2) is positive (black
colored area), band V1 will vary prior to band V2; if ψ(V1,V2) is
negative (white colored area), band V2 will vary prior to band
V1. This rule is reversed, however, when Φ(V1,V2) < 0 In
summary, if the symbols of the cross peak in the synchronous
and asynchronous maps are the same (both positive or both
negative), band V1 will vary prior to band V2; if the symbols of
the cross peak are different in the synchronous and asynchronous
spectra (one positive and the other negative), band V1 will vary
after V2 under the environmental perturbation.

Figure 4a presents the synchronous 2D correlation maps of
d-C12PhA sample in the range of 1600-1700 cm-1 under the
temperature perturbation. Absorption bands in this spectrum
have been assigned as mentioned above, 1642 cm-1 is corre-
sponding to H-bonded CdO groups in ordered domains, 1657
cm-1 is originated from the H-bonded CdO groups in disordered
domains, and 1680 is due to the free CdO groups. Clear and
positive cross-peaks existed between the signal at 1680 cm-1

and 1657 cm-1, implying these two functional groups exhibit
the same direction with the increase of temperature according
to Noda’s rule. On the contrary, two negative cross peaks were
observed at (1642 vs 1657 cm-1) and (1642 vs 1680 cm-1),

indicating that the band at 1642 cm-1 varies in opposite direction
with 1657 and 1680 cm-1. From these results, it is no doubt to
mention that the free carbonyl groups and H-bonded carbonyl
groups in disordered domain should vary in opposite direction
with the H-bonded order domain.

Figure 4b shows the asynchronous 2D correlation maps in
the range of 1610-1700 cm-1. The cross peaks among 1680
cm-1 with 1657, 1680, and 1642 cm-1, and 1657 cm-1 with
1642 cm-1, show opposite intensity order. It clearly indicates
that the peak of 1657 cm-1 first alters before that of 1680 cm-1

which changes before that of 1642 cm-1 during temperature
perturbation. This result implies that the H-bonded carbonyl
groups in disorder domain first dissociate, then free carbonyl
groups and H-bonded carbonyl groups in order domain finally
drop with the increase of temperature, which is well matched
with the results of DSC.

While the N-H stretching vibration mode and amide I in
d-C12PhA can be correlated with H-bonding (Figure 3), the
asymmetric and symmetric stretching bands of CH2 at 2924 and
2853 cm-1, respectively, can be utilized to probe alkyl chain
conformations. It is known that, for an all-trans alkyl chain,
the asymmetric and symmetric stretching band of CH2 are
typically in the ranges of 2846-2850 and 2916-2925 cm-1,
respectively.11 However, the changes of the asymmetric and
symmetric stretching bands of CH2 in d-C12PhA at different
temperatures are not so obvious to distinguish the trans-gauche
transitions at different phases. Therefore, solid-state 13C NMR
experiments of d-C12PhA at different temperatures with both
CP/MAS/DD and Bloch decay methods12 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 d-C12PhA in different phases. The
CP/MAS/DD method (Figure 5b) is sensitive to the rigid
components, and the mobile components can easily be detected
by the Bloch decay method (Figure 5c). Chemical shift
identifications are carried out by both the solution 13C NMR
and theoretical calculations based on the tabulated data.11,12 The
chemical shifts at 174 and 168 ppm result from the carbon atoms
in the carbonyl groups of amide functions attached at the end
of biphenyl core and in the alkyl chains, respectively. The
chemical shifts between 100 and 150 ppm come from the carbon
atoms in the aromatic biphenyl groups, as shown in Figure 4a
and 4b. In addition, the 13C chemical shift at 57 ppm represents
the carbon atoms at the R position, and the � and γ carbon
atoms appeared at 32 and 24 ppm, respectively. The chemical
shifts for other carbons also were identified as shown in Figure
4a,b. The � carbon chemical shift in the Bloch decay method
(Figure 5c) consists of two values resulting from all-trans
sequences (34-32 ppm) and gauche/trans random sequences
(32-30 ppm) of the alkyl chains. The intensities of chemical
shifts above 100 ppm do not change much during the heating
process, but above the isotropization temperature (Ti ) 153 °C)
they are suddenly increased in solid-state 13C NMR spectra with
the Bloch decay method (Figure 5c) and decreased in solid-
state 13C NMR spectra with CP/MAS/DD method (Figure 5b).
These solid-sate 13C NMR results inform that carbon atoms in
carbonyl and aromatic groups are mobile in the isotropic phase,
while the solid-sate 13C NMR spectra of d-C12PhA above 100
ppm are not sensitive to distinguish the mobility of carbons in
different ordered phases. The � chemical shift at 33 ppm
corresponding to the methylene carbon atoms in the ordered
segments of alkyl tails increases from 25 to 45% as the
temperature is raised from 30 to 100 °C, while the chemical
shift peak at 31 ppm representing the methylene carbon atoms

Figure 4. Synchronous (a) and asynchronous (b) 2D FT-IR correlation
spectra of d-C12PhA under temperature perturbation. White and shaded
areas in 2D FT-IR correlation contour maps represent positive and
negative cross peaks, respectively.
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in the disordered segments of the alkyl chains decreased from
75 to 55%. This result indicates the fact that the methylene
carbon atoms in the d-C12PhA sample prepared by cooling from
the isotropic phase at 2.5 °C/min are more or less in the
disordered state at 30 °C and the exothermic transition at 77
°C in DSC thermal diagram (Figure 2a) involves the crystal-
lization of the disordered alkyl chains of d-C12PhA. With further
increasing temperatures, the area under the chemical shift peak
representing the ordered conformations decreases to 40% at 140
°C and to 20% at 170 °C and concurrently the peak area
associated with the disordered conformations increased by the
same percent. This means that the broad endothermic transition
at 145 °C (Figure 2a and 2b) does not much associate with the
alkyl chains but the endothermic transition at 153 °C is the
melting temperature of the ordered alkyl tails in d-C12PhA.

The FT-IR and solid-state 13C NMR results combined with
DSC results provide molecular interactions in different phases
of d-C12PhA on a molecular length scale. In the d-C12PhA
sample at 30 °C prepared by cooling from the isotropic phase
at 2.5 °C/min, all the N-H and CdO groups are associated via
H-bonds and the alkyl chains are in the disordered conforma-
tions. With increasing the temperature above the exothermic
transition at 77 °C, alkyl chains are suddenly in the ordered
state, while the H-bonds between N-H and CdO groups are
not much changed. Therefore, the broad endothermic transition
at 145 °C involves the dissociation of H-bonds of amide groups
attached at the end of biphenyls and does not much associate
with the alkyl chain conformations. Finally, the endothermic
transition at 153 °C is the isotropization process through the
dissociation of H-bonds of amide functions in alkyl chains and
the disordering of alkyl chain conformations.

Identifications of Supramolecular Structures of d-C12PhA.
Figure 6a and 6b show two sets of 1D WAXD powder patterns
of d-C12PhA at different temperatures during cooling and
subsequent heating at the rate of 2.5 °C/min, respectively. In
these figures, structures on two different length scales can be
identified. One is on the nanometer scale in the low 2θ angle
region between 1.5° and 9°, and the other on the subnanometer
scale can be identified between 9° and 30°.

The 1D WAXD powder patterns of d-C12PhA in Figure 6a
show one-phase transition, and it agrees well with the observa-
tion in the DSC cooling diagrams (Figure 2a). At temperatures

Figure 5. Sets of solid-state 13C NMR spectra of d-C12PhA during
heating between 30 and 170 °C: CP/MASS/DD spectra (b) and Bloch
decay spectra (c). Chemical shifts of each carbon in d-C12PhA are
identified in Figure 4a,b.

Figure 6. Sets of 1D WAXD powder patterns of d-C12PhA at a cooling
(a) and a subsequent heating (b) rate of 2.5 °C/min at different
temperatures.
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above 120 °C, d-C12PhA is in the isotropic phase exhibiting
only two amorphous halos. One is at 2θ ) 3.42° (d ) 2.58
nm), which may correspond to the average periodicity of
electron density fluctuations between aromatic phenyl cores and
alkyl chains, and the other is at 2θ ) 18.06° (d ) 0.49 nm),
which is attributed to the average distance among the disordered
alkyl chains. When the temperature reached below 110 °C, three
overlapped low-angle reflections start to emerge and their 2θ
angles were identified at 2θ ) 2.98°, 5.16° and 5.96° (d ) 2.97,
1.71, and 1.48 nm), respectively, but the intensity of the
reflection at 2θ ) 5.96° is very weak. The scattering in the
high 2θ angle region (2θ ) 18.06°) does not change much but
gradually moves to 2θ ) 19.47° (d ) 0.46 nm) at 30 °C. Three
deconvoluted diffractions in the low 2θ angle region can be
assigned to the (10l), (1j1l), and (20l) diffractions, respectively,
based on the triangulation method of building a 2D a*b* lattice
of the unit cell.13 The careful construction of the 2D a*b* lattice
of the unit cell based on the diffractions in the low 2θ angle
region provides a 2D hexagonal unit cell with dimensions of a
) 3.41 nm, b ) 3.41 nm, and γ ) 60° via the refinement of
the reciprocal lattice, and this phase is abbreviated as the ΦH

phase. Furthermore, the amorphous halo at 2θ ) 19.47° (d )
0.46 nm) clearly indicates the fact that alkyl chains are still in
the disordered states, which is well matched with the observation
on the solid-state 13C NMR (Figure 5), and the order of aromatic
phenyl group phase-on stacking is in the short-range or quasi-
long-range order even though the lateral packing of columns
are in the long-range order. Here is still an unanswered question:
how is a hexagonal columnar phase formed from the linear
molecule, d-C12PhA? Based on the X-ray diffractions of
d-C12PhA, a possible formation of a hexagonal columnar phase
is proposed, as schematically illustrated in Figure 7. The
hydrophilic amide moieties between a rigid hydrophobic bi-
phenyl core and flexible hydrophobic alkyl chains will enhance
the phase separation. Together with π-π stacking interactions
between phenyl rings, the intra/intermolecular H-bonds between
N-H and CdO functions in the hydrophilic amide moieties
are going to stabilize the ordered structure. During the molecular
self-assembly process, in order to construct a supramolecular
discotic building block, a steric hindrance originating from the
relatively big alkyl chains compared with the aromatic core
should be accounted for. Considering three main factors
described above, a discotic building block can be formed via
molecular self-assembly process. As schematically described
in Figure 7, three d-C12PhA biphenylamides participated and
rotated 60° with respect to neighboring ones (ABC stacking)
for minimizing the steric hindrances. The self-assembled discotic
building block still maintains the intra/intermolecular H-bonds
between N-H and CdO functions in the hydrophilic amide
moieties, the phase separation, and the π-π stacking interactions
among phenyl rings, which are the main driving forces for the
formation of stable ordered phases. Similar to the supermolecular
discotic LC mesogens, the self-assembled discotic building
blocks will construct columns, and then the columns are laterally
close-packed to the hexagonal columnar structure via a self-
organization process, as described in Figure 7. It should be noted
that flexible hydrophobic alkyl chains at the surface of columns
are intercalated with those of close-packed neighboring columns.
Based on the unit cell dimensions measured by WAXD and
the geometric dimensions of the energy-minimized d-C12PhA,
the intercalation is ca. 0.62 nm. Note that the alkyl chains are
in disordered states at 30 °C, which means alkyl chains of

d-C12PhA in one column just fill the empty space of the other
column, but do not closely communicate with those in the other
columns.

Figures 6b shows a set of 1D WAXD powder patterns of
d-C12PhA at different temperatures during a subsequent heating
rate of 2.5 °C/min after cooling process. As the temperature
cross over the exothermic transition at 77 °C, sharp diffractions
at 2θ ) 17.2°, 18.9°, 20.0°, 21.6°, and 23.7° in the high 2θ
angle region newly appear together with the diffraction at 7.85°,
and there is no significant structural change up to 130 °C. The
diffractions in the high 2θ angle region should be associated
with the crystallization of alkyl chains, which agrees well with
the results of FT-IR (Figures 3 and 4) and solid-state 13C NMR
(Figure 5), and the diffraction at 7.85° should come from the
higher order of 2D close-packing of columns. When the
temperature is above the onset temperature of endothermic
transition at 140 °C, sharp diffractions at 2θ ) 2.97° (d ) 2.98
nm), 5.14° (d ) 1.72 nm), and 7.85° (d ) 1.13 nm) suddenly
disappear and leave an amorphous halo scattering with a
maximum intensity at 2θ ) 3.41° (d ) 2.58 nm). However,
the diffractions in the high 2θ angle region are still maintained
below the isotropic transition at 153 °C. These WAXD results
confirm again that the endothermic transition at 145 °C involves
the disordering of columns and the endothermic transition at
153 °C is the isotropization process through the dissociation of
H-bonds of amide functions in alkyl chains and the disordering
of alkyl chain conformations.

When the packing symmetry of d-C12PhA at between 77 and
145 °C is not much different from the 2D hexagonal structure

Figure 7. Schematic illustrations of the molecular self-assembly and
self-organization process for the hexagonal columnar mesophase (ΦH)
of d-C12PhA, which is proposed by the analysis of WAXD (Figure
5b).
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at 30 °C prepared by slow cooling at 2.5 °C/min, a 2D hexagonal
unit cell is constructed with dimensions of a ) 3.44 nm, b )
3.44 nm, c ) 1.13 nm, R ) � ) 90°, and γ ) 60° via the
refinement of the reciprocal lattice,13 and this phase is abbrevi-
ated as the ΦHK phase. Its calculated crystallographic density
is 0.74 g/cm3 based on three d-C12PhA molecules per unit cell.
The experimentally observed density is 0.74 g/cm3, which fits
well with the calculated data.

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
d-C12PhA compound, 2D WAXD on oriented d-C12PhA sample
or SAED on single crystals should be conducted to obtain
detailed structures and symmetry. Unfortunately, d-C12PhA is
not oriented under the electrical and magnetic fields as well as
under the mechanical flow, which is a required condition prior
to beginning 2D WAXD experiments. Therefore, the structural
determination and the existence of columns in the ΦHK phase
of d-C12PhA can be supported by TEM morphology and SAED
pattern experiments. Thin film of d-C12PhA samples prepared
for TEM via solution casting from a 0.05% (w/v) chloroform
solution was heated up to the isotropic temperature and was
cooled down to room temperature at 2.5 °C/min, and then was
heated up to 100 °C and was waited for 30 min. Figure 8a and
8b show bright-field images of TEM morphology of the highly
ordered columnar ΦHK phase of d-C12PhA. As shown in Figure
8a, rods with diameters between 200 and 500 nm were found
with the length longer than 500 µm. The diameters and lengths

of rods depend on the cooling and heating rates and annealing
time. The existence of columns in the morphology and the
packing of discotic building blocks generated by molecular self-
assembly and self-organization are confirmed by the SAED
pattern as shown in Figure 8c and 8d. SAED taken from the
circled area in Figure 8b does not show a high symmetry, as
shown in Figure 8c. In order to get a pure [1j1j0] zone with a
high symmetry, the sample in Figure 8b was tilted about 5°
counterclockwise around the long axis of the rods and got the
SAED represented in Figure 8d. Combined with the results of
WAXD (Figure 6b), c* axis is assigned along the meridian
direction and [1j1j0] direction is along the equator, which are
parallel and perpendicular to the long axis of the rod, respec-
tively. On the meridian, only one pair of diffractions is observed
at 0.376 nm, which can be the distance of the π-π stacking
interactions between aromatic phenyl rings. This diffraction can
be identified to be the (003) and the extinct diffractions at (001)
and (002) clearly indicate that the discotic building block is
constructed by three d-C12PhA biphenylamides rotating 60° with
respect to neighboring ones. The ABC stacked discotic building
blocks further self-assemble to columns, and these columns are
laterally close-packed to hexagonal ΦHK phase. The next
question is that how the columns are arranged in the rods. Based
on the diffraction at 0.376 nm on the meridian and the diffraction
at 1.72 nm on the equator, the long axis of column should be
parallel to the long axis of the rod. However, the diffraction at
1.72 nm determined to be the [1j1j0] based on the results of 1D
WAXD (Figure 6b) should be reassigned to be the [3j30] because

Figure 8. Bright-field TEM morphology of the highly ordered hexagonal columnar crystalline phase (ΦHK) of d-C12PhA (a). Panel b is the magnified
bright-field TEM image and the arrow is pointing along the long axis of the columns (c axis). SAED pattern (c) from the circled area of the
bright-field TEM morphology in (b). SAED pattern of panel d is obtained by a counterclockwise rotation of the sample in (b) along the c axis about
5°.
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of diffractions in the quadrant regions of SAED (Figure 8d).
This means that a hexagonal unit cell of ΦHK phase should be
expanded 3 times along the a and b axes without changing the
packing symmetry, density, and the dimension of c axis, as
illustrated in Figure 9a. A possible reason can be found from
the consideration of the intercalation and recognition of alkyl
chains between neighboring columns and the ABC stacking of
d-C12PhA perpendicular to columnar axis. Based on the unit
cell dimensions measured by WAXD and SAED and the
geometric dimensions of the energy-minimized d-C12PhA, the
intercalation is ca. 0.6 nm, and the alkyl chains are in the ordered
crystalline state. When a rod is cut and a unit cell is taken out,
the unit cell may consist of three planes of molecular packing.
They are schematically illustrated in Figure 9b, 9c, and 9d for
the top, the middle, and the bottom of the unit cell along the c
axis, respectively. When three planes are stacked together, the
unit cell will be reconstructed, as shown in Figure 9a.

The texture changes in POM can give morphological infor-
mation on the micrometer length scale, while the bright field
image of TEM can give morphological information on the
nanometer length scale, and WAXD and SAED provide
microscopic structures of the materials.14 Figure 10a shows the
POM micrograph of d-C12PhA samples after annealing for 30
min at 100 °C. The POM micrographs of ΦH and ΦHK do not
differ much, and do not change until the isotropization tem-
perature. The bright ribbons are the oriented bulk sample. The
ribbons are bright because the molecules are in the ordered
crystalline phase (ΦHK) and the directions of refractive indexes
are not parallel to the directions of the polarizers of the POM.
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. All

the ribbons going along the direction of left-up to right-down
are yellow and all ribbons going along the direction of right-up

Figure 9. Schematic illustrations of the molecular arrangement in the top (b), the middle (c), and the bottom (d) layers of the hexagonal unit cell
of ΦHK phase. When the three layers are combined along the c axis, the molecular arrangement in the hexagonal unit cell of ΦHK phase is constructed,
as shown in Figure 8a.

Figure 10. POM morphological observations of d-C12PhA annealed
for 30 min at 100 °C (a) and POM texture with a tint plate between
the objective lens and eyepieces (b).
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to left-down are blue, which means that the refractive index
perpendicular to the ribbons (n⊥ ) is higher than the refractive
index parallel to the ribbons (n|). Therefore, the column direction
of this supramolecular crystalline columnar phase should align
along the long axis of ribbons under POM. This observation is
also consistent with the SAED result (Figure 8d).

Conclusions

Phase behaviors and structures of a newly synthesized
symmetrically tapered N,N′-bis[tris[(2-dodecylaminocarbonyl)-
ethyl]methyl]]-4,4′-biphenylamide (d-C12PhA, where n is the
number of carbon atoms in the alkyl chains, n ) 12) have been
investigated based on various experimental techniques. Two
ordered phases are identified. The hexagonal columnar (ΦH)
liquid crystalline mesophase is formed during a cooling process,
and this ΦH phase transforms to a highly ordered hexagonal
columnar (ΦHK) crystalline phase during a subsequent heating
process. Three major driving forces in the formation of these
ordered hexagonal columnar structures participated including
the H-bonds between N-H and CdO groups, the phase
separation between the aromatic cores and the alkyl chains, and
the π-π stacking interactions between aromatic cores. Based
on the results of SAED and WAXD combined with DSC, FT-
IR, and solid-state 13C NMR experiments, we identify that the
discotic building block is constructed by three d-C12PhA
biphenylamides rotating 60° with respect to neighboring ones
and the ABC stacked discotic building blocks further self-
assemble to columns, and these columns are laterally close-
packed to hexagonal columnar phases by a self-organization
process. In both ordered hexagonal columnar phases, the alkyl
chains are intercalated about 0.6 nm and they are in a disordered
state in ΦH and in an ordered state in ΦHK. Furthermore,
d-C12PhA forms nanorods. SAED from the rod allows us to
find out the fact that the long axis of column is parallel to the
long axis of the nanorods. Phase identifications are further
supported by the observation of texture changes in POM, and
molecular arrangements inside of the microsize domains were
also investigated by introducing a tint plate.
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