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Abstract: Size-controlled and ordered assemblies of artificial

nanotubes are promising for practical applications; however,
the supramolecular assembly of such systems remains chal-
lenging. A novel strategy is proposed that can be used to re-

inforce intermolecular noncovalent interactions to construct
hierarchical supramolecular structures with fixed sizes and

long-range ordering by introducing ionic terminals and fully
rigid arms into benzene-1,3,5-tricarboxamide (BTA) mole-

cules. A series of similar BTA molecules with distinct terminal

groups and arm lengths are synthesized; all form hexagonal
bundles of helical rosette nanotubes spontaneously in water.

Despite differences in molecular packing, the dimensions

and bundling of the supramolecular nanotubes show almost
identical concentration dependence for all molecules. The
similarities of the hierarchical assemblies, which tolerate cer-
tain molecular irregularities, can extend to properties such
as the void ratio of the nanotubular wall. This is a rational

strategy that can be used to achieve supramolecular nano-
tubes in aqueous environments with precise size and order-

ing at the same time as allowing molecular modifications for
functionality.

Introduction

One-dimensional supramolecular structures such as nanofibers,
nanoribbons, and nanotubes with diameters of between 10

and 1000 nm are endowed with unique properties by coupling
the merits of supramolecular assemblies and nanometer-scale

geometries.[1] The potential applications of such systems span
from the preparation of novel drug-delivery agents to catalytic
and photonics materials.[2] However, their successful applica-
tion requires control over the self-assembly with regard to size

and alignment or ordering between entities.[1c] Intense re-
search by many groups has focused on investigating the prin-
ciples that govern supramolecular assembly so that nanoscale
tailoring can be achieved.[1c] For nanoscale systems of meso-

scopic length, control of size and interactions is more subtle

than is required for systems of atomic, microscopic, or macro-
scopic scales. Usually, supramolecular assembly is sensitive to
the structural details of block molecules, which hampers simul-

taneous control of the structure and functionality.
Benzene-1,3,5-tricarboxamide (BTA) molecules with diverse

functional arms and unusual self-assembled structure have re-
ceived increasing attention in recent years.[3] In contrast to
chromonic molecules with simple planked shape[4] or thermo-
tropic molecules with flexible chains,[5] BTA molecules with

fully rigid arms possess a very diverse range of geometry, func-
tional group distribution, and arm species, which not only facil-
itate strong intermolecular forces and robust superstructures
but also facilitate the regulation of functionalities.[6] On the
other hand, it was recently discovered that introducing charg-

es to the terminal groups of molecules can induce long-range
ordering of self-assembled nanofibers.[7] Therefore, by decorat-

ing BTA molecules with ionic terminals, it was anticipated that
control over the size and the order of the assemblies could be
achieved. Preceding research by our group[8] on lyoptropic

phases self-assembled by fully rigid ionic BTA molecules re-
vealed robust hexagonal phases of supramolecular helical

nanotubes with tolerance for defects in the peripheral ionic
groups for a series of molecules with almost identical structure.
The self-organized nanotubes adopt a helical rosette architec-

ture to minimize the electrostatic repulsion among the termi-
nal charges and also to maximize hydrogen bonding between

amide groups as well as the p–p interactions between phenyl
rings of adjacent molecules. The electrostatic repulsion be-
tween charges on the surface of nanotubes also helps the
alignment of the nanotubes into ordered bundles. It should be
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mentioned that hydrophobic effects also contribute to assem-
bly, which usually dominate the dense packing of amphiphiles

with flexible chains. However, in the case of ionic BTA mole-
cules with rigid arms, hydrophobic effects are no longer the

main driving force. Instead, the assembly is packed much
looser (molecules are separated from each other along the azi-

muth of the rosette walls, resulting in a high void ratio) and is
maintained by electrostatic interactions together with hydro-

gen bonding and p–p interactions.[8] The synergetic optimiza-

tion of various noncovalent interplays between the ionic BTA
molecules could thus provide new opportunities to obtain or-
ganic channels with robust size and long-range ordering on
the nanoscale.[3a, 9]

In this work, we demonstrate the robustness of the hierarch-
ical structures assembled by the fully rigid ionic BTA molecules

against even more severe irregularities or versatilities of molec-

ular structures than ionic end-groups. New sequences of BTA
molecules with similar structures but with varied arm length

and functional group distributions are designed and synthe-
sized. The spontaneous supramolecular assemblies of all mole-

cules in aqueous solutions are then investigated by using sev-
eral experimental techniques including polarizing optical mi-

crographs (POM), small-angle and wide-angle X-ray scattering

(SAXS/WAXS), and ultra-violet circular dichroism (UV-CD). Inter-
estingly, it is found that the lyotropic liquid-crystal phases of

helical rosette nanotubes are very well preserved for all BTA
molecules. Although the stacking of molecules inside the

nanotubes does rely on the arm length and ionic termination,
the sizes and hexagonal ordering of supramolecular nanotubes

depend only on the concentration and not on the molecular

details. Model calculations on the void ratio of the porous
walls of the nanotubes reveals close values due to compensa-

tion between molecular number and arm length. The results
demonstrate the ability of the designed BTA molecules to self-

adjust and to maintain the architecture as well as certain prop-
erties by incorporating electrostatic and other noncovalent in-

teractions. The role of electrostatic repulsion between the

charged nanotubes in their ordering as well as the relationship
between correlation length inside the bundles and the charges

on the nanotubes are also discussed. The supramolecular
nanotubular assemblies constructed by relatively simple and
robust scaffolds of ionic BTA molecules sheds light on rosette
microtubules[10] with nanoscale structural control for potential

applications in systems for which different functionalities can
be introduced without disturbing the structures and other
properties.

Results and Discussion

Materials, synthetic details, and characterization of all new

compounds (Scheme 1) are given in the Supporting Informa-

tion (Part 1). The molecules are named P-n1-n2(-C), where n1 de-
notes the total number of phenyl rings, n2 the number of ionic

end-groups at the molecular periphery, and the optional finish-
ing letter C denotes the replacement of one ionic terminal by

a methyl group. The C3 symmetric molecule P-7-3 has been
characterized previously[8] and the data are included here to

represent the behavior of molecules with perfect symmetry
and no irregularities. The other three molecules all surrender

the C3 symmetry by altering the number of phenyl rings along
one arm (one less or more ring for P-6-2-C or P-8-3) or by

changing the chemical component of one arm (-SO3H end-

group is replaced by -CH3 for P-7-2-C and P-6-2-C) as shown
in Scheme 1. In addition, one more amide group is introduced

into the defective arm of P-7-2-C and P-8-3 to amplify the dis-
tinction between the molecules and the symmetric P-7-3.

With increasing concentration, aqueous solutions of all BTA
molecules transform from translucent fluids to liquid-crystal

(LC) and gel-like states similar to P-7-3, as shown for P-6-2-C in

Figure S1 in the Supporting Information. The lyotropic LC be-
havior was studied by POM and the data are summarized in

Table 1. The three molecules with defects show very similar

concentration range of the LC phase, whereas the perfectly
symmetric P-7-3 molecule shows higher concentration for LC
because of its better solubility. Figure 1 displays typical POM
images of the water/BTAs mixtures in the LC phase, which all
exhibit similar streak texture, an indication of nematic LC. At
higher concentration in the gel-like state, a stripe texture origi-

nating from column undulations is observed for aqueous solu-
tions of P-7-3 and P-8-3 but not for the other two molecules
with fewer charged terminals (see Figure S2 in the Supporting
Information). This suggests that the materials have different
mesogenic structures, which is also evident in the SAXS data
discussed later.

Scheme 1. Chemical structures of P-7-3, P-6-2-C, P-7-2-C, and P-8-3.

Table 1. Phase behavior of aqueous solutions of the full rigid BTA mole-
cules probed by polarizing optical micrographs (POM). The concentration
range for each phase was estimated from POM observations for the pur-
pose of reference but not exact phase boundaries.

BTA molecules P-7-3 P-6-2-C P-7-2-C P-8-3

liquid crystal (mol L¢1) 0.050 0.037 0.021 0.027
gel (mol L¢1) 0.111 0.085 0.085 0.090
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The microscopic structure in the aqueous solutions of the
BTA molecules was studied with WAXS and CD; the results are
presented in Figure 2. Two major WAXS features are observed
in Figure 2 a including a prominent peak with a q value of

18.7 nm¢1 for all BTA molecules (highlighted by a vertical
dashed line) and a weaker signal at smaller q. The former cor-

responds to real-space periodicity around 0.34 nm, coincident
with the distance of p–p stacking between phenyl rings, which
only slightly changes for different molecules. The latter is at-
tributed to helical stacking, similar to that found for P-7-3 in
the previous work, which remains around 3.1 nm¢1 for the

other molecules except for P-6-2-C as a result of modified heli-
cal pitch due to molecular distinctions. BTA molecules are well

known to form columnar, even helical, assemblies through p–

p stacking and hydrogen bonding.[11] In contrast to broad dif-
fused scattering peaks that are usually observed for molecules

containing flexible chains because of short-range ordering of
molecules,[12] the pronounced WAXS features here indicate

long-range ordering of the fully rigid BTA molecules along the
axis of assembled columns in water. Detailed stacking parame-

ters, such as rotation of the adjacent molecules as well as the
tilt of molecules with respect to the stacking plan, should be
altered because these properties are, in general, sensitive to
molecular structures. However the WAXS data suggest that all
molecules pack into helices, as further supported by CD experi-
ments.

Usually, supramolecular columns that are built from propel-
ler BTA molecules are helices, and macroscopic handedness

can be obtained if the molecule itself possesses a certain type
of chirality. For achiral building units, chiralities of individual as-
sembled helix are randomly distributed and will cancel each
other, resulting in zero macroscopic chirality. However, the CD
spectra in Figure 2 b show both large positive and negative

Cotton effects for all achiral BTA molecules in this study, which
was previously attributed to collective chiral symmetry break-

ing of supramolecular assembles in a spontaneous but unpre-

dicted fashion. Here, a more conceivable interpretation is of-
fered based on artificial contribution from a partial orientation

in the CD spectra of both chiral and achiral assemblies.[13] The
CD experiments were performed with the sample solutions

sandwiched between two pieces of slide glass. Partial align-
ment of helical assembles may thus be induced by shear

during the sample preparation. The orientation of the aligned

helices is not well controlled, which results in different angles
between the helices and the vertical direction of the CD meas-

urements, and consequent bisignate CD effects similar to
those induced by vortex flow in the cuvette in the reference.[13]

The phenomenon has already been observed for the C3 sym-
metric P-7-3 molecules, and similar behavior observed for dif-

ferent BTA molecules with assorted defects suggests chirality

of all the assembles. However, the CD profile varies for distinct
molecules, indicating deviation of the chiral properties and

hence the helical assemblies. In combination, the results of
WAXS and CD analyses confirm helical assemblies based on p–

p stacking and hydrogen bonding for all BTA molecules similar
to the reported P-7-3 molecules. In contrast to the previously

reported molecules, which differ merely with respect to the

end-groups and assemble with almost identical molecular
stacking fashion, [8] the present molecules deviate much more

from P-7-3, so that some modification in the molecular stack-
ing details is not surprising.

The aggregation behavior of the assembled helices and the
hierarchical structure in the solution was investigated further

by using SAXS (see Figure S3 in the Supporting Information).
At sufficiently high concentration, the scattered intensity pro-
files of BTA molecules show sharp diffraction peaks, an exam-

ple of which is shown in Figure 3 a. An explicit 2D hexagonal
structure is observed for the symmetric P-7-3 molecules with

the ratio of peak positions of approximately 1:
p

3:2 (Fig-
ure 3 b), which is attributed to the long-range ordering or hex-

agonal packing of the supramolecular helices.[8] The SAXS

curves of P-6-2-C, P-7-2-C, and P-8-3 exhibit a broadening of
the principle peak (10) and a plateau at high q, which might

be composed of smeared higher order peaks, indicating a less
well ordered hexagonal symmetry or weaker long-range corre-

lation between helices assembled by defective BTA molecules.
All the SAXS profiles can be fitted with hexagonal structures as

Figure 1. Representative POM of aqueous solutions of BTA molecules in the
liquid-crystal phase: a) P-7-3 at 0.050 mol L¢1, b) P-6-2-C at 0.037 mol L¢1,
c) P-7-2-C at 0.021 mol L¢1, and d) P-8-3 at 0.027 mol L¢1.

Figure 2. a) WAXS of aqueous solutions of BTA molecules demonstrating
similar intermolecular correlation (peaks ca. 18.7 nm¢1) because of p–p

stacking and signal at lower q between 3 and 4 nm¢1 due to helical perio-
dicity. Concentrations of 0.131, 0.159, 0.118, and 0.117 mol L¢1 for P-7-3, P-6-
2-C, P-7-2-C, and P-8-3, respectively. b) CD spectra showing the existence of
chirality in the lyotropic system, consistent with formation of helices by
BTAs. The concentration was 0.131, 0.081, 0.053, and 0.045 mol L¢1 for P-7-3,
P-6-2-C, P-7-2-C, and P-8-3, respectively.
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shown in Figure 3 c, the common hexagonal packing and sub-

sequent interdigitation of neighboring helices contribute to

the macroscopic-length scale alignment of the helices ob-
served by CD for the achiral BTA molecules.

With the hexagonal structures, the electron-density profile
of aqueous solutions of BTA molecules can be reconstructed

from the SAXS patterns (see the Supporting Information for
details of the methods used). Figure 4 displays examples of

electron-density profiles of BTA/water mixtures at selected con-
centrations; the plots reveal a similar hexagonal arrangements

of annular cylinders or nanotubes separated by continuous re-
gions of low electron-density (shown in deep-blue) corre-

sponding to a solvent sea of water. The annuli of high density
and central cylinders of intermediate density correspond to

the helical columns assembled by BTA molecules and the cen-
tral water channels, respectively, indicating the assembly of

structures similar to the helical rosette nanotubes reported

previously for P-7-3.[8] The tubular structure is further demon-
strated by TEM as shown in Figure 4 e. A diluted solution with
a concentration of approximately 2 wt % was used to avoid for-
mation of nanotube bundles and to elucidate the morphology
of individual nanotubes. Dark filaments with a diameter of ap-
proximately 5 nm were observed, which correspond to the

hollow core of the supramolecular nanotubes. Further TEM

images and related information can be found in Figure S5 and
Figure S6 in the Supporting Information. The exterior and

inner diameters of the nanotubes (Dw and Dc) can be estimated
by examining the cross-section of the electron-density profile

of the 2D unit cell along the x-axis, as shown in Figure 5 a and

summarized in Figure 5 b. Both diameters decrease with in-
creasing concentration but maintain a gap of approximately

6 nm, which roughly doubles the diameter (3 nm) of the BTA
molecules. This suggests that the annular wall is composed of

Figure 3. a) Representative SAXS profile for the lyotropic systems of BTA
molecules. The concentration was 0.121, 0.122, 0.118, and 0.117 mol L¢1 for
P-7-3, P-6-2-C, P-7-2-C, and P-8-3, respectively. b) and c) multiple peak fit-
ting of the SAXS with Lorentz shape for P-7-3 and P-6-2-C in (a) reveals hex-
agonal bundling of the supramolecular assemblies.

Figure 4. Electron-density profile of the 2D unit cell for BTA/water systems
reconstructed from SAXS data. a) P-7-3 at 0.131 mol L¢1, b) P-6-2-C at
0.159 mol L¢1, c) P-7-2-C at 0.118 mol L¢1, and d) P-8-3 at 0.117 mol L¢1. The
false color marks high intensity in red and low intensity in blue. e) TEM
images showing morphology of supramolecular nanotubes. Dilute solution
sample was negatively stained by 2 wt % neutral phosphotungstic acid for
15 min before TEM measurement. The tubular structure filled with the stain-
ing agent appears dark in TEM as observed in other supramolecular tubular
assemblies.

Figure 5. a) A slice along the x axis of the electronic density profile showing
the outline of one rosette nanotube and schematic of the diameter of inner
water channel (Dw) and exterior annular cylinder (Dc) obtained from the
slice. Dw was estimated by the full width at half maximum of the inversed
water channel profile and Dc by the separation between the two medium
points of the peripheral density profile. b) Change of Dw and Dc with concen-
tration for all BTA molecules; the lines connecting the data points serve as
guidance. c) Spacing between adjacent helices, a, calculated from the princi-
ple peak position of SAXS versus mole concentration c of the BTA aqueous
solutions. The lines are linear fitting of the experimental data. d) Void ratio
(volume ratio of the walls not occupied by molecules) calculated with the
parameters derived from SAXS.
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multiple moieties of BTA molecules arranged shoulder to
shoulder along the azimuth, as also observed for P-7-3.

The exact number of molecules per stacking layer (NL) can
be derived from the linear fitting of the inter-cylinder separa-

tion a or the lattice constant of hexagonal packing as a func-
tion of concentration (details of the calculation are given in

the Supporting Information), as shown in Figure 5 c and sum-
marized in Table 2. Upon dilution, a increases linearly with the

square root of concentration, c¢1/2, expected for expansion of
1D objects in two dimensions. Although a follows a similar

trend with very close slope of linearity between 3.2 and 3.5 for
all the molecules (see Table S5 in the Supporting Information),

NL deviates because it is determined by both the slope and

the molecular weight (which is in contrast to the molecules
studied previously because the change in molecular weight is

much smaller). The values of NL span between two and three
and show strong dependence on the number of charged

groups on the BTAs. The annual cross-section can accommo-
date approximately three molecules for P-7-2-C and P-6-2-C
with only two charged groups, whereas the occupancy drops

for those with three charged groups apparently due to stron-
ger electrostatic repulsion between the molecules. In addition,

a more bulky arm of P-8-3 further suppresses NL to at most
two. The arm length also plays a role in the accommodation of

BTA molecules because, in general, NL decreases with arm
length. The above information is in line with WAXS and CD
data, which show that the molecular stacking details differ for

the BTAs with varied structures.
The heirachical assemblies of all molecules share very similar

structures and geometries, particularly on the nanometer scale.
Both the diameters of the helices (2–10 nm) and inter-helices

separation (ca. 10 nm) overlap rather well, as shown in Fig-
ure 5 b–c, manifesting the robust and universal architecture of

the assembled helical nanotubes by the fully rigid ionic BTAs

despite discrepancies between the molecular details. The
stable assembly in water is attributed to the synergy of various

noncovalent interplays between the molecules, which demon-
strates not only tolerance to ionic defects as previously report-

ed[8] but also to certain geometric perturbations and even to
the coalescence of the two types. The moiety-independent di-

mensions of supramolecular nanotubes might lead to similar

macroscopic properties for different BTAs. As an example, the
void ratio of the rosette nanotube (the vacancy of the annular

wall) is estimated as described in Figure S7 and Figure S8 in
the Supporting Information and plotted in Figure 5 d. Despite

the differences in NL (Table 2) and molecular sizes, all BTA mol-
ecules give similar values for the void ratio, with minor diver-

gence in the wide range of studied concentrations. The coinci-
dence of the void ratio could be understood by the compensa-
tion between NL and arm length. As mentioned above, NL de-
creases with arm length, resulting in roughly the same total

volume (NL multiples the volume of a monomer) occupied by
various BTA molecules. The accommodation of molecules

inside the supramolecular nanotubes seems to be able to self-
adjust to retain the sizes of the rosette nanotubes according
to the geometry of each BTA molecule. The estimation is limit-

ed by the unknown configuration of the molecules inside the
aggregates because the geometry of the molecules are ob-

tained from GuassianView for monomers. Thus, although the
values of the void ratio are not exact, they can still serve as

a reference for the real system because the change in length
should be relatively small for rigid arms. This demonstrates the

potential application of this series of molecules as smart mate-
rials when molecular functionalization and precise control of
sizes or certain macroscopic properties are simultaneously re-
quired.

Although the ionic BTA molecules can maintain the hierarch-

ical assembly and bundling of rosette nanotubes very well, di-
vergence does exist in their aggregation behavior. Indeed, al-

though the hexagonal arrays display very similar lattice con-

stant a, the ordering of the arrays varies as indicated by the
difference in peak broadening at similar mole concentration in

Figure 3 a. Compared with P-7-3, the disruption of long-range
ordering in the assemblies by P-6-2-C, P-7-2-C, and P-8-3 can

be seen by the broadening of the principle peak as well as by
the merging of high-order peaks. To investigate the aggrega-

tion thermodynamics further, more detailed analysis of the

SAXS was performed to evaluate the principle peak breadth w
(full width at half maximum, FWHM) by fitting the principle

peak with Pearson type VII function and the higher order
peaks with Lorentzian functions. The Pearson function provides

an additional free parameter k and reduces to Lorentzian for
k= 1.[14] The use of the Pearson function instead of Lorentzian

for peak fitting results in better overall fitting and enables fur-

ther line broadening analysis.[15] Figure 6 a depicts the change
of w with concentration for all BTA molecules, exhibiting quali-
tatively distinctive behaviors. Whereas w drops for the two
molecules with three charged arms, the others with only two

Table 2. Molecular stacking parameters derived from SAXS.

Molecule notation P-7-3 P-8-3 P-6-2-C P-7-2-C

number of molecules per layer (NL) 2.58 2.12 3.06 2.91
number of charged groups per molecule 3 3 2 2
number of charges per layer (NC) 7.74 6.36 6.12 5.82

Figure 6. a) FWHM of the principle peak w obtained by fitting the SAXS data
with Pearson function and b) calculated broadening from micro-strain (lat-
tice distortion) bG/b versus mole concentration c.
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charged arms show rather slow decrease of w and even the
opposite. Interestingly, the decrease of w strongly correlates

with the number of charges per layer Nc (equal to NL times
charge on the monomer) given in Table 2. A prominent de-

crease of w was observed for P-7-3 with Nc = 7.74, whereas
only a moderate decrease was observed for P-8-3, with Nc =

6.36. For even small Nc, w either decreases only slightly or fluc-
tuates as concentration goes up. With the lowest Nc of less
than six, either an increase in w or broadening with concentra-

tion instead is observed for P-7-2-C.
The width of scattering peaks in liquid crystals is usually re-

lated to the long-range ordering of the packing units or corre-
lation length. Generally speaking, the correlation length in-
creases with concentration of the packing units and narrowing
of peak width is expected, which is indeed observed for the

most charged P-7-3 assemblies and also for P-8-3, albeit to

a lesser extent. Then the broadening of the peaks for P-7-2-C
becomes intriguing. Similar disordering at higher densities was

also discovered in DNA packing, which has been attributed to
increasing frustration of the molecules.[16] However, this argu-

ment may not apply in our case for two reasons. First, the sep-
aration between the supramolecular nanotubes of approxi-

mately 10 nm is larger than that between DNA molecules, with

an axle–axle distance approximately 3.5 nm. Second, the supra-
molecular nanotubes are not as rigid as DNA helices and could

accommodate a larger number of defects inside the nanotubes
while maintaining the long-range positional ordering. The ar-

gument that distortion may not account for the broadening
observed in this study is further supported by quantitative

analysis of the broadening of the principle peak. As an exten-

sion of the Voigt function, the Pearson function also allows
double Voigt analysis to separate the broadening due to crys-

talline size (correlation length) and micro-strain (lattice imper-
fection). The contribution of lattice distortion to the peak

broadening (bG/b) can be estimated by calculating 2w/b of the
principle peak, which gives the value of bG/b according to re-

ported data.[15] Here, b stands for integral breadth of the peak

and is given in the Supporting Information (Figure S9). As
shown in Figure 6 b, bG/b of all lyotropic solutions tend to de-

crease with molecular concentration after going up slightly at
lower concentrations. For asymmetric molecules, the total de-

crease of bG/b is of roughly the same magnitude. However the
behavior with respect to peak widths is completely different,

indicating that peak broadening is not dominated by lattice
distortion. Instead, line broadening due to correlation length
could be responsible for the distinctive behavior of w.

For the highly charged systems, the driving force for long-
range ordered packing could be strong electrostatic repul-

sion.[7b] It is not surprising that the correlation length in that
case will be dominated by the strength of repulsion. The rapid

reduction in peak width w for nanotubes assembled by P-7-3
could be explained by the promoted long-range ordering with
concentration due to stronger repulsion between the nano-

tubes with the largest number of charged groups. The dramat-
ic suppression of bG/b also contributes to the peak narrowing

for P-7-3. Number of charges along the supramolecular nano-
tubes decreases progressively for P-8-3, P-6-2-C, and P-7-2-C,

generating correspondingly weaker repulsion. Consequently,
the growth of the correlation length with concentration is
gradually depressed following the same sequence, and peak
broadening behaves differently (weak decline, fluctuation, and
increase as concentration increases, respectively, for the three
molecules) even with similar change of bG/b. Nevertheless, the
behavior of P-7-3 and P-8-3 is distinct from that of P-6-2-C
and P-7-2-C in terms of clustering, which is also demonstrated
by the difference in POM in Figure S2 in the Supporting Infor-

mation for the two types of BTA molecules. The apparent
stripes observed for P-7-3 and P-8-3 indicate well-defined col-

umnar packing, the absence of which in the solutions of P-6-2-
C and P-7-2-C suggests less well ordered columnar arrange-
ments. The contrast between BTA molecules with different
numbers of ionic groups demonstrates the subtle influence of

surface charge density on the long-range ordering and ar-
rangements of highly charged supramolecular columns.

Conclusion

BTA molecules are more structurally versatile because of the
various repeating linkages between the central cores and the

peripheral functional groups. Directionality of hydrogen bonds
and p–p interactions between the fully rigid BTA molecules co-

operating solvophobic effects and electrostatic repulsive inter-

action[17] contributes to the stability of the lyotropic liquid-crys-
tal phases. Here, we demonstrate the robustness of supra-

molecular hierarchical structures with similar stacking architec-
ture and packing behavior for fully rigid ionic BTA molecules

with structural versatility along one arm. The mode of molecu-
lar stacking, such as the number of molecules per stacking

layer, is determined jointly by rigid arm length and the ionic

terminals in a way that mesoscopic parameters, including di-
ameters and internanotube distances, can be maintained

almost constant for different BTA molecules. The only nuance
of long-range ordering is found in terms of correlation length

depending on the charge distribution along the nanotubes.
The similarity in the dimensions and ordering of the nanotubes

assembled by the BTA molecules reflects the robust architec-
ture imparted by synergetic multiple noncovalent interactions.
In contrast to the assembly of molecules with flexible chains,

which show sensitivity to the geometry and component of the
arm,[18] fully rigid ionic BTA molecules can self-assemble into hi-

erarchical structures with excellent control over geometry and
symmetry on the nanometer scale. As a result, it is possible to

regulate supramolecular structures for new functional materials
by modulating the functional group distribution, hydrophobic

arm numbers, and arm length without losing the hierarchical

architecture of the assembly. In addition, the sensitivity of ag-
gregation to the chemical and geometrical structures of the

BTA molecules demonstrated here can help understand the
subtleties involved in hierarchical supramolecular assembly.

This knowledge can be used for the design and construction
of more complex lyotropic mesogenic structures.
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Experimental Section

POM was acquired with an Olympus (Japan) BX-51-P microscope
system. CD spectra were recorded with a Jasco U-810 spectropo-
larimeter. A drop from the sample solution was added between
two silicon glass plates that were then sheared several times to
obtain a homogeneous thin film of sample. The above sample
preparation can solve the problem of saturation that is presented
by using a cuvette. However, shear may introduce random orienta-
tion of the assembled helices and subsequent artificial contribution
in the CD, as discussed in the main text. SAXS measurements were
carried out at beamline 16B1 in the Shanghai Synchrotron Radia-
tion Facility. The X-ray wavelength used was 0.124 nm, and
a Mar165 CCD detector (2048 Õ 2048 pixels with a pixel size of
80 mm) was employed to collect 2D SAXS patterns with sample-to-
detector distances of 2025 mm. WAXS measurements were carried
out at beamline 1W2A in the Bejing Synchrotron Radiation Facility
with wavelength of 0.154 nm and sample-to-detector distance of
145 mm. The sample cell with aqueous solutions sealed between
two Kapton membranes were fixed on a sample holder during the
measurements. Fit2D software from the European Synchrotron Ra-
diation Facility was used to analyze scattering patterns in terms of
the scattering vector q = 4psin q/l, with 2q as the scattering angle
and l as the X-ray wavelength. The method used to reconstruct
the electron-density profile from X-ray scattering data for columnar
phases (2D periodic systems) has been reported previously.[8]
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