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ABSTRACT: In biology, polymorphism is a well-known
phenomenon by which a discrete biomacromolecule can
adopt multiple specific conformations in response to its
environment. The controlled incorporation of polymorphism
into noncovalent aqueous assemblies of synthetic small
molecules is an important step toward the development of
bioinspired responsive materials. Herein, we report on a
family of carboxylic acid functionalized water-soluble benzene-
1,3,5-tricarboxamides (BTAs) that self-assemble in water to
form one-dimensional fibers, membranes, and hollow nano-
tubes. Interestingly, one of the BTAs with the optimized
position of the carboxylic group in the hydrophobic domain
yields nanotubes that undergo reversible temperature-depend-

ent dynamic reorganizations. SAXS and Cryo-TEM data show the formation of elongated, well-ordered nanotubes at elevated
temperatures. At these temperatures, increased dynamics, as measured by hydrogen—deuterium exchange, provide enough
flexibility to the system to form well-defined nanotube structures with apparently defect-free tube walls. Without this flexibility,
the assemblies are frozen into a variety of structures that are very similar at the supramolecular level, but less defined at the

mesoscopic level.

B INTRODUCTION

Inspired by supramolecular assemblies in nature, noncovalent
synthesis of complex architectures from discrete small
molecules in aqueous solution offers great potential for the
development of advanced materials."”* By carefully balancing
solubility and noncovalent attractive forces (hydrophobic
effect, H-bonding, #—n stacking, etc.) a variety of small
molecule améphiphiles (peptide amphiphiles,” steroidal
amphiphiles,”® extended 7-conjugated systems,”* discotics,”"’
lipids,'"'? etc.) have been assembled into a diverse array of
supramolecular structures in water, including fibrous aggre-
gates,w’m membranes,"*'* and tubes.'>'° The dynamic nature
of such noncovalent assemblies in aqueous solution are ideal
for the preparation of responsive materials for applications
such as tissue regeneration,”‘lg drug delivery,l9’20 biosens-
ing,m’22 and signal processing.z"”24 However, to achieve control
over the morphologies of dynamic assemblies, a thorough
understanding of molecular design principles on the impact of
pathway complexity in water is necessary.”> The question of
how to balance the on—off rates of the assembly with the
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robustness of the morphology of the assembly is both
intrigning and open. Only a perfect molecular fit will yield
defect-free architectures; whereas a fit that is just off ideal will
require a certain degree of dynamics to allow the molecules to
form well-defined architectures. Where nature has optimized
this trade-off at 37 °C, artificial systems in water will have a
molecule-dependent optimal temperature. Hence, different
structures often arise from the same molecules in solution due
to this pathway-dependent process.

Numerous proteins in nature can assemble into different
types of supramolecular polymers, in some cases through the
change of chemical structures of the protein monomers, but in
many more cases by transforming into a different packing
morphology while retaining identical chemical structures of
monomers.”*>” For example, microtubules in cilia and flagella
can respond to ATP to take different organization and
shapes;”” tropomyosin can form two-dimensional crystals
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Figure 1. (A) Chemical structure of BTA derivatives 1—4. (B) Cartoon representation of an acid functionalized BTA. (C) Hypothesized packing

morphology of the acid functionalized BTAs 2 and 3.

with either a square or hexagonal lattice by varying the charge
pattern on the surface;”” tubular polymers from self-association
of tobacco mosaic virus capsid protein transform between
different forms when pH or ionic strength changes.”® Such
polymorphism from the same type of monomers is important
for the protein supramolecular structures to remain adaptable
to the environmental conditions and is a remarkable
phenomenon.

Polymorphism of protein polymers originates either from
the different conformation of states of protein subunits or a
change in the state of interaction sites.”” For instance, simply
changing the charge states of ionizable groups in a monomer
can alter the interaction energy between monomers and induce
a change in the mode of interactions.”" Particularly, regulating
the charge states of side chain carboxylic acid groups of amino
acids is prevalent in many plant viruses and other biological
supramolecular structures. In one example, carboxylate groups
on the surface of capsid proteins of tobacco mosaic virus
(TMV) particles, when in close proximity, can bind protons
with unusually high affinity and form carboxyl-carboxylate
pairs,32’33 In another example, strong binding of the proton can
be realized by burying of the carboxyl group in a low dielectric
constant environment of the protein core.* Moreover, the
pairwise interaction of carboxylic acids, via hydrogen bonds, in
a hydrophobic local environment is a well-known motif in
supramolecular chemistry.>*~*” Polymorphism of synthetic
assemblies in aqueous solution is similarly intriguing and may
have profound implications on the development of stimuli-
responsive materials. Many self-assembled polymeric and small
molecule aggregates are known to display morphological
transitions in response to external stimuli,”*" such as pH,*>*!
temperature,42’43 light, molecular cues, " etc. Furthermore,
polymorphism has been studied in out-of-equilibrium synthetic
supramolecular assemblies.*”*” However, the general princi-
ples on how to design the synthetic subunits to introduce
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polymorphism into a given supramolecular system remain
elusive.

Herein, inspired by the intricate role of the carboxyl group in
polymorphism of protein complexes, we introduce carboxylic
acid groups at the end of solubilizing chains of discotic
molecules derived from the benzene-1,3,5-tricarboxamide
(BTA) motif and investigate their regulation effect on the
self-association behavior of the BTA derivatives. BTA
derivatives decorated with aliphatic spacers covalently linked
to tetra(ethylene glycol) are known to stack into supra-
molecular polymers of micrometers in length and a few
nanometers in diameter in aqueous solution.** >’ Interestingly,
simply replacing the tetra(ethylene glycol) with a carboxylic
acid in one of the three solubilizing chains allows for the
preparation of new supramolecular structures assembled from
BTA derivatives, including ribbons, membranes, and hollow
tubes of many micrometers in length. The formation of
different structures results from the system’s tendency to
maximize the hydrophobic interactions between the aliphatic
spacers, which subsequently provide a local environment for
the pairwise interaction of carboxyl groups from the
neighboring BTAs to form hydrogen bonds. The different
morphology of the supramolecular structures can be
modulated by varying the length of the aliphatic spacer or,
for specific BTA derivatives, simply by changing the solution
conditions, such as temperature. The dynamic stability and
molecular interactions of BTAs in different supramolecular
structures are distinct from each other, as indicated by the
spectroscopic experiments and hydrogen—deuterium exchange
mass spectrometry.

B RESULTS AND DISCUSSION

Molecular Design of Asymmetric, Acid-Function-
alized BTAs. For this study, a series of four BTAs were
designed and prepared; each containing a single carboxylic acid
(Figure 1A, Scheme S1). All BTAs contain two identical arms
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consisting of 12-methylene units connected to a tetra(ethylene
glycol). As previously reported, the methylene segment
provides hydrophobic shielding for 3-fold hydrogen bonding
in the BTA core while the tetra(ethylene glycol) provides
water-compatibility." BTAs 1, 2, and 3 contain a third arm
consisting of an alkyl spacer of 1, 6, or 10 methylene units,
respectively, terminated with a carboxylic acid. This
architecture, with the carboxyl groups at the end of a
hydrophobic spacer, was chosen to increase the likelihood of
acid—acid interactions in a hydrophobic environment when
assembled in water. As a control, the third arm of BTA 4
contains a carboxylic acid at the end of the tetra(ethylene
glycol). Placing the carboxylic acid at the periphery of a water-
compatibilizing oligo(ethylene glycol) should result in typical
one-dimensional supramolecular polymers decorated with
carboxylic acids. Details on the synthesis, purification, and
molecular characterization can be found in the SL

Aqueous Self-Assembly of BTAs. Solutions of BTA 1—4
were prepared in ultrapure water by subjecting the mixtures to
successive cycles of heating and cooling. No pH adjustments
were made to the solutions. BTA 1 proved to be insoluble in
water at concentrations ranging from S mM to 50 uM; the
resulting visible aggregates were not analyzed further. BTAs 2
and 3 formed opaque solutions at concentrations ranging from
6 mM to 50 uM, which were stable at room temperature over
the course of weeks, while BTA 4 formed clear colorless
solutions. At high concentration (e.g., 0.60 wt %), solutions of
BTA 4 were noticeably viscous; this is presumably due to the
presence of chain entanglements between the supramolecular
polymers assembled from BTA 4 and is in accordance with
previous reports on oligo(ethylene glycol) decorated BTAs.
However, solutions of BTA 2 and 3 at the same concentration
were considerably less viscous and appeared as free-flowing
opaque liquids, suggesting the absence of significant chain
entanglement from the assembled supramolecular structures.
By comparing the appearance and viscosity of the solutions, a
major structural difference between the assemblies of BTA 2
and 3 and BTA 4 is evident. Interestingly, a difference in the
acidity of the carboxylic acids was observed between BTA 2
and 3 and BTA 4. The pH of 100 M solutions of BT As 2 and
3 was slightly basic (pH 7.1—7.4), whereas the pH of a 100 uM
BTA 4 solution was slightly acidic (pH 6.0—6.5).

Imaging Self-Assembled BTA Architectures in Water.
PEGylated BTA assemblies readily sequester small hydro-
phobic molecules while retaining their self-assembled struc-
tures.”® This allows for visualization of BTA assemblies by
staining with Nile Red, a solvatochromic dye, for examination
by fluorescence microscopy (Figure S1) and fluorescence
spectroscopy (Figure S2). Fluorescence microscopy of BTAs 2,
3, and 4 coassembled with Nile Red by annealing at high
temperatures in solution reveal micrometer-sized assemblies.
Although the resolution limits of this technique are unsuitable
for the determination of precise morphologies, large micro-
meter-sized aggregates are readily observed for BTA 2 (Figure
S1A, Video S1). Fluorescence microscopy of BTA 3
coassembled with Nile Red revealed high aspect ratio
supramolecular structures that are several micrometers in
length (Figure S1B, Video S2). As expected, BTA 4
coassembled with Nile Red yielded micrometer long thin
fibers as previously reported for water-soluble BT As of similar
architecture (Figure S1C, Video S3). Cryogenic transmission
electron microscopy (cryo-TEM) was employed to determine
the self-assembled structure of BT As 2, 3, and 4. To date, all

previously reported PEGylated BTAs containing 11 to 13
methylene units in the aliphatic spacer have produced thin (~$
nm) multimicrometer long fibers.** ™" As expected, this was
also the case for BTA 4, which formed micrometers long fibers
with a width of ~5 nm (Video S3). In contrast, BTA 2
assembles into a diverse assortment of membranes and ribbons
(Figure 2A—C), presumably due to the formation of bilayers

Figure 2. Distinct supramolecular structures assembled from 2 (A—C,
¢ =0.90 mM) and 3 (D-F, ¢ = 0.95 mM), characterized by cryo-
TEM. 100 nm scale bar for A, B, D, and F. 200 nm scale bar for C and
E.

stabilized by hydrophobically shielded acid—acid interactions.
Cryo-TEM of aqueous solutions of BTA 3 reveals the
formation of hollow tubes measuring ~32 nm in width and
ranging from hundreds of nanometers to several micrometers
in length, with tube walls measuring ~4 nm (Figure 2D—F).
There also exist some ribbons and small membranes (Figure
2E). Furthermore, tubes in various states of assembly from
membranes (Figure 2E,F) are found indicating that BTA 3
may share a similar packing morphology with the membrane
forming BTA 2. As the tubular BTA 3 supramolecular
structures are particularly interesting, further efforts were
taken to characterize their morphology in solution.
Structural Characterization by Small-Angle X-ray
Scattering in Solution. The structure of the tubes in
solution was further analyzed by in situ small-angle X-ray
scattering (SAXS) using synchrotron X-rays at the ESRF
(beamline BM29). Figure 3 shows the scattering intensity
profiles, I(q) as a function of scattering vector g, collected from
BTA 3 samples with concentrations of 0.75, 1.5, 3, and 6 mg/
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Figure 3. In situ small-angle X-ray scattering of BTA 3. Open symbols
represent the experimental data where squares, circles, triangles, and
diamonds represent 6, 3, 1.5, and 0.75 mg/mL BTA 3. The solid black
lines stand for the best fit results.
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mL (0.67, 1.35, 2.70, 5.39 mM), respectively, in water. The
scattering vector is defined as q = 47” sing where 6 is the

scattering angle and A is the wavelength of the X-rays.
Scattering patterns obtained from the four samples are nearly
identical, with the intensity difference due to the sample
concentration. The scattering profiles, I(g), are fitted by a
combination of a hollow cylinder model and a rectangular
parallelepiped model to represent the coexistence of the hollow
tubes and the unclosed small membranes in solution (please
see the Supporting Information for the equations used in the
model analysis). The simultaneous fit of the scattering profiles
in Figure 3 suggests that the tubular assemblies from BTA 3
have a width of ~36 nm, a shell thickness of ~5 nm, and an
average length larger than 110 nm. The membranes have a
thickness of ~5 nm, a width of at least ~25 nm, and an average
length of larger than 60 nm. The volume fraction of the tubular
supramolecular structures in the mixture of tubes and
membranes is ~93% at a concentration of 0.75 mg/mL BTA
3. The volume fraction of membranes increases at higher
concentrations of BTA 3, reaching ~41% at a concentration of
6 mg/mL. However, centrifugation steps applied before the
SAXS measurements in solution may have removed large
supramolecular structures and altered the proportion of the
tube and membrane structures. In general, the structural
information obtained from the in situ SAXS experiments agrees
well with supramolecular structures observed by cryo-TEM.

Apparently, the formation of two-dimensional supramolec-
ular polymers in BTA 2 and 3 rather than the typical 1D
fibrous assemblies results from the collective effects of the now
C, symmetric subunits, a shorter aliphatic spacer in the arm
with the carboxylic acid in comparison to that in the other
arms, and the need to effectively suppress the ionization of
carboxyl groups in the assemblies. While the structures may
look very different, a tubular assembly is a two-dimensional
polymer that possesses curvature in only one direction. Tube
formation occurs when the gain of free energy from merging
the edge of a surface lattice overcomes the excess free energy
due to distortion. The emergence of some tubular structures in
BTA 3, which only differs from BTA 2 by 4 methylene units in
the spacer, indicates that the arrangement and strengths of
interactions between the subunits are considerably different in
the supramolecular polymers. Therefore, we first examine
whether the 3-fold intermolecular hydrogen bonding between
BTA core amides still contributes to the formation of
supramolecular structures in BTAs 2 and 3, as in the 1D
fibers assembled from conventional PEGylated BTAs with C;
symmetry.

Investigating BTA H-bonding interactions via FT-IR.
The assemblies formed by BTAs 2 and 3 in solution were
probed via FT-IR to determine the presence of intermolecular
hydrogen bonds between aligned BT As in the membranes and
tubes. When molecularly dissolved in deuterated methanol,
both BTA 2 (Figure 4A) and BTA 3 (Figure 4B) display
strong amide I vibrations at 1649 cm™.* In deuterated water,
both BTA 2 (Figure 4A) and BTA 3 (Figure 4B) amide I
vibrations are shifted to 1627 and 1628 cm™, respectively. The
observed shift of the amide I vibration to lower wavelengths
indicates intermolecular hydrogen bonding between BTA core
amides. Due to the presence of intermolecular hydrogen
bonding, it is likely that the stacking of BTA cores is retained
in the acid modified BTAs 2 and 3, at least to some extent, as
schematically shown in Figure 1C. However, near the amide I
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Figure 4. FT-IR spectra of BTA 2 and 3 in solution. (A) FT-IR
spectra of BTA 2 (¢ = 20 mg mL™") in deuterated CD;0D (dashed
lines) and D,O (solid lines). (B) FT-IR spectra of BTA 3 (c = 20 mg
mL™) in deuterated CD;0D (dashed lines) and D,O (solid lines).

vibration for BTA 2 at 1628 cm ™}, a pronounced shoulder that
resembles the amide I in deuterated methanol is present,
indicating that a substantial population of BTA 2 is not
participating or is only temporarily participating in 3-fold
hydrogen bonding with neighboring BT As. These “defects” in
the stacking of BTA 2 should give rise to weaker and liquid-like
associations of BTA 2 in the two-dimensional membrane and
explain why large distortion or strains were not observed under
the cryo-TEM. In contrast, the amide I vibration of BTA 3 in
deuterium oxide is shifted to 1627 cm™, with no shoulder
corresponding to molecularly dissolved BTAs. This suggests
that with four additional methylene units in the aliphatic
spacer, the gain of the free energy from closing a membrane
into a tube and from the formation of a continuous network of
intermolecularly hydrogen bonded BTA cores is able to
compensate the distortion energy arising from the stacking of
BTAs in one direction. Furthermore, BTA 3 displays a
broadened carboxylic acid carbonyl vibration at 1728 cm™ and
a new vibration at 1655 cm™'. The vibration at 1655
cm™' is consistent with carboxyl groups either in a hydro-
phobic environment®' or involved in an acid—acid dimer.*”
This result supports our hypothesis that the pairwise
interaction of carboxyl groups can be realized in a local
hydrophobic environment shielded from the aqueous solution
(Figure 1C). With the 4 additional methylene units in the
aliphatic spacer and presumably more ordered packing, BTA 3
is also superior to BTA 2 in hydrophobically burying carboxyl
groups. Furthermore, we expect that this subtle difference in
packing morphology and ordering will lead to different solvent
accessibility and distinct monomer exchange dynamics of the
supramolecular polymers. For example, the 3-fold intermo-
lecular hydrogen bonding present in BTA 3 tubular aggregates
should be far less labile than those in BTA 2 membranes.
Microscopy and FT-IR together provide a static understanding
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Figure S. (A) Chemical structures of BTA 3 and its deuterated analogues as shown in a reaction scheme depicting the H/D exchange experiment.
(B) Kinetic exchange experiment revealing the conversion of BTA 3-3D into BTA 3-6D at 20 and 40 °C. (C) ESI-MS spectra of the BTA 3 double
sodium adducts showing the isotopic distribution at 3 min and 96 h after D,O dilution at 20 °C.

of the BTA 2 and 3 assemblies, which indicates that BTA cores
are aligned via triple hydrogen bonds within the membrane
and tubular assemblies. With this knowledge in hand, it is
essential to probe how monomer exchange dynamics
contribute to the formation of complex BTA architectures,
such as membranes and tubes.

Probing BTA Dynamics by Hydrogen—Deuterium
Exchange Mass Spectrometry. We recently introduced
hydrogen—deuterium exchange mass spectrometry (HDX-MS)
for synthetic aqueous supramolecular polymers to investigate
monomer exchange dynamics.’® The advantage of this
technique is that it does not require labeling of monomers
with a probe, such as a fluorophore or spin label, which can
alter monomer exchange behavior. Specifically, HDX-MS
analysis of 1D water-soluble BTA supramolecular polymers
revealed structural diversity within fibers, consisting of fast and
slow exchanging domains corresponding to disordered and
ordered segments of the supramolecular polymer, respectively.
Concentrated solutions of BTA 2 and 3 (500 uM) were
diluted by a factor of 100 into deuterium oxide and the
exchange of all labile hydrogen atoms (—OH, —COOH, and
—NH) to deuterium was monitored in time via ESI-MS
(Figure SA). H/D exchange occurs instantaneously when labile
hydrogen atoms are not involved in hydrogen bonding and are
solvent exposed, for example, when water penetrates the
aggregate or when a BTA monomer exits the assembly. Strong
hydrogen bonding or hydrophobic shielding, in contrast, slows
down H/D exchange. Within minutes after the dilution step,
all of the labile hydrogen atoms of BTA 2 were exchanged,
indicating that the monomers within the assembly interact very
weakly with one another or that all of the labile hydrogen
atoms are continuously solvent exposed (Figure SS). This
result is in agreement with the more “disordered”, liquid-like
packing of BTA 2 in the two-dimensional membrane structures
as determined by FT-IR. The H/D exchange profile is
drastically different for BTA 3 (Figure SB), which exchanges
far slower than BTA 2. Three minutes after dilution, ~82%

BTA 3 remains as the 3 times deuterated species (BTA 3-3D).
Upon dilution, exchange occurs at the solvent exposed alcohols
and at the carboxylic acids. H/D exchange of the carboxylic
acids to the deuterated form is likely due to rapid proton
transfer in the network of hydrogen bonded carboxyl groups.
The three remaining hydrogens of BTA 3-3D likely correspond
to the BTA amides, which are deeply shielded from water due
to hydrophobic collapse of the alkyl spacers. Furthermore, the
initial ~18% “burst” H/D exchange of BTA 3 to the fully
deuterated species is likely due to the heterogeneity of the
BTA 3 assemblies, with immediate exchange occurring in the
non-tube or -membrane structures present in solution. H/D
exchange of BTA 3-3D to the fully deuterated species was
monitored for an additional 100 h at which point ~50% of the
BTA 3-3D remained. Comparing the H/D exchange behavior
of BTA 2 and 3 indicates that the differences in macroscopic
morphology are due to an additional increase in hydro-
phobicity provided by four additional methylene units, which
results in a considerably different in-plane interaction and
molecular ordering in the two-dimensional supramolecular
polymers. In self-assembled systems, directing pathway
complexity and dynamics at the molecular scale are critical
to obtaining desired mesoscale morphologies. As revealed by
H/D exchange experiments, monomer exchange or interaction
with water can be drastically increased via subjecting solutions
of BTA 3 to elevated temperatures. After a 100-fold dilution of
BTA 3 into deuterium oxide, the solution was incubated at 40
°C for 1 h at which point ~10% of BTA 3-3D remained and
~90% of the BTA 3 was fully deuterated (Figure SB). The
same HDX-MS experiment conducted at 60 °C resulted in a
complete exchange to the fully deuterated species within 1 h.
At this point, it is necessary to investigate polymorphism in
self-assembled acid functionalized BTAs in conditions where
monomer exchange dynamics are accelerated.
Temperature-Induced Polymorphism of BTA 3. The
success in generating different morphologies by designing
BTAs with varying strengths of hydrophobic interaction in the
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assembly encouraged us to explore the polymorphism from the
same monomers. BTA 3 is the obvious candidate as its
supramolecular polymers at room temperature show different
stages of membrane and tube formation. Temperature-
dependent UV—vis experiments revealed a thermal transition
through an isosbestic point at 198 nm upon heating of BTA 3
in aqueous solution (Figure 6A). From S to 25 °C, BTA 3

r — ;
200 220 240 260 280 300 320 340
Wavelength (nm)

RS

Figure 6. Polymorphism of supramolecular assemblies induced by the
change of temperature. (A) UV—vis (c = 50 uM) of BTA 3 in water as
a function of temperature. (B) Cryo-TEM of a centrifuged sample of
BTA 3 in water at 20 °C, showing short nanotubes with ill-formed
tube walls (c = 0.90 mM). (C) Cryo-TEM of elongated BTA 3
nanotubes in water after heating to 60 °C, showing well-formed
nanotubes (100 nm scale bar, ¢ = 0.90 mM). (D) Cryo-TEM of BTA
3 in water after heating to 60 °C, showing a several micrometer long
nanotube (0.5 um scale bar, ¢ = 0.90 mM).

exhibits a UV—vis profile with a maximum at 194 nm and
shoulders at 210 and 226 nm. Upon heating to 45 °C, the
maximum at 194 nm disappears, and the shoulders become
more pronounced resulting in a maximum at 210 nm with a

shoulder remaining at 226 nm. A continued increase in
intensity of the maximum and the shoulder is observed upon
heating to 65 °C. This transition is reversible upon cooling and
can be reproduced with the same sample at least several times.
Interestingly, at high temperatures the UV—vis profile of BTA
3 closely resembles the UV—vis profile of the fiber forming
BTA with three PEGylated arms in water at 20 °C previously
reported by our group.”® This may indicate that at high
temperatures the BTA 3 chromophores are aligned in similar
fashion as helically stacked BTAs in aqueous 1D assemblies;
the tubes consist of helically winding strands. This suggests
that although the stacking order between successive BTA 3
molecules improves at the higher temperature, the overall
packing of the strands may become more flexible and more
accessible to solvent exchange, as we will discuss later.
Together, the UV—vis and HDX-MS data indicate that BTA
3 undergoes thermal reordering via a dynamic process.
Temperature dependent UV—vis and HDX-MS experiments
did not reveal the same phenomenon for BTA 2.

Striking structural changes in the BTA 3 aggregates were
further observed by temperature-dependent experiments using
cryo-TEM. Simply by centrifugation of a concentrated solution
of BTA 3 (0.6 wt %) at room temperature, we can isolate short
tubes measuring several hundred nanometers in length from
the supernatant (Figure 6B). These BTA 3 assemblies measure
~33 nm in width and several hundred nanometers in length
with wall widths of ~4 nm. A number of these nanotubes are
noticeably ill-formed and contain curved, incompletely closed
tubes. After heating to 60 °C and immediate imaging by cryo-
TEM, we observe a dramatic elongation of the hollow
nanotubes to micrometers in length with a tube width of
~31 nm and a wall width of ~4 nm (Figure 6C,D). The
increase in degree of polymerization of the tubular polymers
should be facilitated by the free energy gain from the stronger
hydrophobic interactions at higher temperature. Interestingly,
all of the hollow nanotubes tubes formed at 60 °C appeared
perfectly straight, with almost defect-free tube walls under the
resolution of the microscope and absence of any membrane-
like structures. A straight tube is formed only when the
distortion is distributed uniformly across the supramolecular
structure. Although a straight nanotube gives the impression of
high rigidity, this phenomenon is typically due to the effect of
geometric stiffness. The in-plane flexibility of the 2D lattice
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Figure 7. (A) SAXS patterns of BTA 3 (c = 6 mg/mL) in water as a function of temperature. The open symbols represent the experimental data
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results. (B) Volume fraction (closed square) and core radius (closed circle) of BTA 3 as a function of temperature. The dashed lines are point-to-
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may indeed be greater than that at 20 °C, resulting from the
weaker interactions between the BTA strands in the tubes at
high temperature, as indicated by the HDX-MS experiments.

The temperature-induced structural transitions were then
examined on an in-house SAXS instrument. Figure 7A shows
the scattering profiles collected from BTA 3 samples with
concentration of ~6 mg/mL upon heating from 20 to 70 °C.
At each set temperature, the sample was given at least 30 min
to equilibrate. As shown in Figure 7A, only slight changes
occurred in the SAXS profiles upon increasing the temperature
from 20 to 40 °C. In contrast, the scattering profile changes
markedly upon heating the sample from 40 to 50 °C, after
which the profiles largely remain the same at 60 and 70 °C.
The changes are completely reversible, albeit with some
hysteresis, as evidenced by the scattering profiles collected
from cooling the sample from 70 °C back to 20 °C. The
scattering profiles at temperatures below and above 50 °C can,
again, be fitted with a combination of a hollow tube and a
membrane model. The model analysis suggests that in the
tubular structures, the thickness of wall changes slightly from
~5 nm to ~4 nm when the temperature increases to 50 °C,
while the width of the tubes first increases to ~38 nm at 40 °C
and then decreases to ~32 nm at 50 °C. The volume fraction
(Figure 7B) of tubular structures in solution increases from
~53% to ~95% upon heating the sample from 40 to 50 °C,
presumably due to transformation of the small membranes into
tubes. It is still unclear whether the packing morphology of
BTA 3 in the supramolecular structures is also changed.
Nevertheless, the in situ SAXS provides structural information
that confirms the subtle temperature-induced changes in the
molecular interactions and organization of BTA 3 in the
supramolecular structures.

Together, the presented data displays how modulating
dynamic behavior of small molecules in water via subtle
changes to molecular structure, that is, addition or subtraction
of methylene or water-soluble oligo(ethylene glycol) units or
introducing environmental stimuli, such as heat, can result in
drastically different self-assembly structures via similar
molecular arrangements. Furthermore, monomer exchange
dynamics are critical to the self-assembled structures obtained.
From the evidence collected, it is clear that the acid
functionalized BTA 2 and 3 share a common base membrane
morphology, likely a bilayer. Tube formation is driven by an
increase in stability of the membrane structure, as evidenced by
the slow exchange dynamics of the BTA at room temperature,
and the higher energetic cost for exposing the edges of the
membranes to water. Interestingly, heating BTA 3, and thus
increasing exchange dynamics at the molecular level, results in
apparent ordering at the mesoscale, likely due to the alleviation
of some strain energy in the assemblies. A complete molecular
packing model for this system is still unclear, specifically with
regards to the location of the carboxylic acid in the
supramolecular assembly. Furthermore, the solvation state of
the oligo(ethylene glycol)s at elevated temperatures may play a
role in the formation of well-defined BTA 3 nanotubes.”
However, we do not believe that a temperature-dependent
desolvation of the oligo(ethylene glycol) units or lower critical
solution temperature effects dominate the temperature-
dependent behavior due to the increased monomer exchange
dynamics observed by HDX-MS experiments coupled with no
apparent change in solution stability of the aggregates at
elevated temperature. Herein, the formation of acid—acid
dimers between BTA fibers has been proposed as the lateral

supramolecular interaction responsible for bridging 1D BTA
supramolecular polymers into bilayers to form membranes and
tubes. However, another likely scenario for bridging fibers into
bilayers to form membranes and tubes are acid—amide H-
bonding interactions.”*~>® Further investigation of the precise
molecular organization of these molecules in water, for
example, by SANS and fiber diffraction, and the morphological
response to pH are subjects of future studies.

B CONCLUSION

In summary, we have introduced acid functionalized BTAs,
which assemble into membrane and tube-like structures in
water. In this solvent, small molecule self-assembly is
dominated by hydrophobic forces and order can be induced
via the introduction of directional supramolecular interactions,
such as H-bonding and 77— interactions. Pairwise interactions
of carboxyl groups are a popular supramolecular motif in
organic solvent and are present in the regulation of biological
structures; however this motif is quite rare in synthetic aqueous
supramolecular assemblies, where carboxyl groups are
employed as water-solubilizing moieties. By sufficiently
shielding carboxyl groups in a hydrophobic environment in
the acid functionalized BTAs, we have introduced an
additional directional supramolecular interaction, which
together with the 3-fold intermolecular H-bonding of BTA
core amides results in the generation of two- and three-
dimensional objects in water. Furthermore, introducing
carboxylic acids into BTA assemblies opens new possibilities
for the regulation of complex structures from simple building
blocks that can be reversibly modulated via external conditions
such as temperature, pH, and the addition of salts.
Intriguingly, BTA 3, where the carboxylic acid is positioned
at the periphery of the 10-methylene hydrophobic domain,
displays reversible temperature-dependent polymorphism in
which the tubular assemblies are elongated into well-ordered
and micrometers long hollow tubes at elevated temperatures.
The nature of this apparent ordering at the mesoscopic scale
can be attributed to an increase in dynamic behavior at the
molecular scale. At room temperature the dynamic exchange of
monomeric units in the aggregates is slowed down
significantly, and then both sheets and tubes are formed.
The results presented indicate that for synthetic structures and
their assembled aggregates, it is important to control the subtle
trade-off between well-defined structures, with high precision
and yields, and the dynamic nature of the assemblies. As the
latter can be tuned by temperature, it is proposed that in
molecular engineering of self-assembled architectures, next to
optimizing the molecular structure and solvent conditions,
temperature must be optimized as well. This is not as simple as
it may seem. Optimization of temperature, as a design
parameter in self-assembled architecture, presents the practical
challenge of characterizing the self-assembled aggregate across
a broad range of temperatures and times. However, as in
organic and polymer synthesis when creating new covalent
bonds, the noncovalent synthesis of objects, in high yields with
well-defined architectures, requires that all parameters of the
pathway control must be optimized; otherwise, uncontrolled

polymorphism will be an obstacle for future progress.
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