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Potential enthalpic energy of water in oils exploited
to control supramolecular structure
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Water directs the self-assembly of both natural®? and synthetic®~®
molecules to form precise yet dynamic structures. Nevertheless,
our molecular understanding of the role of water in such systems
is incomplete, which represents a fundamental constraint in the
development of supramolecular materials for use in biomaterials,
nanoelectronics and catalysis'®. In particular, despite the widespread
use of alkanes as solvents in supramolecular chemistry'">'2, the role
of water in the formation of aggregates in oils is not clear, probably
because water is only sparingly miscible in these solvents—typical
alkanes contain less than 0.01 per cent water by weight at room
temperature'>. A notable and unused feature of this water is that it is
essentially monomeric'. It has been determined previously'® that the
free energy cost of forming a cavity in alkanes that is large enough for
a water molecule is only just compensated by its interaction with the
interior of the cavity; this cost is therefore too high to accommodate
clusters of water. As such, water molecules in alkanes possess
potential enthalpic energy in the form of unrealized hydrogen bonds.
Here we report that this energy is a thermodynamic driving force
for water molecules to interact with co-dissolved hydrogen-bond-
based aggregates in oils. By using a combination of spectroscopic,
calorimetric, light-scattering and theoretical techniques, we
demonstrate that this interaction can be exploited to modulate the
structure of one-dimensional supramolecular polymers.

We discovered the importance of this principle in exploring the
self-assembly of enantiopure 1 (Fig. 1a). In the bulk, 1 forms helical
liquid crystalline structures at 20 °C with dimensions typical of
one-dimensional aggregates'® (Extended Data Fig. 1). As seen from
super-resolution fluorescence and atomic force microscopy (AFM)
images (Fig. 1b, ¢, respectively, and Extended Data Fig. 2), 1 also forms
one-dimensional aggregates when diluted in oils such as methylcy-
clohexane (MCH). At micromolar concentrations in MCH, aggregates
of 1 exhibit a preferred helicity, as observed by variable temperature
circular dichroism (VT-CD) spectroscopy. However, surprisingly, the
sign of the Cotton effect depends on the temperature of the solution.
Early experiments were marred by seemingly inexplicable irreproduci-
bility of the critical temperatures at which the transitions between these
different helicities occur. We discovered the underlying cause by unex-
pectedly drying a solution of 1 in the nitrogen-purged atmosphere of
the sample holder of the CD spectrometer (see Extended Data Fig. 3
for an analogous experiment). This dried sample no longer exhibited
the distinctive helical transitions.

It became clear that unintended fluctuations in water content
accounted for these initial inconsistencies, which motivated us to
investigate the effect of water in supramolecular aggregation in oils
in general, and its role in determining the helicity of aggregates of 1 in
particular. We assessed the self-assembly of 1 in MCH ([1] =30 pM)
with 35 p.p.m. water (measured by Karl Fischer titration) by VT-CD
and ultraviolet spectroscopies between 95 °C and 5 °C while cooling
at 60°C h™! (Fig. 1d). At temperatures greater than 81°C, 1 exhib-
its an ultraviolet absorption maximum at 221 nm and no CD signal,

which indicates that it is molecularly dissolved. Upon cooling to 81°C,
1 self-assembles to form chiral aggregates, A, which have a positive
bisignate Cotton effect at 258 nm along with a blue-shifted ultraviolet
spectrum. Cooling from 81 °C to 29 °C results in a rapid increase in
intensity of the CD signal, which suggests that A forms through a
cooperative supramolecular polymerization of 1. An unprecedentedly
abrupt transition is then observed when the solution is cooled from
29 °C to 27°C, resulting in the conversion of A into a second chiral
aggregate, B, with a positive Cotton effect at 250 nm and essentially
the same ultraviolet spectrum as that of A. Continued cooling to 21°C
results in a slight decrease in the intensity of the CD signal of B, but
cooling just below 21 °C gives rise to the rapid transformation of B into
a third chiral aggregate, C, which exhibits a negative Cotton effect at
238 nmy; further cooling does not initiate additional helical transitions.

Using VT-CD spectroscopy, we next investigated how the concentra-
tions of both 1 and water affect the critical temperatures of these tran-
sitions. The progress of self-assembly was followed by monitoring the
intensity of the Cotton effect at 258 nm as solutions were cooled from
95°C to —5°C at 60°C h~!. The formation of A is dependent on the
concentration of 1, as its critical elongation temperature decreases from
91 °C to 70°C as the concentration of 1 decreases from 59 pM to 10 uM
(Fig. 1e). A van 't Hoff analysis reveals that the enthalpy of elongation is
—86 k] (mol 1)~! (Extended Data Fig. 4a), consistent with this process
being driven by the formation of four hydrogen bonds per molecule
of 1'”18, The transformations of A—B and B—C are not sensitive to
the concentration of 1 and take place over a narrow temperature range.
Moreover, these transitions exhibit a marked dependence on the con-
centration of co-dissolved water (Fig. 1f). At 47 p.p.m. water, A—B
and B—C occur at 35 °C and 25 °C, respectively. As the water content
decreases, they occur at progressively lower temperatures, which
suggests that water binds to the structures of B and C. Van ’t Hoff plots
reveal that the enthalpies of A—B and B—C are about —21 and —26
kJ (mol H,O) !, respectively, which indicates that the enthalpic driving
force for water to bind is essentially the same in each transition
(Extended Data Fig. 4b, c). At 8 p.p.m. water, only A is formed even
after cooling to —5 °C, but it should be noted that water is still present
in over tenfold molar excess relative to 1.

To further establish that water molecules bind to B and C, we studied
each aggregate by Fourier-transform infrared (FTIR) spectroscopy. A, B
and C were all produced at 20°C ([1] =2.0 mM) simply by modulating
the water content of the solution (Fig. 2a). For instance, B forms at 20°C
when 1 is polymerized in MCH that is used as received; however, when
1 is polymerized in MCH that has been dried with activated molecular
sieves, A forms instead at 20 °C. FTIR spectroscopy reveals that A, B
and C all exhibit red-shifted N-H stretching, red-shifted amide I bands
and blue-shifted amide II bands compared to molecularly dissolved 1 in
chloroform, typical of hydrogen-bond-based aggregation of carboxam-
ides (Fig. 2b). Of particular interest is the fact that the FTIR spectrum
of B features a shoulder at 3,520 cm™! that is not observed for A, and
this shoulder appears to evolve into a new band at 3,558 cm ™! in the
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Fig. 1 | Self-assembly of 1 in MCH. a, Chemical structure of enantiopure
1. b, Super-resolution fluorescence microscopy image of a fibre of 1.

¢, AFM image of fibres of 1. d, CD and ultraviolet spectra of molecularly
dissolved 1 (M), A, B and C while cooling a solution of 1 in MCH ([1] =30
puM, [H,0] =35+ 2 p.p.m.). e, VT-CD cooling experiments in which the
concentration of 1 was varied while the water content was held constant
([1] =59 pM (darkest shade), 49 uM, 40 1M, 33 uM, 20 uM and 10 pM
(lightest shade); [H,O] =35 = 2 p.p.m.). f, VT-CD cooling experiments
in which the water content was varied while the concentration of 1 was
held constant ([H,O] =47 % 3 p.p.m. (darkest shade), 35 + 2 p.p.m.,

24 + 4p.p.m, 8 & 1 p.p.m. (lightest shade); [1] =30 uM). All water
content measurements are reported as mean =+ s.d. (n=2).

spectrum of C. On the basis of previous studies'*?’, the frequencies
of these bands are consistent with O-H stretching vibrations of water
molecules that are engaged in hydrogen bonding through both of their
OH groups. Considered together with the accompanying shifts of the
N-H stretching band and those of the amide I and amide II bands
exhibited by B and C, these measurements indicate that these structures
are formed through the incorporation of water.
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Fig. 2 | Characterization of aggregates of 1 by CD spectroscopy, FTIR
spectroscopy, micro-DSC and light scattering. a, Diagnostic region of
the CD spectra of A, B and C, with the concentration of 1 at 30 pM

(left, /=10 mm) and 2.0 mM (right, /=1 mm). b, Comparison of the O-H
and N-H stretching (left) and the amide I and amide II (right) regions of
the FTIR spectra of M, A, B and C (labels in cm™?). ¢, CD signal (top),
micro-DSC curves (middle, labels in k] (mol 1)~!) and light-scattering
counts (bottom, mean =+ s.d. (n=5) are shown) acquired while cooling a
solution of 1 in MCH.

If there is a net increase in the number of hydrogen bonds formed,
A—B and B—Care expected to evolve heat assuming minimal thermal
contributions from changes in solvation. We characterized a 0.51 mM
solution of 1 by both VT-CD spectroscopy and micro-differential scan-
ning calorimetry (micro-DSC) between 60 °C and 0°C (Fig. 2c, top and
middle) and detected exothermic transitions that clearly correspond to
A—B and B—C, respectively, as well as a broad endothermic transition
that occurs just below the critical temperature of B—C. Whereas the
enthalpy of the A—B transition is insensitive to the scan rate, that of the
B—C transition becomes less exothermic from —100 to —30 kJ (mol 1)~!
as the scan rate is decreased from 60 to 15°C h™!, which appears to
result from the endothermic transition concomitantly shifting to higher
temperatures and overlapping more with B—C. We discovered that C
scatters less light than B just below the critical temperature of B—C
(Fig. 2c, bottom), which suggests that the endothermic transition
corresponds to fibre fragmentation reactions. These processes are all
reversible, although hysteresis is observed between B—C and C—B
(Extended Data Figs. 5, 6, respectively), which is indicative of pathway
complexity®!.

An important question concerns how much water is bound to B and
C. To answer this question, we constructed a thermodynamic model
consisting of three competing, cooperative supramolecular polymeri-
zation pathways?? (Fig. 3a; see Supplementary Information for details)
that enables the derivation of equations for the free energy of elongation
of B and C (Supplementary Information equations (13), (18)). Using
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Fig. 3 | Thermodynamic model for the formation of A, B and C.

a, Schematic representation of three cooperative, competitive pathways.
The variables j, k and I correspond to the degrees of polymerization of A,
B and C, respectively. The coloured discs represent aggregated monomer
units, and the green blocks represent water molecules. b, Simulated
VT-CD cooling curves in which the concentration of 1 was varied while
the water content was held constant ([1] =59 pM (darkest shade), 49 pM,
40 pM, 33 pM, 20 pM and 10 pM (lightest shade); [H,O] =35 p.p.m.).

¢, Simulated VT-CD cooling curves in which the water content was varied
while the concentration of 1 was held constant ([H,O] =47 p.p.m. (darkest
shade), 35 p.p.m., 24 p.p.m. and 8 p.p.m. (lightest shade); [1] =30 pM).

the enthalpy of elongation of A (Extended Data Fig. 4a) and the calori-
metric enthalpies of A—B and B—C (Fig. 2¢), as well as the transition
temperatures of A—B and B—C at different concentrations of water

(Fig. 1f), these equations are used to calculate stoichiometries of water
for B and C (that is, v and v in Fig. 3a) of 0.54 and 2.0, respectively.
These calculations also yield values for the entropies of elongation of
B and C; both values agree with those reported for related supramo-
lecular polymerizations'®**. Incorporation of these parameters into a
temperature-dependent version of the model enables us to simulate the
experimental VT-CD curves presented in Fig. le, f with a high level of
accuracy (Fig. 3b, ¢, respectively). Although the molecular structures of
B and C remain elusive, we used density functional theory to construct
models based on the geometrical parameters obtained from a crystal
structure of a chemical analogue of 1 (Extended Data Fig. 7). These
models confirm that the incorporation of several water molecules into
one-dimensional aggregates of biphenyl tetracarboxamide molecules
results in a stable structure?*?* (Extended Data Fig. 8).

The action of water in oils that is demonstrated here is a result of the
potential enthalpic energy of molecularly dissolved water, which is an
often overlooked manifestation of hydrophobic effects®®?’. Although
hints that point towards these underlying effects have existed for
decades!*!>%:2 the present results illustrate the profound molecular
consequences of binding even a minuscule amount of water, which
prompted us to investigate the effect of water content on the structure
of other supramolecular aggregates in oils. We chose to re-examine the
self-assembly of triarylamines 4 and 5 (Fig. 4a, top). Both form helical
aggregates that exhibit changes in helicity as a function of tempera-
ture®®. VT-CD spectroscopic measurements reveal that the helicities of
the resulting aggregates in MCH are sensitive to the concentration of
water (Fig. 4b, ), which suggests that water molecules directly interact
with these structures as well.

We also investigated the effect of water content on the self-assembly
of chiral benzene tricarboxamide 6 (Fig. 4a, bottom), which has been
the subject of many previous studies'!. Although variation of the water
content does not affect their helicity, aggregates of 6 prepared in wet
MCH scatter more light than fibres formed in dry MCH (Extended
Data Fig. 9a). Measurements by AFM suggest an important role for
water in modulating the lateral interaction between fibres based on 6.
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Fig. 4 | Influence of water on the self-assembly of 4, 5 and 6 in

MCH. a, Chemical structures of enantiopure 4, 5 and 6. b, VT-CD
cooling experiments in which the water content was varied while the
concentration of 4 was held constant ([H,O] =60 =+ 4 p.p.m. (darkest
shade), 20 & 4 p.p.m. and 5 & 3 p.p.m. (lightest shade); [4] =50 pM;
cooling rate=60°C h™!). ¢, VT-CD cooling experiments in which the
water content was varied while the concentration of 5 was held constant
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([H20] =29 £ 2 p.p.m. (darker shade) and 17 £ 2 p.p.m. (lighter shade);
[5] =50 pM; cooling rate = 15°C h™!). All water content measurements in
b and c are reported as mean =+ s.d. (n=2). d, AFM image (left) and height
profiles (right) of a sample of 6 prepared in a water-saturated environment.
e, AFM image (left) and height profiles (right) of a sample of 6 prepared

in a glovebox. The difference in morphology observed for aggregates of 6
presented in d and e was duplicated in our laboratory.
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Single-chain fibres are observed when 6 is drop-cast under wet con-
ditions (Fig. 4d and Extended Data Fig. 9b), whereas coils of several
chains are detected in samples prepared under dry conditions (Fig. 4e
and Extended Data Fig. 9c). We propose that many other unidentified
structural transitions observed in hydrogen-bond-based aggregation in
oils arise from fundamental interactions with monomeric water mole-
cules in these highly apolar solvents.
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METHODS

Materials. Solvents used for synthesis were acquired from commercial
sources and used as received unless otherwise stated. Spectrophotometric
grade methylcyclohexane and heptane were purchased from Sigma Aldrich.
[1,1’-Biphenyl] —3,3’,5,5'-tetracarboxylic acid was either purchased from
TCI Europe (>98%) or prepared as previously reported®!. Pentafluorophenyl
trifluoroacetate (98%), 2-methoxyethylamine (99%) and triethylamine
(>99%) were purchased from Sigma Aldrich and used as received. (S)-3,7-
Dimethyloctan-1-amine was prepared as previously reported? from (S)-
citronellol (min. 99%, enantiomeric excess 98.4%) that was purchased from
Takasago. Compounds 4,4',4"-nitrilotris(N-((S)-3,7-dimethyloctyl)benzamide)
(4), 6,6,6"-nitrilotris(N-((S)-3,7-dimethyloctyl)nicotinamide) (5) and N,N',N”-
tris((S)-3,7-dimethyloctyl)benzene-1,3,5-tricarboxamide (6) were prepared as
previously reported?”33. The photoactivatable dye Cage-552 used for super-reso-
lution fluorescence microscopy was purchased from Abberior.

Instrumental methods. Flash column chromatography was performed on a Biotage
Isolera One system equipped with an ultraviolet detector. 'H (400 MHz), 1*C (100
MHz) and *°F (376 MHz) nuclear magnetic resonance (NMR) spectra were recorded
using a Bruker Avance ITI HD NanoBay spectrometer. 'H and '>C NMR spectra were
referenced to the residual chloroform signals at 7.26 p.p.m. and 77.23 p.p.m., respec-
tively. NMR spectra are provided in the Supplementary Information. Matrix-assisted
laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS)
was performed on a Bruker Autoflex Speed spectrometer using a-cyano-4-
hydroxycinnamic acid and 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-
enylidene]malononitrile as matrices. Infrared spectra were acquired using a Perkin
Elmer Spectrum Two spectrometer. Solid samples were analysed using a UATR
module. Solutions were analysed using a liquid cell (KBr, /=0.5 mm) and a slide
holder module. Baseline spectra of as-received MCH were subtracted from sample
spectra. DSC was performed on a TA Instruments Q2000 system. About 5 mg of
material was prepared in hermetically sealed aluminium pans and characterized
using the following heating program: equilibrate at 35°C, 35 °C to 300°C at
10°C min ™, 300 °C to —50°C at —10°C min~", —50 °C to 300°C at 10°C min ™.
Micro-DSC was performed on a TA Instruments Multicell DSC. About 1.0 ml of
material was prepared in Hastelloy ampoules and characterized using the following
heating program: equilibrate at 25°C, 25 °C to 60°C at 60°C h™!, equilibrate for
15 min, 60 °C to 0°C at 60°C h™, equilibrate for 15 min, 0 °C to 60°C at 60°Ch~},
equilibrate for 15 min, 60 °C to 0°C at 60°C h~%, equilibrate for 15 min, 0 °C to 60°C
at 60°C h™!, equilibrate for 15 min, 60 °C to 0°C at 30°C h™, equilibrate for 15 min,
0°C to 60°C at 30°C h™, equilibrate for 15 min, 60 °C to 0°C at 15°C h}, equilibrate
for 15 min, 0 °C to 60°C at 15°C h™!, 60 °C to 25°C at 60°C h™!. Baseline curves of
as-received MCH were subtracted from sample curves. Polarized optical microscopy
was performed on a Leica CTR 6000 microscope equipped with two crossed polar-
izers, a Linkam hot-stage THMS600 as the sample holder, a Linkam TMS94 controller
and a Leica DFC420 C camera. Ultraviolet, CD and linear dichroism spectroscopies
were performed using a Jasco J-815 spectrometer equipped with a Jasco PTC-348WI
Peltier-type temperature controller. The sample holder was purged with nitrogen at
a flow rate of 20 | min™!. Quartz cuvettes (Hellma Analytics) with path lengths of
10 mm, 5 mm and 1 mm were used. The cuvette with a path length of 10 mm was
equipped with a screw cap that was fitted with a Teflon-lined septum, and those with
5- and 1-mm path lengths were sealed with a Teflon stopper. Before all cooling and
heating traces were acquired, samples were equilibrated at 95°C for 15 min. All
measurements were conducted using the sealable 10-mm cuvette unless specifically
stated. All variable temperature measurements were performed using a cooling rate
of 60°C h™! unless otherwise stated. Karl Fischer titrations were performed using a
Mettler-Toledo C30 Coulometric KF Titrator loaded with CombiCoulomat Frit KF
reagent (for cells with diaphragm, contains methanol, purchased from Merck).
Approximately 1 g of sample was used for a typical single Karl Fischer titration. In a
modification of a previously reported procedure®, light-scattering measurements
were performed using a Malvern uV Zetasizer equipped with an 830-nm laser and
a scattering angle of 90°. Samples were prepared with as-received MCH that had been
filtered through a 0.45 pm Whatman Anatop 10 syringe filter. Measurements were
acquired after equilibrating for 10 min at the desired temperature. Samples for
wide-angle X-ray scattering were mounted on V1 grade mica sheets with a thickness
of 5-7 pum and measured for 15-min exposures using a SAXSLAB GANESHA system
equipped with a GeniX-Cu ultralow divergence source producing X-ray photons
with a wavelength of 1.54 A and a flux of 1 x 10 photons per second. Scattering
patterns were collected using a Pilatus 300K silicon pixel detector, and the beam
centre and the g range were calibrated using the diffraction peaks of silver behenate.
Conversion of two-dimensional images into one-dimensional spectra was accom-
plished with Saxsgui software. Domain spacings were calculated using primary
scattering peak positions (q*) and interplanar spacings (d* = 27/q*). For columnar
hexagonal morphologies, the centre-to-centre distance was calculated as 2d*/+/3.
AFM was performed using an Asylum Research MFP-3D system in non-contact
tapping mode. Images were processed using Gwyddion 2.49.

Synthesis. Tetrakis(perfluorophenyl)[1,1"-biphenyl]-3,3,5,5'-tetracarboxylate (7).
[1,1'-Biphenyl]-3,3',5,5'- tetracarboxylic acid (1.0 g, 3.0 mmol, 1.0 equiv.) was sus-
pended in 50 ml of acetonitrile in a 250-ml flask equipped with a magnetic stir bar.
Triethylamine (3.1 ml, 24 mmol, 8.0 equiv.) was added, and the mixture became
homogeneous after stirring for approximately 10 min. A solution of pentafluoro-
phenyl trifluoroacetate (3.1 ml, 19 mmol, 6.0 equiv.) in acetonitrile (2 ml) was then
added dropwise. After the addition was complete, the headspace was purged with
argon and the mixture was stirred at room temperature. After 5 h, the mixture was
cooled with an ice bath. The solids were collected on a fine sintered glass frit and
washed with cold acetonitrile. After drying in a vacuum oven at 50°C, 7 (3.0 g,
98%) was isolated as a bright white powder that was sufficiently pure for use in
subsequent reactions without further purification. 'H NMR (400 MHz, CDCl,): §
9.11 (t, 2H), 8.81 (d, 4H). ’F NMR (376 MHz, CDCl): § —152.14 (m, 8F), —156.49
(m, 4F), —161.45 (m, 8F).
N°,N%/,N°,N>-tetrakis((S)-3,7-dimethyloctyl)-[1,1-biphenyl]-3,3,5,5"-
tetracarboxamide (1). Compound 7 (0.32 g, 0.32 mmol, 1.0 equiv.) was dissolved
in 10 ml dry THF in a 50-ml flask equipped with a magnetic stir bar. (S)-3,7-
Dimethyloctan-1-amine (0.41 g, 2.6 mmol, 8.0 equiv.) and triethylamine (0.36 ml,
2.6 mmol, 8.0 equiv.) were diluted with 3 ml dry THF and added dropwise to the
solution of 7 at room temperature. The headspace was purged with argon, and the
mixture was stirred for 16 h at 50 °C. After cooling to room temperature, the solvent
was removed by rotary evaporation and the crude solid was dissolved in chloroform.
This solution was washed with 1 M NaOH, 1 M HCl and brine. The organic phase
was dried with MgSO, and filtered. The solvent was removed by rotary evapora-
tion, and the resulting solid was purified by flash column chromatography (eluent,
15% ethyl acetate in chloroform). 1 was isolated as a white waxy solid (0.20 g,
70%) after removing the solvent by rotary evaporation and subsequently drying
under vacuum (<100 mTorr) in a desiccator with P,Os. The material was stored
in a desiccator loaded with CaSO,. 'H NMR (400 MHz, CDCl3): 6 8.02 (m, 2H),
7.90 (m, 4H), 6.76 (broad t, 6.76), 3.50 (m, 8H), 1.08-1.74 (m, 40H), 0.96 (d, 12H),
0.86 (d, 24). '*CNMR (100 MHz, CDCls): § 166.72, 140.13, 136.02, 128.26, 125.02,
39.49, 38.89, 37.41, 36.93, 31.14, 28.18, 24.90, 22.93, 22.83, 19.76. MALDI-TOF
MS: calculated m/z for CssHoyN,4Oy4: 886.73, found: 887.77 ([M + H]™), 909.76
(M + Na] ™).

N3N N°,N°"-tetrakis(2-methoxyethyl)-[ 1,1 -biphenyl]-3,3",5,5 -tetracarboxamide
(2). Compound 7 (0.40 g, 0.40 mmol, 1.0 equiv.) was dissolved in 10 ml dry THF
in a 50-ml flask equipped with a magnetic stir bar. 2-Methoxyethylamine (0.24 g,
3.2 mmol, 8.0 equiv.) and triethylamine (0.45 ml, 3.2 mmol, 8.0 equiv.) were diluted
with 3 ml dry THF and added dropwise to the solution of 7 at room tempera-
ture. The headspace was purged with argon, and the mixture was stirred for 16 h
at 50°C. After cooling to room temperature, the solvent was removed by rotary
evaporation, and the crude solid was dissolved in chloroform. This solution was
washed with 1 M NaOH, 1 M HCl and brine. The organic phase was dried with
MgSO, and filtered. The crude 2 was serially recrystallized by dissolving in chlo-
roform with methanol and layering with pentane to yield approximately 50 mg
(22%) of colourless needles. Crystals suitable for X-ray diffraction were formed by
vapour diffusion of pentane into a solution of chloroform and methanol. 'H NMR
(400 MHz, CDCl3): 6 8.05 (m, 2H), 7.83 (m, 4H), 7.52 (t, 4H), 3.62-3.72 (m, 16H),
3.39 (s, 12H). 13C NMR (100 MHz, CDCL): § 166.66, 140.09, 135.44, 128.35,
125.12, 71.19, 58.86, 40.27. MALDI-TOF MS: calculated m/z for CygH33N,Og:
558.27, found: 559.30 ([M + H] ™), 581.28 ([M + Na]*), 597.25 ([M + K] ™).
Preparation of samples with variable water content. The water content of MCH
is highly dependent on the relative humidity of the atmosphere if handled without
special precautions. Care must be taken to ensure that samples are completely
sealed during spectroscopic measurements that take place in an inert atmosphere.
Cuvettes equipped with a screw cap and a Teflon-lined septum were found to be
best suited for these measurements. To determine the water content after analysis
by CD spectroscopy, dilute samples were directly injected into the Karl Fischer
titration instrument after withdrawing from the sealed cuvette by syringe. All
Karl Fischer titration measurements were performed in duplicate and expressed
as mean = s.d. unless otherwise stated.

At the ambient humidity in the laboratory in which this research was carried
out, as-received MCH contained 32 4 3 p.p.m. H,O (mean = s.d. of four measure-
ments). MCH was dried by sparging with argon and then storing over activated 3 A
molecular sieves overnight in a sealed bottle. After bringing into a nitrogen-filled
glovebox, the MCH was passed through a 0.2-pm Whatman Anatop 10 syringe
filter. The typical water content for dry MCH prepared in this way was <0.1 p.p.m.
(that is, below the level of detection of the Karl Fischer titration). Dry samples
were prepared in a nitrogen-filled glovebox with dry MCH, taking special care to
use oven-dried glassware and Teflon-lined caps for vials. Alternatively, in a mod-
ification of a previously reported procedure®, dry samples may be prepared with
as-received MCH in sealable cuvettes by exposure to a nitrogen-purged atmosphere
(for example, in the sample holder of a CD spectrometer) for a short time at 20°C
before starting the measurement.
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Wet MCH was prepared by layering MCH (around 20 ml) over water (around
1 ml) that was purified with an EMD Milipore Mili-Q Integral Water Purification
System. After allowing to set for at least 2 h, wet MCH was carefully withdrawn
with a syringe from the top layer without disturbing the bottom water phase. Wet
samples were prepared on the benchtop; care must be taken to minimize exposure
of the solvent to the atmosphere by quickly sealing the sample vials. Wet MCH
transferred in this way contained approximately 60 p.p.m. water. To form C at
20°C in MCH (for example, in preparation for characterization by infrared spec-
troscopy), a small drop of water may be added to a sample of A or B that has been
prepared using dry or as-received MCH, respectively. Gentle agitation to facilitate
mixing (that is, inversion of the vial) resulted in the formation of C within seconds.

To prepare wet samples for AFM analysis, solutions of 6 were prepared in wet

MCH and then drop-cast onto mica. The sample was left to evaporate in a Petri
dish that contained 1 ml of water. The dish was covered and allowed to stand
overnight at room temperature before imaging. The sample was not allowed to
come into direct contact with the water droplet. To prepare dry samples for AFM
analysis, solutions of 6 were prepared in dry MCH and then drop-cast onto mica in
the glovebox. The dish was covered and allowed to stand overnight in the glovebox
at room temperature before imaging.
Bulk characterization of 1. Using DSC, phase-transition temperatures and their
corresponding enthalpies were determined from the cooling and second heating
traces with cooling and heating rates of 10°C min~! (Extended Data Fig. 1a). The
isotropic melt was reached at 273 °C, and another phase transition was observed
at 262°C; the total enthalpy of these two transitions is 38 ] g . The corresponding
exothermic transitions were observed in the cooling trace at 269 °C and 259 °C, respec-
tively. No additional phase transitions were observed between 259 °C and —50°C.
Using polarized optical microscopy, mosaic and focal conic textures were observed,
similar to those reported for benzene tricarboxamide-based liquid crystals®.
Extended Data Fig. 1b shows this texture at 135 °C after cooling from the iso-
tropic melt at 10°C min~!. The liquid crystalline structure of 1 was character-
ized by wide-angle X-ray scattering. The scattering pattern as well as the lattice
parameters of 1 at 20 °C are shown in Extended Data Fig. 1c. In the small angle
regime, three reflections were observed with g values of 3.0, 5.2 and 6.0 nm ™. The
reciprocal spacing ratio is calculated as 1:/3:2, which is assigned to the columnar
hexagonal liquid crystal structure with the corresponding lattice distances
d[100] =2.1 nm, d[110] =1.2 nm and d[200] = 1.1 nm, respectively. From d[100],
the domain spacing, Lo, is 24 A.Inthe wide-angle regime, the reflection at 19.8 nm~!
gives a d-spacing of 3.2 A, which we assign to the interdiscotic distance. These
dimensions are similar to those observed for benzene tricarboxamide-based
aggregates'®.

Bulk 1 was further characterized by CD and FTIR spectroscopies. Bulk 1 was
prepared for analysis by CD spectroscopy by drop-casting a 2.0 mM solution of 1
in MCH onto a quartz slide. After most of the MCH had evaporated in the ambient
atmosphere, the film was heated to 100 °C using the Peltier controller of the CD
spectrometer for 1 h. The resulting spectrum (Extended Data Fig. 1d) shows a
positive Cotton effect at 255 nm. The full FTIR spectrum of bulk 1 cooled from
isotropic melt is presented in Extended Data Fig. le, and the comparison of the
N-H stretching and the amide I and amide IT bands of bulk 1 and A ([1] =2.0 mM
in dry MCH) are shown in Extended Data Fig. 1f.
van ’t Hoff analyses. The enthalpy of elongation, AH,, for the formation of A
was estimated from a van 't Hoff plot of In(K.) versus 1/T. (Extended Data Fig. 4a;
Ke=a;7", a3=[1]/[1]se5, [1]sef=1 uM in MCH and T, is the elongation temperature
at a given [1]). The elongation temperatures were identified using scripts written
previously®”. This procedure has been previously used to estimate the AH, for other
cooperative supramolecular polymerizations'”. For A—B and B—C, an analogous
procedure was used to estimate the corresponding molar enthalpies of hydration
for each process, AHpyq,4 and AHpyg g, respectively (Extended Data Fig. 4b, c). We
assumed that A and B are in equilibrium with molecularly dissolved water in each
respective transition. For each transition, In(Kpya,a) and In(Kyq g) (Khya = amo L
a0 = [H,0]/[H;0] e, and [HyO] =1 pM in MCH) were plotted against 1/Tx_.g
and 1/Tg_.c, respectively. The critical temperatures T, and Tg_.c were identified
using the second derivative of each corresponding VT-CD curve (Extended Data
Fig. 4d). On the basis of the independence of A—B and B—C to the concentration
of 1 (Fig. 1e), we assumed that the activities of A, B and C were constants.
Super-resolution microscopy. A modification of previously reported PALM* and
iPAINT® protocols were used to visualize fibres of 1 and 6. A detailed description
of this technique is in preparation and will be published elsewhere. In short, 200 pM
solutions of each aggregate were stained with 1% v/v of Cage-552 (10 mM in
DMSO) and 1% v/v of i-PrOH. Each prepared sample was injected into a sample
chamber constructed from a glass cover slide and coverslip held together with double-
sided tape, and iPAINT images were acquired using a Nikon N-STORM system
as described previously®. Time-lapses of 15 x 10° frames were recorded onto a
256 x 256 pixel region (pixel size 170 nm) of an EMCCD camera (ixon3, Andor)
at a rate of 47 frames per second. To perform single-molecule experiments, a low
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ultraviolet laser light power (1.6 mW cm ™2 power at 405 nm) is used to uncage a
small amount of dye per frame, statistically ensuring a spatial separation greater than
the diffraction limit of light. The sample is subsequently irradiated at 561 nm with
a laser of optical intensity 488 mW cm™ to excite the single molecules that were
previously photoactivated. The high-power laser bleaches the excited molecules,
so that a new subset of molecules can be photoactivated, excited and localized.
The localization of single molecules is finally carried out by NIS-element Nikon
software. The procedure for the thickness analyses is detailed in the Supplementary
Information.

X-ray crystal structure determination of 2. C,3H3sN,O5-2CHCl3, M,,=797.36 g
mol~!, colourless needle, 0.53 x 0.14 x 0.02 mm?, triclinic, P1 (no. 2),
a=12.2183(9), b=14.9730(9), c = 16.0255(9) A, o =73.220(3), 3= 82.014(2),
y=77.416(3)°, V=2,730.4(3) A%, Z=3, D, = 1.455 g cm >, t=0.53 mm~". 70,947
reflections were measured on a Bruker Kappa ApexII diffractometer with sealed
tube and Triumph monochromator (A=0.71073 A) at a temperature of 150(2) K
up to a resolution of (sin 6/\)max = 0.65 A~!. The intensities were integrated with
the Evall5 software®’. Numerical absorption correction and scaling was performed
with SADABS*! (correction range 0.73-1.00). 12,556 reflections were unique
(Rint=0.062), of which 7,428 were observed (I > 20(I)). The structure was solved
with Patterson superposition methods using SHELXT*2. Least-squares refinement
was performed with SHELXL-2016*® against F* of all reflections. Non-hydrogen
atoms were refined freely with anisotropic displacement parameters. One of the
chloroform molecules was refined with a disorder model. Hydrogen atoms were
introduced in calculated positions. N-H hydrogen atoms were refined freely with
isotropic displacement parameters. C-H hydrogen atoms were refined with a rid-
ing model. 707 parameters were refined with 168 restraints (distances, angles and
displacement parameters of the chloroform molecules). R1/wR2 (I > 20(I)):
0.0619/0.1528. R1/wR2 (all reflections): 0.1189/0.1826. S =1.029. Residual electron
density between —0.74 and 1.10 e A~>. Geometry calculations and checking for
higher symmetry were performed with the PLATON program**,
Computational settings. Density functional theory simulations were performed
using VASP. The PBE exchange-correlation functional was used in conjunction
with the projector augmented wave approach. All structures were optimized to
their local minima using the conjugate gradient algorithm as implemented in
VASP. The nature of the stationary points was evaluated from the harmonic modes,
computed numerically by using a complete Hessian matrix (that is, incorporating
all degrees of freedom). No imaginary frequencies were found for the optimized
structures with the exception of some degrees of freedom corresponding to rotation
and translation, which confirms that these geometries correspond to local minima
on the potential energy surface. Optimization and other electronic settings are
provided in the Supplementary Information.

Data availability. Data that support the findings of this study are available within
the paper and its Supplementary Information. Metrical parameters for 2 are availa-
ble free of charge from the Cambridge Crystallographic Data Centre (https://www.
ccdc.cam.ac.uk) under reference number CCDC 1562237.
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Extended Data Fig. 2 | Super-resolution fluorescence and AFM images
of 1. a, Supramolecular fibres of 1 stained with Cage-552 photoactivatable
dye imaged by super-resolution fluorescence microscopy (left) and
corresponding thickness analysis (right). The indicated zone in the
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microscopy image is depicted in Fig. 1b. A discussion of the thickness
analysis and a comparison to fibres of 6 is provided in the Supplementary
Information. b, Supramolecular fibres of 1 imaged by AFM in non-contact
tapping mode. The indicated zone is depicted in Fig. 1c.
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Extended Data Fig. 4 | van ’t Hoff analyses. a, van 't Hoff plot of In(K) represent In(Kpyq,8) calculated using the mean of the water content
versus 1/T, (left) with tabulated T data (right). b, van 't Hoff plot of determined for each respective measurement. The error bars correspond
In(Kpya a) versus 1/T . The points represent In(Kpya a) calculated to the spread of In(Kpyq ) as a result of the experimental uncertainty of
using the mean of the water content determined for each respective each respective water content measurement. d, Determination of Tx_.p
measurement. The error bars correspond to the spread of In(Kpyq,a) as a and Tg_.c from the second derivative of the corresponding VT-CD curves
result of the experimental uncertainty of each respective water content presented in Fig. 1f (labels in °C).

measurement. ¢, van 't Hoff plot of In(Kyq ) versus 1/Tg_.c. The points
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Extended Data Fig. 5 | Cooling and heating experiments using VT-CD scanning rates of 15 (left), 30 (middle) and 60°C h™! (right). Samples were
spectroscopy. The CD intensity was monitored at 258 nm while cooling prepared with as-received MCH ([1] =30 uM, [H,0] =35 + 2 p.p.m.).
from 95 °C to —5°C and then immediately heating back to 95 °C with
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in as-received MCH
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Extended Data Fig. 6 | Heating experiments with aggregates of 1.

A 0.51 pM solution of 1 in as-received MCH was characterized by
VT-CD spectroscopy (top), micro-DSC (middle) and light scattering
(bottom, mean = s.d. (n =5) are shown). In the micro-DSC plot, only the
endothermic transitions corresponding to B— A with scan rates of 15 and
30°C h™! had baselines suitable for integration (labels in kJ (mol 1)7!).

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



LETTER

’,
ot omy co2 c102
@—% cs1
o021

Extended Data Fig. 7 | Crystal structure of 2. a, Chemical structure of 2. in the crystal. The two independent molecules are shown in black and

b, Displacement ellipsoid plot (50% probability level) of 2 in the crystal. red, respectively. Hydrogen atoms and chloroform solvent molecules are
C-H hydrogen atoms and chloroform solvent molecules are omitted omitted for clarity. The structure shows pseudo-translational symmetry in
for clarity. Only one of two independent molecules is shown. The other the b-direction.

independent molecule is located on an inversion centre. ¢, Packing of 2

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



LETTER
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Extended Data Fig. 8 | Molecular model of water binding to an hexameric aggregate of 3. Hydrogen atoms, apart from those engaged
aggregate of biphenyl tetracarboxamide molecules. a, Chemical in hydrogen bonding, are omitted for clarity. The structures are colour
structure of 3. b, Molecular models based on density functional theory coded as follows: hydrogen bond, dashed lines; carbon, black; oxygen, red;
calculations for the incorporation of four water molecules into a nitrogen, blue; water molecules, green.
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Extended Data Fig. 9 | The influence of water content on the self- 6 (30 pM in wet MCH) that was drop-cast on mica in a water-saturated
assembly of 6 in MCH. a, CD signal (top), ultraviolet absorbance (middle)  environment. The indicated zone is depicted in Fig. 4d. ¢, Typical AFM
and light-scattering counts (bottom, mean =+ s.d. (n=5) are shown) picture (left) and height profiles (right) of a sample of 6 (30 uM in dry
acquired while cooling solutions of 6 in wet, as-received or dry MCH. MCH) that was drop-cast on mica under dry conditions in a glovebox.
b, Typical AFM picture (left) and height profiles (right) of a sample of The indicated zone is depicted in Fig. 4e.
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