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ABSTRACT

Water molecules can play a striking role in dictating the structure of supramolecular polymer networks in
apolar media, but the consequences on their viscoelasticity are not completely understood. Herein, we
compare two synthetic supramolecular polymer networks based on hydrogen bonding motifs that co-
assemble with water molecules in different ways. The first is a biphenyl tetracarboxamide (BPTA) that
forms three different helical structures, two of which feature intercalated water molecules. The second is
2,4-bis(2-ethylhexylureido)toluene (EHUT), for which water molecules act as chain stoppers. Networks of
each motif in n-dodecane were studied by light scattering, linear viscoelasticity, and passive microrheology
while controlling the environmental conditions. At low temperatures in the presence of traces of water, both
motifs form networks of dynamic, “living” supramolecular polymers. At high temperatures, in striking
contrast to EHUT networks, BPTA networks behave like conventional covalent polymer chains. The
counterintuitive behavior of BPTA networks is proposed to originate from enhanced dynamicity enabled

by intercalated water molecules at low temperatures.

INTRODUCTION

Supramolecular polymer networks are a promising class of functional materials for applications that
demand thermal reversibility and stimuli responsiveness. These properties are derived from the dynamic,
non-covalent nature of the interactions that hold the monomer units together. Many reports have
demonstrated that multicomponent co-assembly is a powerful approach for tuning and elaborating the
rheology of such materials. A classic example is the use of chain stoppers to control the degree of
polymerization of supramolecular polymers, which directly impacts their viscoelasticity.>* In a more recent
example, Aida and co-workers>® created supramolecular materials that exhibit upper and lower critical
solution temperatures by elegantly exploiting the competitive assembly between a supramolecular polymer
and the clustering of alcohols in apolar solvents. Other recent studies on benzene tricarboxamides,’®

triarylamine tricarboxamides,® crown ether-based structures,**!* and bisureas?*¢ highlight how competitive



non-covalent interactions can be harnessed to create supramolecular networks and gels with unique
rheological properties in organic solvents or aqueous media.’

An intriguing facet of this research concerns the role of minute amounts of water in dictating the
structure and properties of self-assemblies in apolar media.'®° Contrary to simple aliphatic alcohols that
tend to form clusters in such media,® water dissolved in alkane solvents exists in the molecularly dissolved
state, even at saturation.?%?! Thus, at sufficiently low temperature, there is an enthalpic driving force for
water to interact with co-dissolved substrates that can form hydrogen bonds. For supramolecular polymer
networks formed in oils, the nature of this interaction—along with its effect on material properties—
depends on the chemical structure of the supramolecular monomer. Thus far, these interactions have only
been described empirically; concrete design principles for specific water-based interactions remain to be
established. Such understanding could have important implications for the development of supramolecular
organogels, which have garnered interest in the fields of coatings, multi-functional sorbents, electronics,
and drug delivery.?

In this context, the co-assembly of the chiral biphenyl tetracarboxamide BPTA (Figure 1a) with water
molecules has proven to be a fascinating model system.?*?> BPTA assembles at micromolar concentrations
in methylcyclohexane (MCH) to form helical one-dimensional fibers assigned as state A (Figure 1b), which
is distinguished by a positive Cotton effect at 258 nm by circular dichroism (CD) spectroscopy. When the
temperature is sufficiently low and the concentration of co-dissolved water is sufficiently high, A undergoes
sharp structural transitions to form two other kinds of fibers, states B and C, that have a positive Cotton
effect at 250 nm and a negative Cotton effect at 238 nm, respectively. Spectroscopic and calorimetric
experiments revealed that B and C are co-assemblies between BPTA and water molecules. Using a
thermodynamic mass-balance model, we estimated that B and C contain 0.5 and 2.0 water molecules per
BPTA molecule, respectively. Although the molecular structures of these assemblies remain unknown,
FTIR spectroscopic measurements suggest that water molecules act as structural units between assembled

BPTA monomers in states B and C, as schematically depicted in Figure 1b. Molecular models based on



density functional theory calculations confirm that clusters of water between assembled BPTA monomers

are stable structures.
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Figure 1. (a) Chemical structure of the biphenyl tetracarboxamide BPTA. (b) Schematic mechanism for
the supramolecular co-assembly of BPTA with water to give states A, B, and C. The cartoons are qualitative
representations of each state, and the stoichiometry was previously determined on the basis of a mass-
balance model.? (c) Chemical structure of the bisurea EHUT. (d) Schematic mechanism for the

supramolecular assembly of EHUT to give filaments (left) and tubes (center).?6-2°

Taken altogether, the water molecules are proposed to act as intercalators® in this system, with BPTA
concentration, temperature, and water content acting as complementary parameters for controlling the
helical state. Although the first studies were focused on understanding the co-assembly mechanism and the
helical structure,®2* some key observations piqued our interest with respect to the viscoelasticity of these
materials. For example, we noticed that after gently warming millimolar samples of BPTA in MCH, the
solutions became noticeably less viscous upon reaching room temperature.

We were thus motivated to further explore the linear viscoelasticity (LVE) of BPTA networks. To bring

greater perspective to this study, we sought to compare their LVE to that of another supramolecular polymer
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network based on a different hydrogen-bonding motif that also co-assembles with water molecules in apolar
media. Only a few relevant examples of have been reported, and the LVE of most of these systems is not
yet well understood.!1° A notable exception, however, is supramolecular polymer networks based on the
bisurea 2,4-bis(2-ethylhexylureido)toluene (EHUT, Figure 1c).41215162931-35 The phase diagrams for
EHUT networks have been determined as a function of temperature, EHUT concentration, and pressure,
revealing that EHUT assembles into either filaments or tubes depending on the conditions (e.g., low
temperature, high concentration, and high pressure favor the formation of tubes). Networks prepared from
EHUT tubes are thermodynamically stable and can be well-described by the model of Cates for "living"
supramolecular polymers (vide infra).3*% The LVE of EHUT networks was studied by measurements
within a humidity-controlled sample environment?® and was found to depend on water content. To
rationalize these findings, it was proposed that water molecules act as chain stoppers (Figures 1d, S1, and
S2; see the Supporting Information for further discussion).?6? The competitive association of water
presumably takes place at the ends of the fibers and leads to a reduction of the average length, but it does
not appear to alter the packing of the EHUT monomers throughout the fibers.?

In the case of both BPTA and EHUT networks, water molecules compete with the homopolymerization
of each respective monomer motif, but the outcomes in terms of polymer structure are strikingly different.
We aimed to uncover how the different structural roles of water molecules impact the LVE of each
respective supramolecular polymer network under different environmental conditions. Herein, we
compared and contrasted the BPTA and EHUT systems based on a variety of techniques, including light
scattering, conventional linear rheometry (small amplitude oscillatory shear, SAOS), and passive
microrheology. All of these experiments were performed while carefully controlling the environmental
conditions. We found that BPTA networks exhibit a striking evolution in the values of the viscoelastic
moduli in response to temperature. At 35 °C, BPTA materials in state A behave as a network of “non-
living” polymer chains made up of static, non-dynamic bonds. Counterintuitively, decreasing the
temperature to access states B and C resulted in a speeding-up or slowing-down of the material’s relaxation
dynamics depending on the water content; in both states, the material behaves like a network of “living”
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supramolecular polymers held together by dynamic bonds, which is the same behavior observed for EHUT
polymer networks. These trends were established with complementary experiments with varying relative
humidity. We propose that the counterintuitive behavior of BPTA networks is attributable to enhanced

dynamicity induced by the intercalated water molecules.

EXPERIMENTAL SECTION

Materials. N3 N*’ N° N°-tetrakis((S)-3,7-dimethyloctyl)-[1,1'-biphenyl]-3,3',5,5'-tetracarboxamide
(BPTA)? and 2,4-bis(2-ethylhexylureido)toluene (EHUT)?® were prepared as previously reported. n-
Dodecane (>99%) was either purchased from Sigma-Aldrich or Alfa Aesar and used as-received (i.e., each
stock contained dissolved water that was absorbed from the ambient atmosphere). Sodium chloride (>99%),
lithium chloride (>99%), and phosphorus pentoxide (>98%) were purchased from Sigma-Aldrich and used

as-received.

Circular dichroism (CD) spectroscopy. Experiments were performed using a Jasco J-815 spectrometer
equipped with a Jasco MPTC-513 multi-cell sample holder and temperature controller. The sample chamber
was purged with nitrogen at a flow rate of 20 L/min. A quartz cuvette (Hellma Analytics) with a path length

of 10 mm and a cap with a Teflon-coated septum was used.

Rheometry. Experiments were performed with an Anton-Paar (Austria) Physica MCR-501 rheometer
equipped with a Peltier unit for temperature control (+0.1°C), which also constitutes the bottom plate, and
a top cone geometry. All metallic components were made of stainless steel. Four different cones were used
with a diameter (angle) of 8 mm (a=1°), 12.5 mm (a=1°), 25 mm (a=2°) and 50 mm (a=2°). The choice of
dimensions was made based on the torque signal as needed. For samples with concentration below 5 g/L, a
stainless steel Couette geometry (bob diameter=16.5 mm, cup diameter=17.0 mm, bob length=13.0 mm)
was mounted on a strain controlled ARES 100 FRTN1 rheometer (TA, USA). The temperature was

controlled with a Peltier unit. All measurements were performed at atmospheric pressure.



Samples were loaded at the desired temperature and immediately isolated from the ambient atmosphere
with the humidity chamber.?®3" After loading and equilibration, a rheological “rejuvenation” test was
performed to erase the history of the sample due to preparation and loading on the measuring stage. The
rejuvenation protocol consisted of a dynamic time sweep test at a fixed nonlinear strain, typically 700%,
and fixed oscillatory frequency (1 rad/s) for a given time until full liquid-like behavior of the system was
reached (typically 300 s).

Afterwards, the aging kinetics was followed with consecutive dynamic frequency sweep tests, and
measurements were performed after the sample had reached its mechanical steady-state. The linear
viscoelastic regime was determined by dynamic strain sweep tests and is defined as the regime in which
the dynamic moduli are independent of the applied strain amplitude. Creep measurements (step stress) were
performed to study the higher concentration samples. When the applied stress was within the linear
viscoelastic regime, the creep response (compliance) was converted into dynamic moduli through the
relaxation/retardation spectra.®® Here, the creep compliance J(t) was converted to G'(w) and G"(w) by
means of the NLReg software based on a generalization of the Tikhonov regularization method.*® This

approach allowed extending the LVE spectrum determined by SAOS measurements.

Static light scattering (SLS). Measurements were performed at different temperatures in the range of 15
to 35 °C and at scattering angles (#) ranging from 15° to 150° using an ALV-5000 (Germany) goniometer
setup with a cw Nd:YAg laser (1o = 532 nm). The temperature was controlled with a recirculating

water/ethylene glycol bath. The samples were equilibrated for 60 min upon each change in temperature.

4Tng

Each observation angle corresponds to a scattering wave-vector g = 3
0

sin (g) where ns is the refractive

index of the solvent.

Dynamic light scattering (DLS) and passive microrheology. Measurements were conducted using a

homemade setup that has been reported previously.?>*44 A cw Nd:Yag laser at 532nm was used, and



measurements were made at a fixed scattering angle of 90°. A mono-mode optical fiber was used to transfer
the scattered light into a photomultiplier tube.

For microrheology, polymethylmethacrylate (PMMA) particle probes were added at a volume fraction
of about 0.01%. The particles were chemically grafted with poly(hydroxystearic acid) chains (with a length
of about 10 nm) to ensure proper dispersion of the probes, and they had a hydrodynamic radius of 130 nm
with a polydispersity on the order of 10%.%? Under these conditions, at 25 °C the PMMA probes and the
solvent have refractive index values of 1.49 and 1.42, respectively.*® For high concentration samples (c > 8
g/L) and high temperatures (about 180 °C), the experiments were performed with another homemade setup
that has been reported previously.'® The scattering intensity was collected by means of an optical mono-
mode fiber via a respective sample window at 90° scattering angle.

In one experiment, a CCD camera was used to acquire multi-speckle patterns in a series of images during
a temperature ramp from 180 °C to room temperature. Variations in the resulting scattering intensity were

interpreted as signatures of the different states of the material.

Sample preparation. For CD spectroscopy and SLS experiments, samples of BPTA (up to 0.1 g/L in n-
dodecane) were prepared by heating, vortexing, and sonicating for approximately 1 h, which was followed
by mixing overnight at 20 °C using a sample shaker.

For SAOS measurements, samples of BPTA (from 1.8 to 90 g/L in n-dodecane) were prepared by
heating, vortexing, and sonicating every hour for 45 min for three consecutive days until they became
homogeneous to the eye. This process was followed by an equilibration period of ten days at 20 °C. The
equilibration period was determined on the basis of control experiments that consisted of following the
heating/vortexing/sonicating protocol and subsequent measurement of the mechanical properties and aging
of the material at well-controlled conditions. Samples of EHUT were prepared as described
previously,%2%:35 which consisted of adding the desired quantity of EHUT powder (stored under ambient

conditions) to n-dodecane and then stirring at 80 °C for 48 h.



For DLS and passive microrheology, samples of BPTA (from 1.0 to 8.0 g/L in n-dodecane) were
prepared in the same way as described above for SAOS experiments. Before commencing each experiment
(or set of experiments), the sample was allowed to equilibrate in the sample tube overnight at 20 °C.

Samples of EHUT were prepared in the same way as described above for the SAOS measurements.

THEORETICAL BACKGROUND

Given that the linear viscoelastic properties of EHUT networks have been extensively discussed in terms
of the model of Cates for "living" polymers,®44 it is useful to briefly review the key elements of this
framework to facilitate the interpretation of the results of the BPTA system. In general, supramolecular
monomers can assemble into long fibers that interact with each other, resulting in a three-dimensional
network.*>4® "Living" supramolecular polymers are defined as being able to undergo reversible chain
scission and recombination reactions to relax an imposed stress, which is similar to the behavior of
wormlike surfactant micelles.*” Thus, both monomer-monomer and entanglement-like fiber-fiber
interactions dictate the relaxation dynamics of the system. These two processes correspond to two
timescales: the breaking time (z,) and the reptation time (z;), respectively. In the fast-breaking limit (i.e.,
< 17), the terminal relaxation time is defined as = = (= 7:)°°, and the storage and loss moduli follow a single
exponential Maxwell behavior at low frequencies (terminal regime). Assuming that the average micellar
length (L) scales with the breaking time as z,~L* and that L scales with concentration (c) as L~c%®, the
terminal relaxation time scales with concentration as z~c'?°. As for semi-dilute polymer solutions, the
plateau modulus (Go) is proposed to scale with ¢ as Go~¢c%%.48

In contrast, for static, “non-living” supramolecular polymers in the non-breaking limit (i.e., 7 >> ), the
chain scission and recombination processes are too slow to contribute to stress relaxation, which is similar
for covalent macromolecular analogues. The terminal relaxation time is thus simply equal to the reptation
time. Such systems are expected to follow scaling laws predicted within the reptation model for semi-dilute
polymer solutions.*® For the plateau modulus and the terminal relaxation time, these relationships are

Go~c*?® and r=1~c?%, respectively. It should be noted that the above model does not consider non-reptative
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mechanisms (e.g., contour length fluctuations and constraint release). Alternative approaches to constitutive
modeling, also accounting for nonlinear effects, and a slip-link simulation model were recently

presented.*4%-2 However, we note that the nonlinear response is not addressed in this work.

RESULTS AND DISCUSSION

Self-assembly and aging effects. All BPTA and EHUT networks were prepared in n-dodecane, an alkane
with a high boiling point (216 °C) and a melting transition below room temperature (—10 °C), to minimize
evaporation during the experiments. The assembly of EHUT networks in n-dodecane has already been
studied,'>162%34 byt all previously reported experiments with BPTA were performed in MCH or heptane.?*
25, As discussed in the Supporting Information (Figures S3), CD spectroscopy measurements confirmed
that BPTA assembles in n-dodecane in essentially the same way as reported previously. In particular, the
material was found to be in states A, B, and C (Figure 1b) at 35, 25, and 15 ° C, respectively, under ambient
humidity.

To begin to explore how the co-assembly of BPTA with water impacts the higher order structure of the
aggregates, static light scattering (SLS) experiments were performed on samples under relatively dilute
conditions (0.09 g/L in n-dodecane). In Figure 2, the excess scattering ratio Ry is plotted as a function of
wave-vector g at 15, 25, and 35 °C, corresponding to the formation C, B, and A, respectively. A change in
the scaling of Ry is observed, going from g2 at 15 °C for C to g * at 25 and 35 °C for B and A, respectively.
The leveling-off of the intensity at lower g values at 15 °C indicates that the overall size of C was nearly
captured in the experiment; this is not the case for A and B. The transitions between these different states
at higher concentrations of BPTA (1.0to 8.0 g/L in n-dodecane) were evidenced by dynamic light scattering

and microrheology experiments as discussed in the Supporting Information (Figures S4-S6).
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Figure 2. Excess scattering ratio as a function of wave-vector of BPTA (0.09 g/L in as-received n-dodcane)

at (a) 35, (b) 25, and (c) 15 °C. Lines with slopes of —1 (grey) and —2 (black) reflect the behavior of rod-

like and flexible chains, respectively.

Careful control of the sample environment was required for exploring the viscoelasticity of these
materials. Building upon previous work,? we recently designed an improved chamber to isolate the sample
from the ambient environment during linear SAOS measurements, allowing for the rigorous control of
temperature and humidity while suppressing unwanted evaporation of the sample (Figure S7a).*” The
relative humidity (RH) could be easily controlled by loading desiccants or salt solutions into compartments
within the chamber; target RH values were rapidly reached and remained stable for at least 30 h (Figure

S7h).

11



Even in the absence of an external stimulus, many supramolecular polymers are metastable structures
that build up over time,>%¢ resembling the assembly of proteins in biological systems (e.g., gelatin and
actin filaments). Despite the stability of the environmental conditions, we found that BPTA networks were
subject to aging over hours and days. For example, the evolution of the spectra of a 45 g/L BPTA sample
that was loaded into the environmental control chamber of the rheometer is depicted in Figure 3. In this
experiment, the BPTA sample had been equilibrated at 20 °C for several days before being loaded into the
chamber that was pre-heated to 35 °C with ambient RH. Over the course of 14 h, the plateau modulus
increased by a factor of 1.5, while the crossover frequency of G’ and G” shifted by over a decade toward
lower frequency. The shift in the crossover frequency became less pronounced over time, suggesting that

the system approached a steady state.

10°

10°

G,G" (Pa)

10’

G' G" time(h)

—_ —— 2

——  —— 4

T=20-35°C . . g
RH=60% — 8

10

Figure 3. Evolution of rheological spectra of a 45 g/L BPTA sample upon loading on the rheometer. The

sample had been stored at 20 °C before being loaded into the chamber that had been pre-heated to 35 °C.
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Although the origin of this aging remains unclear, an important factor for samples that have a high
loading of BPTA is the wide fluctuations in water content required to effect each structural transition. For
example, taking into consideration the stoichiometry of water in states B and C (i.e., 0.5 and 2.0 molecules
of water per molecule of BPTA, respectively, see Figure 1b),22 a 45 g/L (51 mM) sample of BPTA
requires water concentrations of 25 and 101 mM to form states B and C, respectively. These values are in
excess of the concentration of water in saturated n-dodecane, which is only 2.7 mM.%" Thus, at sufficiently
low temperature, BPTA networks must absorb a significant amount of water from the atmosphere to access
states B and C.

We hypothesized that this process is slow compared to the timescale of the SAOS measurements, given
the relatively limited surface area of the sample that is exposed to atmosphere (Figure S7a) along with the
retarded mobility of water molecules in the presence of hydrogen bond-based aggregates.®® These
considerations are unlikely to be important in the case of EHUT because the stoichiometry of the interaction
with water as chain stoppers is comparatively far less than that determined for states B and C in the BPTA
system. As previously discussed,? if we assume that at least two molecules of water are required to end-
cap a chain and apply the chain stopper model,? the observed decrease in the relaxation time for EHUT
networks in n-dodecane (loading of 5 g/L or 12 mM) is calculated to require 10 ppm (0.6 mM) of co-
dissolved water.

To compare the aging behavior of BPTA and EHUT networks in the absence of water effects, we sought
to perform rheological experiments at elevated temperatures. For example, in the case of BPTA networks,
the measurements should be conducted well above the expected transition temperatures for A—B.
Conventional rheometry was not well suited for these experiments due to issues of evaporation at high
temperature. Passive microrheology was employed instead because a closed sample environment (with a
relatively small headspace) could be used. The BPTA network (2.1 g/L sample prepared under ambient
humidity) was thus heated up to 160 and then cooled to 75 °C; this temperature was maintained while
measurements were performed over time (frequency sweep and creep compliance data presented in Figures
4a and S8, respectively). Going from 0.5 to 22 h, a subtle shift toward slower kinetics was observed. After
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72 h, the dynamics became more prominently retarded, revealing the propensity of BPTA fibers to slowly
evolve in structure even in the absence of strong interactions with water. Conversely, EHUT networks
(Figure 4b) at 81 °C appeared to be under thermodynamic equilibrium because they do not exhibit any
evolution in viscoelasticity with time, consistent with previous studies.>2°33

Thus, before all SAOS measurements of BPTA networks discussed below, samples were equilibrated
under the desired environmental conditions. Frequency sweep measurements were periodically performed
during the equilibration period until a nearly steady state was achieved (typically 5-30 h). No such protocol

was necessary for the EHUT networks.
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Figure 4. Passive microrheological aging experiments conducted on (a) a BPTA network (2.1 g/L) at 75

°C and (b) an EHUT network (3.6 g/L) at 81 °C.

Modulating viscoelasticity by altering the temperature. We thus explored the LVE of BPTA and EHUT
networks as a function of temperature and monomer concentration while maintaining constant RH. A series
of BPTA solutions ranging from 1.8 to 90 g/L were prepared and measured at 35, 25, and 15 °C (RH=60%)

to study states A, B, and C, respectively. These experiments relied on the fact that the transitions A—B and
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B—C (along with the corresponding reverse reactions) are independent of the BPTA concentration.?
Representative data for EHUT networks at similar concentrations and temperatures have been previously
reported?® and are presented here for comparison. The EHUT samples ranged from 2 to 12 g/L (RH=40%)
and were measured at 25 °C. The experimental conditions for the EHUT materials were entirely within the
tube region of its phase diagram.!>15

The SAQS results for BPTA samples at 1.8, 9.0, and 90 g/L are presented in Figure 5, and the complete
set of data is provided in Figure S9. Across all temperatures, the dynamics of the BPTA networks become
slower as the concentration of BPTA increases. For example, in state A at 35 °C, the sample is a viscoelastic
liquid at 1.8 g/L because the crossover frequency (w.) of the storage (G’) and loss (G ) moduli and terminal
regime are accessible, while the plateau modulus is within the limits of the experimental window of the
rheometer. As the BPTA concentration increases, w. shifts to lower frequencies, and the sample becomes
an entangled network at 90 g/L. In contrast, in state B at 25 °C, the sample is an entangled network at all
concentrations examined.>*! In state C at 15 °C, the system remains a relatively weak viscoelastic liquid
across all temperatures and concentrations.

We attempted to fit each of the viscoelastic spectra in the plateau to terminal regime to a single Maxwell
mode (representative fits are indicated by thin colored lines in Figure 5), which is a feature expected for
living supramolecular polymers in the fast-breaking limit as discussed above.”%¢47%2 At low frequencies,
the data are in good agreement at 15 °C between 4.5-45 g/L and at 25 °C for concentrations up to 45 g/L.
At 35 °C, the terminal relaxation of the system at all concentrations is much broader compared to that
observed at 15 and 25 °C, as revealed by the discrepancy between the data and the Maxwell model
predictions. At 90 g/L, there is deviation from simple Maxwell behavior at all temperatures, suggesting that

the interactions in the system become more complex at higher concentrations. 3.5
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Figure 5. Linear viscoelastic spectra acquired by SAOS measurements of BPTA in n-dodecane at (a) 1.8,
(b) 9.0, and (c) 90 g/L. The relative humidity (RH) was maintained at 60% for all measurements. The thin
colored lines in each pot represent the best fit of each respective set of data with a single Maxwell mode.

The thick black lines in (c) represent converted creep compliance data. Scaling of the storage and loss
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moduli in the terminal regime are included in grey. Note the deviations of the Maxwell mode from the data

with increasing concentration and frequency above the terminal crossover.

Further insight is gained by comparing the scaling of G, (defined as the value of G’ at the frequency of
the minimum of G”) and = (defined as the inverse frequency at the crossover of G’ and G”, l/w.) as a
function of concentration. In Figure 6a, Go is plotted as a function of c¢ for all temperatures in a double
logarithmic representation. As a comparison, a data set for EHUT networks is included based on literature
values.?® For BPTA networks in states A, B, and C, as well as the EHUT system, the plateau modulus
scales nearly as Go~c%2?°, which is predicted by Cates and typical of polymeric networks.*

With respect to the scaling of the terminal relaxation time with concentration, the data are represented
in two different ways to facilitate the discussion. In Figure 6b, the scaling of z with concentration is
presented as a log-log plot. In Figure 6¢ and d, the data are represented as assembly landscapes® of
temperature versus concentration for the BPTA and EHUT networks, respectively; each data point is
colored based on the value of 7. The dashed lines indicate barriers between the indicated supramolecular
structures. For the BPTA networks, the positioning of these barriers is proposed based on the data presented
in the present manuscript as well as the previous mechanistic study,?*2* while for the EHUT networks the
barriers are represented according to a previously-reported phase diagram.®

We first note that BPTA networks in states B and C, along with the EHUT networks, exhibit a scaling
of #~c®"", which does not agree with the predicted scaling of Cates.**“"2 This discrepancy is likely
attributable to the experimental scaling of average micellar length with concentration being different from
what is assumed in the model (i.e., L~c%%),2°%° as already discussed in the literature;®®" it may also reflect
a different breaking/recombination mechanism.**¢3 For the BPTA networks in state A, a scaling of z~c*%
is observed, suggesting that the material is not in the fast-breaking limit. This different scaling is consistent
with the deviation from single Maxwell mode behavior noted in the discussion of Figure 5. The dynamics
of state A exhibit the concentration scaling of an entangled solution of “non-living” flexible polymers in a

theta solvent.*® In comparison with other supramolecular systems, such “non-living” behavior has been
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reported for wormlike micelles with large breaking times that are comparable or larger than the reptation

time.*7:68
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Figure 6. Scaling of the (a) plateau modulus, Go, with concentration, ¢, and (b) scaling of the terminal

relaxation time, =, with c. The blue lines have a slope of 2.25 and the black lines have a slope of 0.77.

Assembly landscapes® of temperature versus concentration for (¢) BPTA networks and (d) EHUT

networks.'® The data points are color-coded based on their respective z: values according to the gradient

color scale. The dashed lines indicate transitions between supramolecular structures. In (a), (b), and (d), the

data for the EHUT networks were taken from the literature.?
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The discrepancy in the terminal relaxation time scaling between state A and states B and C correlates
with the counterintuitive viscoelastic profiles for BPTA materials as they are cooled from 35 to 15 °C at
ambient RH (Figure 6b). For example, at high concentration (i.e., above 30 g/L BPTA), the network exhibits
faster relaxation dynamics at 25 and 15 °C than at 35 °C. At intermediate concentration (i.e., between 5 and
30 g/L BPTA), the relaxation dynamics fluctuate, first becoming slower upon reaching 25 °C and then
becoming faster at 15 °C. At low concentration (i.e., below 5 g/L BPTA), the relaxation dynamics become
slower upon cooling from 35 °C to 25 °C but then slower upon further cooling to 15 °C. This behavior is
in contrast to that of EHUT networks and to living supramolecular polymers in general. These different
scaling regimes at each temperature coincide with the different states of the BPTA fibers: state A is
effectively a homopolymer of BPTA monomers, while states B and C contain intercalated water molecules.
In the subsequent sections, we aim to substantiate that intercalated water is indeed responsible for the

unusual rheology of BTPA networks.

Relative humidity as a complementary means to modulate viscoelasticity. We previously established
that the transitions A—B and B—C can be realized under dilute conditions at constant temperature by
increasing the water content (and that the corresponding reverse reactions can be effected by decreasing the
water content).?* Temperature and water content are complementary factors for controlling the state of the
BPTA fibers. We sought to apply the same experimental protocol to SAOS measurements by taking
advantage of our ability to control the humidity and temperature of the environment. The conditions were
selected to highlight the impact of the various BPTA states on the viscoelasticity of the material.
Comparable conditions were also applied to EHUT networks by varying humidity and temperature in
tandem.

A series of SAOS experiments were thus performed on BPTA (90 g/L, 25 °C) and EHUT (8.0 g/L, 20
°C) networks at constant concentration and temperature while the RH was varied from 5 to 100%. The
concentrations of the BPTA and EHUT monomers were chosen so that the relaxation times of the resulting
networks were within a similar range. In the case of BPTA networks (Figure 7a), as the RH is increased,
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the crossover frequency increases by over two orders of magnitude, while the plateau modulus Gy decreases
by a factor of 3.5. For EHUT networks (Figure 7b), as the RH is increased from 5 to 100%, the crossover
frequency of EHUT networks increases by less than a decade, which is consistent with the results of our
previous study.? The plateau modulus decreases by a factor of about 1.6, and the overall shape of the

spectra is independent of the RH.
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Figure 7. (2) Linear viscoelastic spectra of BPTA (90 g/L in n-dodecane) at 25 °C with varying RH. (b)
Representative data for EHUT (8.0 g/L in n-dodecane) acquired at 20 °C and atmospheric pressure with

varying RH.

Additional experiments were performed on BPTA (90 g/L) and EHUT (8.0 g/L) networks in which

both the temperature and the RH were varied to assess the scaling of z. Similar to above, these data are
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represented in two different ways. In Figure 8a, the values of z; at different levels of RH are plotted as a

function of temperature. In Figure 8b and c, these data are presented as temperature versus RH assembly

landscapes for the BPTA and EHUT networks, respectively. The dashed lines in Figure 8b indicate

transitions between supramolecular structures. The shapes of these boundaries are proposed based on

previous mechanistic insights? and the presence of large step-changes between values of z. In the case of

EHUT, consistent with previous work,?® no change in microstructure was detected as a function RH in the

present study.
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For EHUT, = gradually decreases with increasing temperature regardless of the RH. In contrast, for
BPTA, = exhibits a complex dependence and spans over two orders of magnitude depending on the
conditions (i.e., RH and state of self-assembly). At 5% RH, BPTA networks exhibit = values of 100 s at 35
°C to 250 s at 15 °C; these values are consistent with the dynamics of state A at 35 °C and 60% RH (Figures
6b and c). The formation of state A at low temperature and low water content is consistent with our previous
studies.?24

At RH values of 40 and 60%, z: drops approximately one decade between each temperature step going
from 35 to 25 to 15 °C, consistent with the system being in states A, B, and C, respectively. This behavior
is remarkable because the dynamics of the network become faster upon cooling, which is in stark contrast
to the behavior of EHUT networks in particular and the expected behavior of conventional supramolecular
networks in general. We believe that these results highlight the impact of water co-assembly on the
dynamics of BPTA-based system.

At an RH of 100%, values of z: values remain at approximately 0.3 s until 35 °C, above which the
dynamics significantly slow, with z: values reaching approximately 3 s. We interpret these results as
corresponding to the formation of state C at low temperatures and reaching state B at the higher
temperatures; at the saturation limit of water in the material, state A does not form at temperatures at least
up to 38 °C. These results at 100% RH closely agree with the transition temperatures observed for A—B
and B—C in a control experiment in which BPTA was assembled under dilute conditions over a droplet of
water (Figure S10).

Finally, it is interesting to note the similarities between different viscoelastic spectra recorded for BPTA
(90 g/L) by changing temperature and RH in tandem. For example, networks at 25 °C with RH values of 5
and 100% (Figure 7a) are very similar to those measured at 35 and 15 °C with an RH of 60%, respectively
(Figure 5¢). An explicit example is presented in Figure 9, where the viscoelastic spectra acquired at 35 and

15 °C at two different RH values are compared. At 35 °C, the system appears to be in state A at both 5 and

24



60% RH (dark red squares and orange crosses, respectively), as both feature a Go of approximately 4 kPa
and a 7 of over 100 s. At 15 °C with an RH value of 60%, the network is in state C, with a Go of 1.1 kPa
and a 7y of 1 s. Under dry conditions at 15 °C, Go reaches 3.6 kPa and 7 decreases by over two orders of
magnitude, consistent with the formation of state A under these conditions. These results confirm that the
complementarity of temperature and water content for controlling the state of the BPTA fibers extends to

the control of the viscoelasticity of the networks.
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Figure 9. Comparison of the viscoelastic spectra of 90 g/L BPTA networks at 35 and 15 °C with either 5

or 60% RH.

CONCLUSIONS

BPTA and EHUT networks exhibit remarkably different linear viscoelastic properties in response to
changes in temperature and relative humidity. A key finding is that BPTA networks exhibit complex
relaxation dynamics. They behave as if they are made up of “non-living”, conventional covalent polymer

chains in state A, which is favored at relatively high temperature. Conversely, they behave like networks
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of dynamic “living” supramolecular polymer chains in states B and C, which are favored to form at
comparatively lower temperatures. We propose that this unusual behavior is due to enhanced dynamicity
imparted by the intercalated water molecules present in states B and C. Experiments with varying relative
humidity helped to establish that the intercalation of water molecules is the main driving force for this
unusual evolution of dynamicity. In the case of EHUT, the binding of water also impacts relaxation
dynamics but in a different way. Acting as chain stoppers, water molecules reduce the average chain length
of the EHUT tubes, resulting in a decrease in the terminal relaxation time. Nevertheless, EHUT materials
can be well-described as a network of “living” supramolecular polymers at both high and low relative
humidity.

This study showcases the complex interplay between the chemical structure of the supramolecular
monomer units, the structure of the supramolecular polymer, and the dynamics of the resulting networks.
Moreover, these findings highlight the striking impact of water molecules on the structure and properties
of supramolecular polymers in apolar media. We hope that this work will inspire further investigations of
competitive interactions in supramolecular polymer networks to elegantly control their linear and non-linear

rheological properties.

ASSOCIATED CONTENT

Sensitivity of filament-to-tube transition temperature to water content in EHUT organogels; supplementary
experiments showing the assembly of BPTA in n-dodecane; humidity control for rheology experiments
under ambient pressure; aging effects; supplementary rheological data; and CD spectroscopy

characterization (Figures S1-S10).
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