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ABSTRACT: Understanding thermal phase behavior within nano-
materials can inform their rational design for medical technologies
like drug delivery systems and vaccines, as well as for energy
technologies and catalysis. This study resolves thermal phases of
discrete domains within a supramolecular aramid amphiphile (AA)
nanoribbon. Dynamics are characterized by X-band EPR spectros-
copy of spin labels positioned at specific sites through the
nanoribbon cross-section. The fitting of the electron paramagnetic
resonance (EPR) line shapes reveals distinct conformational
dynamics, with fastest dynamics at the surface water layer,
intermediate dynamics within the flexible cationic head group
domain, and slowest dynamics in the interior aramid domain.
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Measurement of conformational mobility as a function of temperature reveals first- and second-order phase transitions, with melting
transitions observed in the surface and head group domains and a temperature-insensitive crystalline phase in the aramid domain.
Arrhenius analysis yields activation energies of diffusion at each site. This work demonstrates that distinct thermal phase behaviors
between adjacent nanodomains within a supramolecular nanostructure may be resolved and illustrates the utility of EPR

spectroscopy for thermal phase characterization of nanostructures.

Bl INTRODUCTION

Self-assembly in water provides a convenient route to novel
soft nanomaterials,’ > which have applications in tissue
regeneration,4 drug delivery,5 and energy storage.6 Recently,
extensive progress on self-assembled nanoparticles has been
made for the delivery of vaccines and drugs.” A hallmark
feature of self-assembled materials is their multiple discrete
internal domains, which exhibit nanoscale dimensions. In
ampbhiphilic self-assembly, hydrophilic regions of the molecules
reside at the aqueous interface, while hydrophobic regions of
the molecules make up internal domains that are shielded from
water. This organization yields nanostructures of molecular
dimensions. The properties of each domain are controlled by
their intermolecular forces, which can include hydrogen
bonding,® ionic bondin%,9 and 7—7 stacking,'’ as well as
more exotic interactions. '~

Many intricate and elegant examples of self-assembled
materials with discrete internal nanoscale domains can be
found in the literature, including li7posome-DNA complexes,14
amphiphilic block copolymers,>~"” small molecule amphiphile
nanostructures,'® *° and hybrid organic-inorganic micelles.”’
Domains with distinct local chemistry will vary in their
strength of intermolecular interactions and correspondingly in
their thermal phase behavior.”> Domain-specific dynamics are
likely to play an important role in nanostructures’ mechanical
stability, triggered or controlled release of cargo,”**’ and
solute partitioning.”””” However, it is challenging to
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investigate domain-specific phase behavior due to the small
dimensions and the close proximity of the adjacent domains.

Characterization of thermal phases within nanostructures
requires sub-nanometer spatial resolution and high sensitivity
to achieve the explicit assignment of phase transitions to a
particular domain and also to resolve the phase behavior
between adjacent domains. However, conventional phase
characterization techniques often require high concentrations
or solvent removal and are thus not practical for nanostruc-
tures in water with internal domains that occupy small volume
fractions of the overall s.ample."”28 Therefore, further
investigation is needed to understand how interfacial behavior
and enforced ordering affect phase transitions in nano-
structured soft materials.””

In this work, aramid amphiphile (AA) nanoribbons are
investigated as a model system for domain-specific phase
behavior in a self-assembled nanostructure. AAs comprise a
short hydrophobic tail, a Kevlar-inspired aromatic amide
(aramid) backbone, and a hydrophilic charged head group.*
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AAs spontaneously self-assemble in water. The inclusion of the
aramid domain leads to nanoribbons with extraordinary
mechanical properties. Excellent spatial resolution is required
to distinguish phase behavior in these adjacent nanodomains.
However, very distinct thermal phase behavior is expected
between different domains due to the differences in
intermolecular interaction strengths: strong and anisotropic
m—m stacking and hydrogen bonding dominate the backbone
aramid domain, whereas the aliphatic head group is conforma-
tionally flexible.

Discussions of motion within nanomaterials invoke two
distinct but related phenomena: molecular exchange, where
individual molecules may exchange between neighboring
nanostructures, and conformational dynamics, which describes
the jiggling of a given molecule within a nanostructure.’’
Exchange and cross-sectional conformational dynamics have
been measured previously for peptide amphiphile (PA)
nanofibers.”” In this case, the presence of slow, solid-like
internal dynamics is correlated with the slower exchange. In
comparison to PAs, the AA nanoribbon exhibits dramatically
slower, unmeasurable exchange dynamics,30 and therefore, we
hypothesize that the aramid domain within AA nanoribbons
will show dramatically slower conformational dynamics, too—
characteristic of a true solid-like crystal. We further
hypothesize that the internal dynamics of AA nanoribbons
will be temperature-insensitive, as intermolecular interactions
between aramid domains are impervious to thermal fluctua-
tions.

Surface and interior conformational dynamics can be
characterized by site-directed spin labeling and electron
paramagnetic resonance (SDSL—EPR) spectroscopy experi-
ments.>” In SDSL—EPR, a spin label composed of a stable
nitroxide radical is installed at a specific position within a
macromolecule or supramolecular structure, and EPR spec-
troscopy is used to characterize conformational dynamics. Fast
local dynamics result in isotropic averaging of the EPR signal,
while slow dynamics produce a broadened anisotropic line
shape. Motions in the order of nanoseconds to microseconds
produce an intermediate spectrum with a line shape highly
sensitive to conformational dynamics described by the
rotational diffusion rate, D,.** Spectra in this intermediate
range can be fitted with a stochastic Liouville equation as
implemented in the classic nonlinear least-squares stochastic
Liouville (NLSL) program.’* These fits may be carried out in
batches via a chi-squared cluster analysis program (CSCA),*
allowing us to determine local rotational diffusion rates to
quantify conformational dynamics with sub-nanometer reso-
lution. With this approach, differences in motional behavior
can be identified between domains that may differ positionally
by just a few bonds.

SDSL—EPR is widely applied in biophysical studies to probe
protein structure, dynamics, and ligand binding events; ¢ >*
phospholipid membrane fluidity;*”** and sequence-localized
differences in DNA rigidity."" Excellent spatial resolution
afforded by SDSL—EPR allows for the explicit assignment of
segments/regions in polyphasic materials to observed phase
transitions, in contrast with conventional techniques for
studying phase transitions like differential scanning calorim-
etry. SDSL—EPR has been used to show a constant glass
transition temperature between the chain ends and the interior
of polystyrene chains.*> Moreover, SDSL—EPR is an in situ
measurement technique, allowing conformational dynamics to
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Figure 1. Self-assembly in the water of an aramid amphiphile (AA)
with spin-labeled analogues yields nanoribbons with spin labels
positioned at selected sites for EPR characterization. The purple balls
represent charged surface groups, the teal balls represent the aramid
domain, and the gray sticks represent the hydrocarbon tail. The
glowing green balls represent stable nitroxide spin labels. (a)
Canonical AA, compound 1, is co-assembled with compound 2,
leading to a nanoribbon with the spin label above the surface (co-
assembly A). (b) Co-assembly of compound 1 with 3 leads to
nanoribbons with spin labels embedded in the surface domain (co-
assembly B). (c) Co-assembly of compounds 1 and 4 leads to
nanoribbons with spin labels in the aramid domain (co-assembly C).
Nanoribbon schematics adapted from Biophys J., 119 (10),
Lindemann W. R. et al., Global Minimization Toolkit for Batch-
Fitting and y* Cluster Analysis of CW—EPR Spectra, 1937—1945,
Copyright (2020), with permission from Elsevier.

Co-Assembly C

be measured under representative conditions for a given
nanomaterial’s desired application.

We synthesized AA molecules with radical electron spin
labels positioned at three sites across the molecule. We co-
assembled each spin-labeled AA at low ratios with the
prototypical AAs and measured temperature-dependent EPR
spectra. This approach allows us to exploit the strong
intermolecular interactions of aramid domains between both
species to ensure aqueous co-assembly from evaporated
organic solutions. These experiments were designed to probe
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Figure 2. Depiction of the approximate spin label placement in co-assemblies and their room temperature X-band EPR spectra. Spectra (black)
were measured for each co-assembly at 3315 G center field and fit with an NLSL-based MOMD simulation (red). Rotational diffusion rates D,
extracted from each simulated fit are reported next to each spectrum. Spin label position and corresponding EPR spectra are depicted with (a) spin
labels above the nanoribbon surface, (b) spin labels in the head group domain, and (c) spin labels in the aramid domain.

the dynamics of individual domains within the assembly and to
determine site-specific phase behavior.

B RESULTS AND DISCUSSION

We prepared suspensions of AA nanoribbons by self-assembly
in water. Each sample is composed of 99 mol % unlabeled AA
(compound 1)*° and 1% spin-labeled AA (Figure 1). Spin-
labeled molecules of variable length were used to resolve
domain-specific phase behavior, with compound 2 featuring 4-
carboxyTEMPO coupled to the terminal head group nitrogen,
compound 3 attaching 4-aminoTEMPO to the third aramid
unit, and compound 4 attaching 4-aminoTEMPO to the
second aramid unit (Figure 1). Nanoribbons of compound 1
spin-labeled with compounds 2, 3, and 4 were respectively
designated A—C. Each co-assembly was imaged by trans-
mission electron microscopy (TEM). In all cases, we verified
that nanoribbon morphologies with consistent dimensions are
observed (Figure S7).*

The site-specific dynamics of each spin-labeled nanoribbon
in aqueous suspension were assessed by EPR. The NLSL and
CSCA programs were used to fit the spectra with a
microscopic order-macroscopic disorder (MOMD) model,
which describes the EPR spectra of nitroxyl radicals with local
ordering in the slow-motion regime.”* The EPR spectra of all
three co-assemblies were fit and are shown in Figure 2. EPR
line shape fitting also provides rotational diffusion rates, D,
which describe the spin label’s conformational dynamics in its
local environment. The line shapes in Figure 2 indicate that the
spin labels reside in a slow-motion regime, and, therefore, the
spin labels are intimately incorporated into the nanoribbons.
The absence of exchange broadening confirms that the spin
labels are dispersed throughout the nanoribbons, and the good
quality of fits via the MOMD model and single-component

spectra confirm that the spin labels probe a uniform local
environment.

The spin label positioned above the surface of the
nanoribbon, as in co-assembly A, shows the fastest conforma-
tional dynamics with a rotational diffusion rate of 74.1 MHz—
consistent with the spin label’s expected placement between
the flexible triazaheptane (TAH) surface and an adjacent water
layer. The spin label within the head group layer (co-assembly
B) shows intermediate dynamics, where the rotational
diffusion rate is 49.6 MHz. This value is consistent with its
placement in the ordered but flexible hydrophilic head group
region. In contrast, the nanoribbon with spin labels in the
aramid domain shows the slowest conformational dynamics,
with a rotational diffusion rate of 22.2 MHz. To our surprise,
the dynamics of co-assembly C remain above the threshold for
solid-like dynamics (~10 MHz).”> We attribute this elevated
rotational diffusion rate to the spin label’s position near the
aramid-TAH interface, with TAH conferring some additional
dynamic motion to the spin label’s intermolecular environ-
ment.

Conformational dynamics were measured at variable
temperature by X-band EPR spectroscopy to characterize
domain-specific thermal phase behavior. EPR spectra were
measured between 250 and 296 K for each co-assembly, and D,
values were determined at each temperature by CSCA (Figure
3). Extracted D, values were verified by replicating measure-
ments of each system at each temperature point above 273 K.

The variable temperature EPR spectra shown in Figure 3
show the thermal phase behavior at the spin label sites in each
co-assembly, A—C. When the spin label is positioned above the
nanoribbon surface, as in co-assembly A, a thermal phase
transition is observed at 272 K, similar to that of bulk water.
The other co-assemblies, B and C, with spin labels positioned
in the head group domain and the aramid domain, respectively,
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Figure 3. Site-specific thermal phase behavior within an AA
nanoribbon determined by variable temperature X-band EPR.
Rotational diffusion coefficients, log(D,) (also known as rbar),
plotted as a function of temperature for (a) an AA nanoribbon
ensemble with spin labels above the surface (co-assembly A), (b)
nanoribbons with spin labels in the head group domain (co-assembly
B), and (c) nanoribbons with spin labels in the aramid domain (co-
assembly C). The bulk melting temperature of water (Typ,0) is

labeled with a vertical dashed line. Trend lines and error bars are
determined as described in the Supporting Information. Nanoribbon
schematics adapted from Biophys J., 119 (10), Lindemann W. R. et
al, Global Minimization Toolkit for Batch-Fitting and y* Cluster
Analysis of CW—EPR Spectra, 1937—1945, Copyright (2020), with
permission from Elsevier.

show no detectable discontinuity, i.e., phase transition, near
273 K. Despite the observed phase transition, the dynamics of
the spin label above the nanoribbon surface (co-assembly A)
remain faster than that of a spin label in a solid environment.
Co-assembly B, by contrast, shows a consistent increase in
dynamics from 264 to 296 K, suggesting that the freezing of
water does not affect head group dynamics. With this spin
label, a sharp drop to solid-like dynamics (log(D,) < 7) is
observed at 263 K. This first-order discontinuity implies that
the head group domain undergoes a liquid-to-solid transition
at that temperature. It is notable, then, that co-assembly A has
no detectable discontinuity around 263 K, suggesting a distinct
interfacial phase that remains liquid-like below the freezing
temperature of both bulk water and that of the surface domain.
Like co-assembly B, co-assembly C shows no phase transition
at 273 K; instead, a phase transition is observed at 263 K.
These results suggest that the spin label environment at the
aramid domain is isolated from the bulk water but affected by

the dynamic motion of the head group domain. However, the
phase transition near 263 K in the aramid domain is second-
order, suggesting an interfacial local environment. The
observation of this second-order phase transition supports
our earlier suggestion that the local spin label environment of
co-assembly C is influenced by the adjacent head group
domain rather than being entirely isolated within the aramid
domain.

The dynamics illustrated in Figure 3 describe thermal phase
transitions as previously discussed but also contain information
about the effect of temperature on molecular motion within
each phase of each spin label environment. We carried out
Arrhenius analysis of the variable temperature EPR above 273
K to determine activation energies of diffusion (E,p).

Figure 4 shows calculated E,p values determined at each
spin label site corresponding to Co-assemblies A—C. Each spin
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Figure 4. Activation energies of diffusion (E,p) of spin labels at
specific sites of an aramid amphiphile nanoribbon. Activation energies
of diffusion (E,p) are determined by Arrhenius analysis of EPR
rotational diffusion rates between 275 and 293 K. E,j, values are
plotted as a function of the distance of the nitroxyl N atom from the
hydrocarbon tail. The aramid domain, head group domain, and
surface water are shown in teal, purple, and white, respectively. Error
bars are calculated from the Arrhenius plot slope error (Figure S28).
Literature values for the f-sheet hydrogen bond and slipped parallel
benzene 7—r interaction strengths are labeled on the energy axis,**
Nanoribbon schematics adapted from Biophys J., 119 (10),
Lindemann W. R. et al., Global Minimization Toolkit for Batch-
Fitting and y* Cluster Analysis of CW—EPR Spectra, 1937—1945,
Copyright (2020), with permission from Elsevier.

label site is represented by an estimated distance from the
hydrophobic hydrocarbon domain. The E,p in the aramid
domain (co-assembly C) is 0.7 + 0.2 kcal/mol, which is
substantially less than the estimated energy of a single 7—x
interaction or amide hydrogen bond between aramid units.****
If the motion of the spin label did, in fact, reflect the
conformational motion of the aramid units, the calculated E,p,
should be at a higher order of magnitude (perhaps tens of
kcal/mol), corresponding to the disruption of numerous
interdomain hydrogen bonds and z—7 interactions. Thus,
the observed conformational motion of the spin label in the
aramid domain is not capable of disrupting interactions
between neighboring aramid units. Instead, the dynamics
observed by EPR may be attributed to spin label motion within
a confined pocket since both the rotational diffusion rate and
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the activation energy of diffusion are relatively low. Nitroxide
EPR spectral line shapes are highly sensitive to the
intermediate time scale conformational motion characteristic
of ordered/viscous liquids and flexible polymer chains and can
be influenced by these rotations even if they are of low
amplitude.”® Therefore, the aramid domain is likely a solid-like
environment despite the EPR spectra of co-assembly C
showing slightly faster conformational dynamics than are
typical for a bulk solid.

As shown in Figure 4, when the spin label is positioned in
the head group domain (co-assembly B), E,p, is found to be
4.3 + 0.3 kcal/mol, roughly 6 times greater than that of the
aramid domain. This value is comparable to a strong
intermolecular interaction, such as a hydrogen bond. This
energy barrier is consistent with conformational dynamics in
this domain, displacing amine groups in the triazaheptane head
groups.

The E,p obtained when the spin label is in the surface water
shows an intermediate value of 2.3 + 0.2 kcal/mol. This
activation energy value is consistent with motion that affects
intermolecular interactions of neighboring groups or molecules
to a modest extent, i.e, the displacement of liquid water
molecules that maintain a dynamic hydrogen bonding network.

B CONCLUSIONS

In this work, we used EPR spectroscopy, along with site-
directed spin labeling (SDSL), to characterize the dynamics
and phase behavior of an aramid amphiphile (AA) supra-
molecular nanostructure with domain specificity. We showed
that by performing variable temperature EPR spectroscopy, we
can detect thermal phase transitions in confined domains
within the nanostructure. In particular, melting transitions
below room temperature are observed in the surface water and
head group domains but not in the aramid domain. A flexible,
liquid-like environment was identified at the surface of the AA
nanoribbon. These results indicate that the highly mechanically
stable AA nanostructure surface is kinetically suited for
applications in catalysis, substrate binding, and partitioning
of hydrophilic/charged substances from an aqueous environ-
ment.

We calculated activation energies of diffusion (E,p) from
Arrhenius analysis of the variable temperature EPR spectra and
demonstrated the importance of understanding E,p, values in
supramolecular systems. The E,p values obtained when the
spin label is in the head group and surface domains reflect the
energy required to disrupt the local intermolecular interactions.
In contrast, the E,, of the spin label in the aramid domain is
substantially lower than in the head group and surface
domains, even though the dominant local intermolecular
interaction of the aramid domain is strong hydrogen bonding.
This discrepancy is understood by recognizing that the aramid
domain is truly solid-like, and consequently local diffusion,
even upon heating, is incapable of disrupting the intermo-
lecular hydrogen bonds. Thus, this work capitalizes on the
unique phase behavior of the nanoribbon’s aramid domain to
demonstrate that Arrhenius analysis can be used to identify
crystalline solid-like domains.

Further, this work provides a tool for the analysis of thermal
phase transitions of nanoscale domains within supramolecular
materials. This capability will enable the development of
rational design principles for diverse self-assembled nanoma-
terials in the future.
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NLSL nonlinear least-squares stochastic Liouville
PA peptide amphiphile
SDSL—EPR site-directed spin label EPR
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