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Dynamic effect of polymers at the surfactant—
water interface: an ultrafast studyf

Paul Garrett® and Carlos R. Baiz = *

Interfaces play a role in controlling the rates and outcomes of chemical processes. Characterizing the
interactions at heterogeneous interfaces is critical to developing a comprehensive model of the role of
interfaces and confinement in modulating chemical reactions. Reverse micelles are an ideal model
system for exploring the effect of encapsulated species on interfacial environments. Here, we use a
combination of ultrafast two-dimensional infrared (2D IR) spectroscopy and molecular dynamics (MD)
simulations to characterize the picosecond interfacial dynamics in reverse micelles (RMs) containing
acrylamide monomers and polyacrylamide polymers within the aqueous phase. The ester carbonyl
vibrations of the sorbitan monostearate surfactants are examined to extract interfacial hydrogen-
bonding populations and dynamics. Hydrogen bond populations at the ester carbonyl positions remain
unchanged with the inclusion of either polymer or monomer species. Hydrogen-bond dynamics are not
altered with the addition of monomer but are slowed down twofold in the presence of encapsulated
polyacrylamide polymer species as a result of polymer chains partially localizing to the interface. These
findings imply that kinetics of reactions that occur at interfaces or in confined environments could be

rsc.li/soft-matter-journal

Introduction

Reverse micelles (RMs) are a class of thermodynamically-stable
emulsions formed by dispersing water and surfactants in a contin-
uous nonpolar phase.' The RM interface is heterogeneous, provid-
ing a range of microenvironments that can be exploited to control
chemical processes.”® While in bulk solution the rate of chemical
reactions is determined by diffusion rates and activation
barriers.">"*> Confinement produces a range of solvation environ-
ments where reactants or products can remain in bulk or become
localized near interfaces, and thereby the thermodynamics of
different components can be altered by the interface, therefore this
nanometer-scale “reaction vessel” can substantially modulate the
free energy landscapes of chemical processes through complex
interactions.”'** These environments can be not only be
exploited to control reaction rates, but also to affect the outcome
chemical processes.”’

Radical polymerization reactions represent an important
example of chemical processes commonly carried out in
microemulsions.?* Surfactant compositions are designed to
modulate polymer length and polydispersity.>*** Understand-
ing the equilibrium dynamics of encapsulated reactants
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modulated by interfacial localization of the different components.

(monomers) and products (polymers) with the interface is
therefore the first step towards obtaining a quantitative
description of the interfacial effects within these processes.

Ultrafast infrared spectroscopy is a powerful tool to probe
interfacial dynamics and extract a molecular-level description of
the interface between water in the RM and the hydrophobic
environment of the hydrocarbon solvent.”*** In this study we
examine nonionic sorbitan monostearate surfactants (Fig. 1A), con-
taining ester carbonyls precisely located within the 1-nanometer
interface between the hydrophilic and hydrophobic environments,
and therefore these carbonyl groups report on local water
environments.***” Specifically, in this study two-dimensional infra-
red (2D IR) spectroscopy is used to measure the effects of acrylamide
(AM) monomers and polyacrylamide (PAM) polymers (Fig. 1B and
C) on the sub-picosecond frequency fluctuations of the
carbonyls.”®*° Measurements are then interpreted through mole-
cular dynamics (MD) simulations of the same systems. Direct, one-
to-one comparison between simulations and experiments provides
an atomistic view of the H-bond networks and H-bond dynamics at
the interface.

Methods

Sample preparation

RM were prepared with a water loading ratio (w,, water/surfac-
tant mole ratio) of 20 with a concentration of 0.07 M solution of
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Fig. 1 (A) Structure of sorbitan monostearate. The non-polar acyl chain is
shown in red and polar headgroup shown in blue. The ester carbonyl at the
interface of the two regions, which serves as the vibrational probe, is
shown in black. (B) Acrylamide and (C) polyacrylamide. Each unit has an
amide group. (D) Ester carbonyl IR absorption spectra of Span-60 reverse
micelles containing acrylamide monomers or polymers as indicated in the
inset. The shaded peaks represent Gaussian fits to a representative FTIR
spectrum used to extract the H-bond populations. The three peaks
correspond to 0, 1, and 2 H-bond ensembles in order of decreasing center
frequency.

sorbitan monostearate (Span-60) using D,0, and n-octane as
the hydrophobic medium. AM or PAM was dissolved in D,0O at
5% by weight (wt%). Before sample preparation, the surfactants
were lyophilized overnight to remove residual water, then in
dissolved n-octane, and the resulting surfactant/octane mixture
was dried under molecular sieves for 12 hours to remove any
additional water. The AM or PAM in D,O solution was then
added to the surfactant/octane mixture heated to 45 °C and
sonicated at this temperature for 15 minutes. Sorbitan mono-
stearate, AM, PAM, and D,O were purchased from Sigma-
Aldrich, and n-octane was purchased from Alfa Aesar. RMs
with monomer and polymer were characterized using dynamic
light scattering (DLS) measurements (Section S1, ESIT).
Bulk solution measurements were performed on ethyl acetate/
PAM in D,0 solutions. These were prepared by dissolving PAM
in D,O at 5 wt% and ethyl acetate at a concentration of
20 mg mL ™",

IR absorption spectroscopy

IR absorption spectra were measured in the ester carbonyl
stretch of the RMs and ethyl acetate samples at 45 °C (Sections
S2-S4, ESIt) using a custom-machined temperature-controlled
brass sample cell. Samples were held between two 1 mm-thick
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CaF, windows with a 50 pm PTFE spacer. Spectra were collected
with a 1 em ™" resolution using Bruker Vertex 70 FTIR spectro-
meter equipped with a DTGS detector. MATLAB R2021b was
used to plot and analyze the FTIR and 2D IR spectra. Ester
carbonyl H-bond populations were extracted using a previously-
reported peak fitting technique.”® H-bond enthalpies were
extracted from temperature-dependent IR absorption spectra
using a van’t Hoff analysis described previously.*> To summar-
ize, the natural log of the non-H-bond population over the H-
bonded populations is plotted as a function of inverse

AH,
temperature (1/K). The slope of the resulting line is —Tf.”

2D IR spectroscopy

Ultrafast 2D IR spectra were measured using a custom-built
spectrometer described previously.>® In brief, 100 fs mid-IR
pulses, centered at 5.7 pm, generated using an OPA/DFG, were
split into excitation (pump), and detection (probe) pulses. The
coherence time (¢;) was scanned using a mid-IR pulse shaper
(QuickShape, PhaseTech Inc) and was numerically Fourier
transformed to generate the excitation frequency (w,). The ¢
time was scanned to 3 ps in 15 fs steps, and spectra were
measured in a 1500 cm ™" rotating frame. The probe pulse was
measured through a grating spectrometer in a 128-128 pixel
MCT array, to generate the detection frequency (w;). Spectra
were measured at selected waiting times from 150 fs to 3 ps as
indicated in Fig. S8-S12 (ESIt). All spectra were measured using
a perpendicular pump-probe polarization condition to mini-
mize the scattered light at the detector. The 1745 cm ™" region
was analyzed via center-line slope (CLS) analysis.** The CLS
relaxation as a function of waiting time was fit to a mono-
exponential function, and error bounds were computed using a
statistical bootstrapping method described previously.>® Pre-
vious analysis have established that the CLS decay time con-
stant is unaffected by contamination from neighboring 2D
peaks, but the CLS offset can vary depending on the frequency
region used for generating the CLS, as a result, the offset values
can be unreliable and are not further analyzed as part of this
study.*

MD simulations

Sorbitan monostearate, n-octane, AM, and PAM initial struc-
tures and topologies were generated using the CHARMM36
force field as implemented in CHARMM-GUIL*® Packmol was
then used to generate initial configurations.’” The number of
surfactants added to the MD box was adjusted to produce an
initial area-per-surfactant of 35 A%.*® While the sorbitan mono-
stearate product contains a small distribution of tail lengths,
simulations only included surfactants with an 18-carbon fully
saturated tail.** Each box is composed of 92 surfactant mole-
cules, 2000 TIP3P water molecules, 420 octane molecules, and
PAM corresponding to the wt% used in the experiments. Each
simulation was performed using the following steps: steepest-
descent energy minimization; 500 ps NVT equilibration; 20 ns
NPT equilibration; and 20 ns NPT production. Simulations were
run with a 2 fs time step and snapshots were stored every 1 ps

This journal is © The Royal Society of Chemistry 2022
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Table 1 Experimental and simulated H-bond populations and frequency-frequency correlation functions of the experimental three ensembles
corresponding to RMs without encapsulated monomer or polymer, or RMs with 5 wt% of either AM or PAM

Measured H-bond populations (%)

Simulated populations (%)

Experimental FFCF Simulated FFCF

System OHB 1HB 2HB OHB 1HB 2HB dynamics (ps) dynamics (ps)
Reverse micelle (RM) 44 £+ 2 31+1 24 +3 55 41 4 1.5+£0.2 0.60
RM with acrylamide (5 wt%) 46 £ 1 31+1 23 +1 47 46 6 1.6 £ 0.1 0.36
RM with polyacrylamide (5 wt%) 47 + 2 31+1 22 +£1 52 43 5 3.3 +04 0.65

for H-bond population analysis (Table 1), tetrahedral order
parameters (Fig. S19, ESI{), water mean-squared displacement
(Fig. S20, ESIf). In addition, a 500p ps subset of the NPT
production trajectory saved every 20 fs for generating FFCFs
and computing exponential relaxation lifetimes (Table 1). The
V-rescale thermostat and a Parrinello-Rahman barostat were
used for the NPT ensemble. All simulations were performed
using the GROMACS 2019.4 package.

MD trajectory analysis

Comparison between experiments and simulations provides
insight into interfacial H-bond ensemble structures and carbo-
nyl H-bond lifetimes. Surfactant carbonyl H-bond populations
were extracted from the MD trajectories using a geometric
criterion based on a donor-acceptor cutoff length of 3.5 A
and the donor-hydrogen-acceptor angle of 35° as previously
established in the literature.® All H-bond donors, including
water, AM or PAM hydroxyls, and surfactant headgroup hydro-
xyls, were included in the population analysis.

The fluctuating electric fields at the ester carbonyl positions
were used as the basis for computing frequency-frequency
correlation functions (FFCFs) using a previously-described elec-
trostatic frequency map.”” The computed FFCF is then fit to a
sum of three exponentials. The three decays constants repre-
sent different contributions to the FFCF: a fast (~50 fs) con-
tribution from inertial motions, an intermediate (~1 ps)
contribution from H-bond dynamics, and a slow (>10 ps)
contribution from reorganization of the surfactant
headgroups.*! The picosecond component is directly compared
to the experimental relaxation extracted from the lifetime of the
CLS relaxation as a function of waiting time.

Results
H-bond populations

The ester carbonyl absorption band is composed of three peaks
centered around 1750, 1730, and 1712 cm™ ' representing the 0,
1, and 2 H-bond ensembles respectively as shown by the
Gaussian peaks in Fig. 1D. The H-bond populations are
extracted from areas of the Gaussian functions, weighted by
the oscillator strengths, as shown in Fig. 1 and described in
Section S2. The addition of both AM monomer and polymer
leads to a small decrease in solvation at the interface. The 0 H-
bond population undergoes a 5% increase when polymer
species are incorporated, in comparison with the RM with no

This journal is © The Royal Society of Chemistry 2022

encapsulated species (Table 1). The dehydration effect of poly-
mer addition is more pronounced at higher temperatures,
indicating that the H-bond enthalpy is altered by the presence
of the polymer. Experimentally, the populations include con-
tributions from water, polymer, as well as hydroxyl groups of
neighboring surfactant headgroups, all H-bonds in this system
produce a similar frequency shift, given the similarity in the
induced electric field along the carbonyl bond, for this reason,
it is not possible to distinguish between different H-bond donor
types without more advanced modeling.42 In brief, the
observed shifts are indistinguishable from one another due to
the similar H-bond strength of the (poly)acrylamide -NH and
Span-60 -OH moieties to be of similar H-bonding strength to
that of water.”® After benchmarking against the experimental
populations, the comparison between MD models and experi-
ments offers a route to separate the contributions from H-bond
donors to the overall populations.

Temperature-dependent FTIR spectra were used to extract
H-bond formation enthalpies, AHf as shown in Fig. S1-S6
(ESIt). RMs with no encapsulated species show enthalpies of
2.7 £ 0.1 k] mol ', RMs with encapsulated monomer AH; of
3.1 + 0.1 kJ mol™', RMs with encapsulated polymer has a AH;
of 3.8 + 0.1 kJ] mol ! at a concentration of 5 wt%. For
perspective, fully solvated ethyl acetate produces a AH¢ of
4.8 k] mol ' (Fig. S14, ESIY). The difference in H-bond enthal-
pies as a result of AM and PAM in the RM could have two
origins: 1. an indirect effect, where the interface could be
perturbed by the presence of the polymer, for example, the
balance between surfactant-surfactant interactions surfactant-
water interactions, could be altered by the presence of polymer
in the interfacial environment. 2. Direct interactions where the
monomer or polymer form H-bonds with the surfactant head-
groups. In the next section we analyze the MD trajectories to
elucidate the effects of AM and PAM on the interfacial H-bond
populations and dynamics.

Ultrafast 2D IR spectroscopy provides a sub-picosecond
measurement of the local solvation dynamics at the interface.
Fig. 2 shows the ester carbonyl of Span-60, with three H-bond
peaks centered around 1750, 1730, and 1712 cm ™, respectively.
The w, axis represents excitation and w; detection frequencies
respectively. Peaks appear as a positive and negative doublet.
The positive (red) peak corresponds to a ground state bleach
and the negative (blue) represents the excited-state
absorption.*®

The interfacial dynamics were extracted through CLS analy-
sis of the highest-frequency peak as described previously.*
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Fig. 2 (A) Sample ester carbonyl 2D IR spectra of RMs without added
monomer or polymer and RMs containing 5 wt% AM or 5 wt% PAM as
indicated in each panel. Red and blue contours represent the ground state
and excited states transitions, respectively. Along the diagonal there are
three peaks with no off-diagonal features. Fitted to the highest intensity
0 H-bond peak is the CLS. (b) CLS decays of all the reverse micelles as a
funcion of waiting time. The addition of AM monomer does not affect the
measured dynamics, however, the PAM polymer does cause a twofold
slow down in dynamics.

The CLS analysis reports on the overall timescale for H-bond
fluctuations of the water present at the surfactant ester car-
ybonyl, as measured in terms of fluctuations of the carbonyl
frequencies. In the RMs without added solute species, the
relaxation decay time is 1.6 & 0.2 ps. The addition of monomers
did not affect the dynamics as indicated by a nearly identical
CLS relaxation time, however, the polymer addition slowed
dynamics approximately by a twofold increase to the CLS
relaxation time to 3.3 + 0.4 ps (Table 1). These observations
indicate that PAM interacts preferentially with the interface
over the same mass of monomer in the RM. To ensure that the
observed water H-bond fluctuations at the surfactant interface
results from direct interactions of polymers with the interface
and not through overall slowing of the entire water ensemble in
the RMs, control experiments of ethyl acetate with varying
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Fig. 3 Sample 2D IR spectra (A) of ethyl acetate in D,O without added
polymer and ethyl acetate in 5 wt% polyacrylamide in D,O solution. The
red and blue peaks represent the ground state and excited states transi-
tions, respectively. The CLS fit (B) along with the decays of the ethyl
acetate spectra. The inclusion of the polymer does not display a significant
change in the bulk water dynamics.

polymer concentrations were performed. Ethyl acetate was
selected as a bulk vibrational probe for its excellent solubility
in water and its lack of ability to H-bond to itself, preventing
aggregation.** The 2D IR with the accompanying CLS decays of
ethyl acetate with no polymer and of 5 wt% PAM are shown in
Fig. 3. The values of the CLS decays (Fig. 3) demonstrate that
the slow down of H-bond fluctuations seen in the RM is not
replicated in bulk solution. Each ethyl acetate spectrum does
not show a significant change to the CLS decay time compar-
able to the RM sample. This shows that the RM interfacial
dynamics slowdown is due to direct perturbation of the inter-
face by the polymers and not a simple increase in the bulk
viscosity.

The experimental frequency fluctuations are interpreted in
terms of H-bond fluctuations in MD simulations by comparing
the picosecond-component of the computed FFCF relaxation
and the experimental CLS decay time. The FFCF was calculated
as described in Section S5 (ESIt). In brief, an electrostatic map
was used to convert the local electric fields of each surfactant
ester carbonyl into an instantaneous frequency. The numerical
FFCF is then fit to the sum of a tri-exponential decay. The

This journal is © The Royal Society of Chemistry 2022
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second exponential is directly comparable to the experimental
H-bond fluctuations as its timescale is on the same order as
those measured by the CLS analysis. Section S5 (ESIT) describes
the computation of FFCF from MD simulations using a vibra-
tional map. The computed ester carbonyl relaxation constants
for the AM and PAM inside the RM are 0.60 ps and 0.65 ps,
respectively.

Compared to the relaxation constant of the same simulation
parameters with no encapsulated species the relaxation time is
8% slower for the PAM system and the AM system is 40% faster.
The absolute value of the MD FFCF relaxation times lacks
quantitative agreement with the experiment possibly suggest-
ing that simulations underestimate the surfactant-polymer
interactions, however, simulations do reproduce the experi-
mental H-bond populations, as discussed in the next section.
In general, the experimental result shows that the inclusion of
polymer perturbs the interfacial environment more signifi-
cantly compared to equivalent quantity of monomer units. This
is furthered by the evidence displayed in Fig. 4. The AM
monomer is more uniformly distributed across the interior of
the membrane with a partial localization at the surfactant
interface, in contrast, the polymer becomes significantly more
localized to the interface. Thus this evidence strongly suggests
that polymer localization is the primary cause of the slowdown
in H-bond fluctutations at the RM interface.

I
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Fig. 4 Representative mass distributions of octane, water, surfactant, and
encapsulated species in the simulated MD box, in units of kg m~>. The
surfactant ester C—=0O is shown in pink and is located at the interface
between the water (blue) and the octane (orange). The encapsulated
polymer is localized at near the surfactant carbonyls (a) and the acrylamide
is distributed across the entire micelle. The surfactant C=0O, monomer,
and polymer density values were scaled by a factor of 10 for better
illustration.

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

Discussion

The enthalpy of H-bond formation remains unchanged by the
presence of AM monomers and agree with previous measure-
ments of the pure RMs (Section S2, ESIT).>>° RMs with PAM
display ~20% larger H-bond enthalpies of formation (Section
S1, ESIf). This comparison suggests that monomers do not
perturb the interface, whereas the polymer may interact directly
with the surfactants or indirectly affects the packing or hydra-
tion. Interfacial water H-bond frequency fluctuations measured
using 2D IR spectroscopy, show that the encapsulated mono-
mer species do not differ from the pure RMs (Table 1). The
solvation dynamics of the RMs containing the polymer are
approximately two-fold slower in relation to the other systems
studied (Fig. 2), suggesting, once again, that the slowdown is a
result of interactions with the interface. Interestingly, bulk
solution H-bond frequency fluctuations, as measured by ethyl
acetate, a fully soluble probe, indicate that PAM does not
change significantly at the 5 wt% concentrations used in the
RM experiments, suggesting that the polymer slowdown is a
purely interfacial phenomenon, without an accompanying
slowdown of the bulk.

Since the polymers interact with the interface, it is impor-
tant to characterize any alterations to the overall structure of
the RM such as changes in the diameter or heterogeneity,
which have been observed in analogous systems.>****® DLS
RM size measurements were performed on the RMs with 5 wt%
polymer and monomer concentrations (Table S1, ESIt). The
DLS measurements show no significant changes across sam-
ples, and in addition, the sizes are comparable to previous
measurements of these RM systems.** This demonstrates
that AM or PAM maintain the global RM structure relatively
intact, suggesting that the change in both H-bond enthalpy and
interfacial H-bond frequency fluctuations is due to the inter-
action of the polymer and the interface, not due to a significant
change in the surfactant packing or global surfactant-water
interactions that would alter the RM size.

Next, to understand the molecular interactions resulting in
the observed slowdown at the interface, we analyze the MD
trajectories. The C—O frequency fluctuation timescales
extracted from simulations are in good overall agreement with
the experimental CLS decay time constants shown in Table 1.
Although the MD dynamics are ~50% faster compared to the
experiment. Table 1 also shows that the MD dynamics speed up
with the addition of monomer, while the dynamics become
slower with the addition of polymer, this suggests that perhaps
MD overestimates surfactant-monomer interactions compared
to experiments.

Fig. 4 illustrates the polymer localization at the surfactant
interface, in the MD box, whereas the monomer is more evenly
distributed through the surfactant and water regions. AM’s
structure (Fig. 1B) displays both H-bond accepting and donat-
ing sites. This allows for AM monomer to insert itself into the
H-bond network in water in a less perturbative way. Further-
more, the small size of the water layer, chosen to reproduce the
water-to-surfactant ratio of 20 used for the experiments, may
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not provide sufficient “bulk” water, which could overestimate
the surfactant-monomer or surfactant-polymer interactions.

Understanding the effect of surfactant interactions with
polymer or monomer affect the interface requires characteriz-
ing the ordering of water molecules as the interface using a
tetrahedral order parameter.”” In brief, the order parameter
describes the ordering of H-bonds within the network and has a
value of one in a perfectly tetrahedral “ice-like” structure, and a
value of zero for a completely random ‘“ideal gas” structure.
The tetrahedral order parameter (Section S7 and Fig. S19, ESI})
indicates that the interfacial water with 5 wt% AM monomer is
more ordered than either of the two other systems. This
indicated that the dynamics would be increased as a result of
the more ordered H-bond structure. More ordered H-bond
networks maintain proper angle and distance requirements
for H-bond exchange, resulting in faster dynamics. The oppo-
site effect is observed with PAM where the interfacial water
becomes more disordered, leading to slower dynamics. These
MD results give insight into the underlying physical picture
that results in the computed H-bond dynamics (Table 1). This
also explains why the polymer does not have the same order-of-
magnitude effect in the simulated FFCF when compared to the
experimental CLS decays. The polymers used in the MD simu-
lations, which have a molecular mass of 569 Da, are signifi-
cantly smaller than those used in the experiments, which have
an average molecular mass of 40 000 Da. The overall aim of the
MD simulations, to elucidate the effect of the polymer was
accomplished through the tetrahedral order parameter analysis
and mean squared displacement (Section S7, ESI{). More
advanced simulations on larger systems are likely necessary
to quantitatively reproduce the experimental results.

Conclusion

Here we demonstrated the non-ionic AM monomers and PAM
polymers interact differently with a surfactant interface, as
probed at the surfactant headgroup location. The polymers
induce a significant effect on the H-bond dynamics whereas
the monomers appear to be largely non-perturbative. The
H-bond populations of the three systems remained largely
unchanged between experiment and simulation, but the H-
bond enthalpies are altered only by the presence of polymer
suggesting that polymer may alter the surfactant-surfactant or
surfactant-water interactions. Simulations predict that the
monomer system would speed up the solvation dynamics,
however, this is not reflected in the experimental findings.
This may be due to the simulation overestimating the interac-
tions of AM monomer with the interface, as a result of the force
field or the size of the simulation system. Simulations eluci-
dated the origin of the polymer effects, showing that the water
H-bond network is disrupted by the presence of the polymer.
Even though AM can donate and accept H-bonds, the restricted
degrees of freedom of a polymer (when compared to a mono-
mer unit) does not allow for minimal disruption of the H-bond
network.
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The study showed that the non-charged but polar interface
interacts with a polar monomer and polymer in different
degrees; showing a preferential interaction with the polymer
species when compared to the monomer. The preferential
interaction the polymer has with the interface has implications
in modulating kinetics as a function of reaction coordinate in
polymer synthesis in RMs. As monomers react and form short-
chain polymers and continue to react to form longer polymer
chains the thermodynamics and water dynamics at the inter-
face also change. The interface has a unique dynamic role in
the formation of products not seen in bulk reactions.
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