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ABSTRACT: Polymer-stabilized liquid/liquid interfaces are an
important and growing class of bioinspired materials that
combine the structural and functional capabilities of advanced
synthetic materials with naturally evolved biophysical systems.
These platforms have the potential to serve as selective
membranes for chemical separations and molecular sequencers
and to even mimic neuromorphic computing elements. Despite
the diversity in function, basic insight into the assembly of well-
defined amphiphilic polymers to form functional structures
remains elusive, which hinders the continued development of
these technologies. In this work, we provide new mechanistic
insight into the assembly of an amphiphilic polymer-stabilized
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oil/aqueous interface, in which the headgroups consist of positively charged methylimidazolium ionic liquids, and the tails are
short, monodisperse oligodimethylsiloxanes covalently attached to the headgroups. We demonstrate using vibrational sum
frequency generation spectroscopy and pendant drop tensiometery that the composition of the bulk aqueous phase, particularly
the ionic strength, dictates the kinetics and structures of the amphiphiles in the organic phase as they decorate the interface.
These results show that H-bonding and electrostatic interactions taking place in the aqueous phase bias the grafted oligomer
conformations that are adopted in the neighboring oil phase. The kinetics of self-assembly were ionic strength dependent and
found to be surprisingly slow, being composed of distinct regimes where molecules adsorb and reorient on relatively fast time
scales, but where conformational sampling and frustrated packing takes place over longer time scales. These results set the stage
for understanding related chemical phenomena of bioinspired materials in diverse technological and fundamental scientific fields
and provide a solid physical foundation on which to design new functional interfaces.

B INTRODUCTION

Lipid bilayers are central to many biological functions and play
a key role in numerous fundamental processes including the
transport of ions/small molecules and mediating self-assembly
of proteins." The large range of lipid bilayer functions is
accomplished through the diversity of lipid species that can
modulate the membranes’ physical and chemical properties.
Synthetic approaches can build on this molecular diversity
through the inclusion of designer amphiphilic oligomers and
block copolymers that mimic the functionality of natural
materials. These designer molecules can contain key structural
and chemical “knobs” that potentially allow for control over
membrane properties. Such amphiphilic polymers can self-
assemble into synthetic nanoscale membranes with variable
behaviors reminiscent of lipid-based membranes but are
considerably more stable and robust than their natural
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counterparts.2
into these synthetic bilayers provides access to many signal

The ability to incorporate membrane proteins

processing modalities; for instance, ion channels and pumps
can be used to sequence DNA,’ to charge biobatteries,* and to
emulate hearing.” Recently, these platforms have demonstrated
the potential for using ion-channel doped planar bilayers as
synapse-inspired memristors capable of integration in neuro-
morphic computing applications.”” Broadly speaking, these
types of chemical/material platforms have the potential to act
as the functional elements in complex devices capable of a wide
range of functions. Despite this potential, fundamental insight
into the assembly of these well-defined amphiphilic species
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into emergent structures remains elusive and therefore limits
the continued development of relevant technologies.

Most polymer-based membranes are formed from block
copolymers that self-assemble into well-characterized morpho-
logical phases.” These supramolecular systems, however, are
large and complex, which can result in long-range repulsive
forces based on osmotic stress and other excluded volume
interactions that hinder membrane formation and are difficult
to characterize.” In addition, membranes formed from block
copolymers are compressible and are typically much thicker
than lipid bilayers, which complicates the search for design
rules affecting their assembly. To circumvent these complica-
tions, ionic species can be introduced to membrane-forming
polymers/oligomers to enhance their self-assembly via
attractive electrostatic forces and increase their amphiphilicity
at the oil/aqueous interface. In this work, we make use of the
molecule sketched in Figure 1, where we covalently linked a
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Figure 1. Structure of oligodimethylsiloxane imidazolium mesylate:
ODMS-MIM™ OMs(~.

single ionic liquid (IL) unit (methylimidazolium cation,
MIM™) to the chain end of a commercially available, discrete
oligomer (oligodimethylsiloxane, ODMS, 1 kDa). The charged
headgroups can self-assemble at the oil/aqueous interface to
resemble a “grafted-to” polymer chain, but with graft points
that are mobile along the liquid/liquid (L/L) phase boundary.
The resulting system resembles model lipid monolayers and
bilayers that are useful for studying biomembrane related
processes. Despite this similarity, there are key fundamental
questions regarding the assembly of even the most basic of
amphiphilic-oligomer monolayers. For instance, how does the
structuring of the ionic headgroups in the aqueous phase
impact the organization of the nonpolar chains in the oil
phase? The self-assembly of lipids at hydrophobic/hydrophilic
interfaces is spontaneous due to directional, attractive
interactions resulting from shape anisotropy and enthalpic
forces (hydrogen bonds and z-stacking). In contrast,
membrane formation for amphiphilic polymers often involves
a more subtle interplay among various forces, including
enthalpic and entropic forces.” Additionally, probing molecular
assembly, structure, and kinetics at these buried interfaces
presents several technical challenges in isolating the interfacial
species from the surrounding bulk phases.

Learning in detail the complex mechanisms governing the
self-assembly of oligomer-based membranes in an attempt to
mimic the structure and function of natural lipid bilayers can
enable the discovery of design rules responsible for the
emergence of complex and nonlinear dynamical behaviors in
artificial and natural interfaces. Numerous examples linking
assembly and function have been found for lipid-based
membrane analogs, both with and without membrane-
associated macromolecules like proteins. These include sharp
concentration and voltage thresholds for ion channel insertion
and conduction in lipid membranes due to first-order phase
transitions associated with structural changes in membrane
morphology®” and changes in the state equations of lipid
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membranes that relate time-dependent structural changes of
the bilayer with memristive and memcapacitive behaviors.””

To obtain key mechanistic insight, we track the kinetics of
self-assembly and associated conformational/structural aspects
of oligodimethylsiloxane-methylimidazolium (ODMS-MIM™)
amphiphilic oligomers adsorbed to the oil/aqueous interface
using vibrational sum frequency generation (VSFG) spectros-
copy and pendant drop tensiometry (PDT). We found that the
ionic strength of the bulk aqueous phase strongly impacts the
assembly kinetics and equilibrated confirmations of the
amphiphiles in the oil phase. Our work shows that ODMS
tail conformations are highly dependent on the ability of the
charged MIM™ headgroups to pack at the interface as
mediated by screening via electrolytes and changes in H-
bonding in the aqueous phase. These results lay the
groundwork for future studies of well-defined ionic oligomers
and polymers at interfaces that approach the complexity of
natural systems.

B RESULTS AND DISCUSSION

To study the kinetics of self-assembly of ODMS-MIM ™)
amphiphilic ionic oligomers at an oil/aqueous interface, we
first performed PDT measurements (details in Experimental
Section). Figure 2 shows the interfacial tension as a function of
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Figure 2. Monolayer surface tension measured during ionic oligomer
self-assembly at an oil/aqueous interface at different NaCl
concentrations in the aqueous phase, as indicated in the legend.
The observed surface tension decreased over time as the amphiphilic
oligomer self-assembled into a monolayer at the droplet interface. The
inset is a zoom into shorter time dynamics for the same data.

time following the formation of an inverted droplet of
hexadecane containing 2 mg/mL ODMS-MIM™) submerged
in 10 mM MOPS (3-(N-morpholino) propanesulfonic acid)
buffer at pH 7.06. The curves shown in Figure 2 describe the
kinetics of monolayer formation in the presence of various
concentrations of NaCl in the aqueous phase (0, 0.01,0.1, 1 M
NaCl). Notably, at high electrolyte concentrations, for
example, 1 M NaCl, a rapid (~150 s) decrease of the surface
tension to a value below ~5 mN/m was observed at which
point the droplet detached from the needle. In contrast, at
lower NaCl concentrations of 0.1 and 0.01 M, the surface
tension decreased more slowly, but eventually reached a similar
~5 mN/m level after ~250 s. For droplets submerged in pure
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deionized water free of salts, the surface tension decreased
even more slowly. The dynamic surface tension data obtained
with pure water showed two distinct regimes during the
monolayer formation process. The interfacial tension first
decreased sharply and approximately linearly during the first
~200 s, after which the monolayer tension decreased more
gradually to below S mN/m over the course of another ~30
min. The first and second regimes were consistent with prior
descriptions of monolayer formation via fast initial diffusion-
limited deposition of intact liposomes or reverse micelles,
followed by a slower long-term adsorption/exchange limited
regime that carried the monolayer to its equilibrium packing
density.' In all cases, the surface tension fell below S mN/m
provided that enough time was allowed to pass (>10 min).
The strong correlation between salt concentration and the
rate of monolayer self-assembly, specifically as inferred by the
amount of time required for the tension to decrease to <S
mN/m, suggests that electrostatic screening of the adsorbed
polymers serves to reduce electrostatic repulsion forces
generated by the charged cationic methylimidazolium head-
groups. This is evident from the data in Figure 2, where the
presence of NaCl apparently enables facile assembly of the
ionic oligomers to the oil/aqueous droplet interface. The fact
that each PDT measurement ultimately reaches the same
minimum surface tension (<5 mN/m) implies that regardless
of ionic strength in the aqueous phase, the same final coverage
of ODMS-MIM™) is achieved at the L/L interface. This
observation, however, appears to contradict an electrostatically
mediated process as suggested by the rate of change in surface
tension obtained from our PDT measurements. In other
words, one might expect that unscreened charges at low ionic
strengths would result in increased repulsion between the
headgroups at the interface to yield overall lower surface
coverages and packing efficiencies. This apparent discrepancy
indicates that there is more happening at the monolayer
interface than can be deduced from PDT measurements alone.
To extract the missing information regarding the adsorption
of ODMS-MIM™ ionic oligomers to the hexadecane/aqueous
interface, we have employed vSEG spectroscopy. vSFG is
ideally suited to study buried L/L interfaces as it is a surface-
specific spectroscopic technique, where species in centrosym-
metric and isotropic bulk media do not generate appreciable
signals due to symmetry."' =’ In contrast, at interfaces where
symmetry is broken, coherent vSFG signals can be readily
detected, allowing for a glimpse into the ordering and local
chemistry governing assembly. The challenges associated with
probing buried interfaces with vSFG are notable. From a
technical perspective, one must be able to optically access the
interface without substantially attenuating the incident light.”*
For buried L/L interfaces, this necessitates the use of very thin
samples or optically transparent media. The former suffers
from challenges in preparing a thin oil phase, whereas the latter
is limited by the use of organic phases that contain different
functional groups than the surface species of interest. Despite
these challenges, the pioneering work of Richmond”' ™**** and
Roke”*™*’ has revealed peculiar H-bonding networks and
molecular structures that can form at model L/L interfaces that
are not present at other surfaces. Given the prevalence of L/L
interfaces in chemistry and related disciplines, understanding
these interfaces and the molecular level phenomena taking
place there represents a frontier in fundamental surface science.
Details surrounding the vSFG measurements can be found in
the Experimental Section and in recent repo1‘ts.30’31 Comple-
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mentary Raman and low-temperature attenuated total
reflectance Fourier transform infrared spectra of the neat
ODMS-MIM™ sample are also presented in Figure S4 in the
Supporting Information. The surface areas in the PDT and
vSFG measurements are comparable within an order of
magnitude.

Static vSFG spectra (i.e., samples allowed to equilibrate for
>30 min) of ODMS-MIM®) at the hexadecane/aqueous
interfaces in different polarization combinations and electrolyte
concentrations are shown in Figure 3. For both 1 M NaCl and
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Figure 3. vSFG spectra in different polarization combinations from
the ODMS-MIM(+) oligomers at the hexadecane/0.1 M NaCl
MOPS interface (solid lines) and hexadecane/1 M NaCl MOPS
interface (dashed lines).

0.1 M NaCl (both in MOPS) aqueous phases, a pronounced
band centered near 2909 cm™' was observed in the SSP
polarization combination that we assign to the methyl
symmetric stretch (—CHj-ss) from the ODMS tail, in
agreement with previous work,*>** vSFG selection rules,'#**
and linear vibrational spectroscopies (Figure S4). Similarly, the
PPP and SPS spectra show peaks near 2964 cm™' that
correspond to methyl asymmetric stretches (—CHj-as) on the
ODMS tail. This feature might also contain unresolved
contributions from the CHj-ss of the terminal imidazo-
lium.** % Weak features appearing near 3014 cm™' corre-
spond to the C(2)-H stretch on the imidazolium ring that is
commonly associated with H-bonding interactions.”*™*® The
lack of strong signal from this peak, or other functional groups
on the imidazolium group (e.g, methyl and H-C(4)-C(5)-H
groups),”* ™’ suggests that the imidazolium ring lays mostly
parallel to the L/L interface with the C(2)-H bond pointing
slightly into or out of the aqueous phase depending on the
electrolyte concentration. In general, the lack of a strong signal
from the imidazolium groups suggests that the ring is oriented
parallel to the interface such that the lack of in-plane
anisotropy permits random in-plane orientations and thus
generate correspondingly weak vSFG signals. The amplitudes
of this feature (data summarized in Tables S1 and S2) are of
different signs for the two aqueous phases studied, which hints
at subtly different orientations that the head groups can take in
response to changing ionic strength in the bulk. Unfortunately,
the weak signal for this band and its absence in other
polarization combinations precludes a quantitative analysis of
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the molecular orientation. In the case of the SSP spectrum at 1
M NaCl, a weak feature at 2828 cm ™! was also observed and is
attributed to the mesylate counterion CH;-ss.>® This indicates,
as proposed elsewhere,”” that the counteranions can co-adsorb
at the L/L interface at high bulk electrolyte concentrations.
The very broad features near 2855 cm™' are likely due to
unresolved contributions from methylene stretches (linker
from imidazolium to ODMS), combination bands,>” and/or
the terminal CHy-ss on the ODMS-tail.****** The broad
signal extending from @ > 3100 cm™ is due to the —OH
stretch of water and indicates the presence of ordered water at
the charged L/L interface. 23,39—41

To confirm that the vSFG spectral features observed in
Figure 3 are truly from the ODMS-MIM™ ionic oligomer at
the hexadecane/aqueous interface, we performed three
separate control measurements: one probed the aqueous/air
interface, another probed the aqueous/oil interface, and the
third probed the polymer-in-oil/air interface. First, no signal
was observed from the aqueous/air interface (Figure S7),
indicating that MOPS is not surface active at the present
concentrations and is not responsible for the signals observed
in Figure 3. Next, the hexadecane/aqueous interface (shown in
Figure 4a) shows three characteristic bands in the SSP
spectrum at 2858, 2878, and 2942 cm™' that are assigned to
CH,-ss, CH;-ss, and Fermi resonance of hexadecane, in
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Figure 4. SFG spectra collected from (a) the hexadecane/aqueous
interface and (b) the ODMS-MIM™ in hexadecane/air interface with
different polarization combinations as noted in the insets.
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agreement with previous vSEG studies.”" Similarly, the

PPP spectra for the hexadecane/aqueous interface showed
peaks at 2858, 2903, and 2965 cm™, corresponding to
methylene symmetric stretches, methylene asymmetric
stretches, and the asymmetric stretch of the terminal methyl
groups of hexadecane.””*> Notably, these features were not
observed at the L/L interface in the presence of ODMS-
MIM®) (Figure 3). This means that the amphiphilic polymer
displaced the hexadecane at the oil/water interface, as expected
based on interfacial tension measurements. Finally, we
performed measurements of the ODMS-MIM* oligomer at
the oil/air interface, as shown in Figure 4b. The spectra
obtained were like those at the neat oil/water interface, with
similar peak positions and assignments for the various bands,
but with different relative intensities. These differences are
descriptive of different ordering of the hexadecane chains at
the air versus aqueous interfaces, which have different
polarities. The absence of characteristic ODMS-MIM®*)
bands in all control spectra indicates that the ODMS-MIM™
oligomer is the dominant surface-active species at the buried
L/L interface and that we are indeed probing the ionic
oligomer species located there.

Turning attention back to the data in Figure 3, the relative
peak 1nten51t1es, areas, and widths, partlcularly for the ODMS-
MIM®™ CHj-ss band at 2909 cm™, vary depending on the
ionic strength of the aqueous phase. The relative areas,
amplitudes, and widths all report on different aspects of
population, ordering, and local chemical heterogeneity, as will
be discussed further below. First, the peak area for the CHj-ss
from the 1 M NaCl aqueous phase sample is smaller than that
of the 0.1 M NaCl sample (data in Tables S1 and S2). At first
glance, this might suggest that the population is lower at higher
ionic strength; however, when one considers the intrinsic
symmetry of the ODMS backbone (alternating methyl groups
with high degree of rotational freedom about the bond axes), it
becomes apparent that a smaller peak area describes both
population and tail conformation. Namely, at the relatively low
grafting densities used here, regardless of electrolyte
concentration, the ODMS tails assume a coiled conformation
in the so-called “mushroom” regime‘m’45 (sketched in Figure S,
green shaded region). At the higher adsorption densities
anticipated at 1 M NaCl, based on PDT measurements and
electrostatic arguments, the footprint of the ODMS tails must
necessarily be smaller to accommodate an increase in the
number of ionic oligomers at the L/L interface. This has the
effect of either straightening out the tails or more tightly
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Figure 5. Cartoon illustrating the effect of electrolytes on surface
ordering and packing on ODMS-MIM™ head groups and tails. The
volume that the tails can sample is indicated by the green shaded
region. Based on vSFG measurements, at high electrolyte concen-
trations (e.g,, 1 M), the tails assume a more compact structure, which
is mediated by charge screening of the head groups in the aqueous
phase.
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coiling them into smaller “mushrooms” where, in either case,
destructive interference of vSFG signals from oppositely
orientated methyl groups will lower signal amplitudes despite
the increase in overall number density. In contrast, at lower
coverages and lower ionic strengths in the aqueous phase,
larger peak areas are observed, consistent with the tails
assuming more spread-out conformations with the methyl
groups pointing into the oil phase (i.e., the ODMS backbone
lays more parallel to the L/L interface with the methyl groups
pointing into the oil phase to minimize interactions with the
aqueous phase).”> The same picture is also qualitativelgr
reflected in the associated amplitudes for the CH;-ss mode.’
This physical picture is further supported by considering the
extracted spectral line widths for the CHj-ss in the SSP spectra,
which show overall narrower line widths from the 1 M NaCl
samples compared to the 0.1 M NaCl sample. Specifically, a
line width of I'cyy,, = 11.6 + 0.4 cm™ was recovered from the

1 M NaCl aqueous phase, whereas I'cyy ., = 15.1 + 0.4 cm™!

was observed for the 0.1 M NaCl solution. This observation
indicates that the breadth of local chemical environments
sampled by the tails is larger in the less confined ODMS-
MIM®) adsorbed at the hexadecane/0.1 M NaCl aqueous
interface. Similarly, the more tightly coiled/smaller footprint
ODMS-MIM™) at the 1 M NaCl aqueous interface is less
broadened, likely due to better packing and buried methyl
groups that do not interact with neighboring phases/
molecules. This combined with the aforementioned subtle
variations in the weak imidazolium vSFG signal indicate that
the electrolytes play a key role in screening the charged head
groups from one another at the oil/water interface. This
screening allows for tighter assembly of head groups and a
correspondingly smaller spatial volume near the surface that
can be sampled by the ODMS tails.'"**~**

To further validate this physical picture, we have collected
vSEG spectra with aqueous phases containing Nal, a more
surface active and polarizable anion. These spectra, shown in
Figure 6, agree with the findings detailed above for NaCl
Specifically, the measured change in peak intensity for the
—CHj;-ss from the ODMS tail when going from 0.1 to 1 M Nal
shows dramatic differences that arise from interactions of the
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Figure 6. vSFG spectra in different polarization combinations from
the ODMS-MIM™ oligomers at the hexadecane/0.1 M Nal MOPS
interface (solid lines) and hexadecane/1 M Nal MOPS interface
(dashed lines).
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surface species (ODMS-MIM*) and water) with I~ anions.
These results show a decrease in vSFG signal resulting from
the formation of increasingly compact centrosymmetric
“mushrooms” in the oil. The more dramatic change with Nal
vs NaCl is indicative of interactions of the I anion with the
head groups at the interface and/or with the H-bonding
network. We also find that the resulting spectra obtained with
Nal are better resolved, particularly at lower frequencies that
were not resolved in experiments with NaCl (see Figure 3),
which is again supportive of the notion of more tightly packed
ODMS structures. This result shows that changing the
concentration and identity of the anions in the aqueous
phase allows for chemical tunability of the interface and that
specific ion effects might be important in the design of
functional interfaces.*”

To elucidate the response of water to ODMS-MIM™ and
the electrolytes as inferred above, we directly measured the
vSFG spectra in the —OH stretching region, which is shown in
Figure 7. These spectra show that water H-bonding in the

a) 10‘2 arb. units

)
= 0.1 M NaCl
g
8
2 1M NaCl
w
c
(]
e
o
L
()]
>
3050 3150 3250 3350 3450 3550
Wavenumber (cm-1)
b) 10,2 arb. units
w
=
=3
-Q 1 M Nal
8 0.1 M Nal
=
w
c
k3
j=
o
L
()]
>
3050 3150 3250 3350 3450 3550

Wavenumber (cm-1)

Figure 7. vSFG spectra of water in the SSP-polarization combination
at the buried ODMS-MIM® decorated oil/aqueous interface. The
data in (a) describe the interfacial H-bonding network of water in the
presence of different concentrations of NaCl. The changes in
amplitude are attributed to charge screening as described in the
text. Similarly, (b) shows how H-bonding changes in the presence of
the more surface active I” anion. The apparent blue shift of the —OH
stretch in the presence of 1 M Nal is indicative of disrupted H-
bonding from a surface adsorbed I” anion.
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presence of 0.1 and 1 M NaCl aqueous phases is spectrally
similar to one another, with a slightly lower intensity at 1 M
than at 0.1 M NaCl. The differences in intensity agree with
measurements on analogous lipid systems,”””' showing the
importance of charge screening via the 2 effect. More subtle
differences in the contributions from —OH stretches near 3200
cm™!, corresponding to more tightly H-bonded water,>” are
found to exist between the two measurements. Complemen-
tary measurements using Nal (Figure 7b) containing aqueous
phases at 0.1 and 1 M concentrations show much more
dramatic changes in the interfacial H-bonding. These spectral
differences can arise from anion adsorption to the interface
thereby disrupting the H-bonding networks, as shown by Allen
and co-workers.’” Here, we find that at 1 M Nal, the presence
of interfacial I" disrupts the H-bonding network, as expected,
with a large shift in vSFG response corresponding to more
weakly H-bonded species. These results show that changes in
ODMS conformation in the oil phase are facilitated, as
proposed above, by screening the charged head groups from
one another and changing the associated H-bonding network
at the interface.

Time-Dependent Monolayer Formation Probed via
VSFG. To further validate the physical picture sketched in
Figure 5 and discussed above, we performed time-resolved
vSFEG measurements to track in real-time the formation of the
oligomer monolayer at the hexadecane/aqueous interface. This
approach provides new insight into the dynamic ordering and
molecular interactions taking place at the interface that cannot
be provided by time-dependent changes in the measured
interfacial tension. The results from kinetic vSFG measure-
ments are shown in Figure 8, and a corresponding physical
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Figure 8. Time-resolved vSFG spectra acquitted in the SSP
polarization combination where the observed changes in band
positions and relative amplitudes reflect displacement of oil from
the oil/aqueous interface and the adsorption/ordering of the polymer.

model describing the kinetics is supplied in Figure 9. On
addition of the oligomer-in-oil solution to the 0.1 M NaCl
aqueous phase, we observed a spectrum (at ¢t = 0 min) that
matches the control oil/aqueous interface spectrum shown in
Figure 4a, which is dominated by signal from the hexadecane.
As the ODMS-MIM™) self-assembles at the L/L interface, we
observe that bands corresponding to hexadecane decrease in
intensity, while a pronounced band at 2909 cm™, correspond-
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ing to the ODMS backbone, grows and eventually reaches a
steady state at around 20 min that matches the static vSFG
measurements presented in Figure 3. Notably, the intensity of
the ODMS CHj-ss is largest at moderate times (10—15 min)
before the equilibrated monolayer is formed. This is supportive
of the idea that the ODMS tails initially organize along the
surface plane with methyl groups pointing into the oil phase
and the MIM™) interacting with the aqueous phase.”” At
longer times, more oligomers adsorb and force the extended
ODMS tails into more compact conformations, thus
decreasing the associated vSFG signal due to destructive
interference of the radiated vSFG fields owing to the increasing
centrosymmetry of the “mushroom” structures that are formed
in the oil phase. This is a key finding of this work, in that the
growth and subsequent decrease of the —CHj-ss signal from
ODMS tails support the hypothesis that the salt concentration
in the aqueous phase alters both the interfacial population and
the associated packing density. This is observed in the kinetic
measurements in Figure 8 that show the initial amplitude of
the —CHj-ss signal from the ODMS tail is largest at early/
intermediate times, but as the surface population of ODMS-
MIM™ increases in time, the corresponding signal drops due
to increasing centrosymmetry. Since the population of ODMS-
MIM® can only increase with time, the eventual decrease in
—CHj-ss signal must be due to conformational rearrangement
into a more centrosymmetric structure. Thus, the kinetic
measurements in combination with static vSFG results show
that the tails of the ODMS-MIM™) become more compact and
assume a smaller footprint at higher electrolyte concentrations.

The time scale for interfacial adsorption and organization is
in excellent agreement with the interfacial tension measure-
ments, thus explaining the molecular origin of the changes
observed. The vSFG kinetics show that even after initial
adsorption, molecular events and additional packing of
oligomers takes place on longer time scales to ultimately
reach equilibrium. The apparent rate of adsorption is
electrolyte dependent, but the PDT measurements only
probe the population of ODMS-MIM™* at the interface up
until it detaches from the needle at a surface tension of ~5
mN/m. This means that the populations at equilibrium, as
probed by vSFG, vary as a function of electrolyte
concentration, supporting a charge screening mechanism
mediating adsorption. This suggests that in some cases,
particularly when the sample interface can detach from the
supporting needle, PDT measurements might not ever capture
the final equilibrated interface. Additionally, we observe that
on the higher frequency side of the time-resolved vSFG spectra
(Figure 8), the —OH vibrations of water at the interface
increased as a function of time and on a faster time scale than
the tail organization. The observation of ordered water is
expected at charged interfaces due to the ionic imidazolium
head groups polarizing water molecules near the inter-
face.””>>™> Furthermore, at hydrophobic interfaces (t < $
min), it is known from other reports that water orients such
that one —OH bond points into the oil phase (i.e., a “free-
OH”).55 In contrast, and also based on previous work, when a
charged species is present, such as our ODMS-MIM )
decorated interface, the water must reorient to accommodate
the positively charged interface such that the —OH groups
point into the aqueous phase,> as sketched in Figure 9. Kinetic
experiments attempted at 1 M NaCl conditions were found to
evolve too quickly to resolve in time with vSFG, which is
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Figure 9. Illustration of adsorption and ordering kinetics as explained by vSFG and PDT measurements. At early times (f < S min), the interface is
predominantly composed of water and hexadecane with micelles of the ODMS-MIM(+) ionic oligomer dissolved in the oil phase. As time
progresses (S min < ¢ < 15 min), the micelles adsorb and break apart near the surface (black arrow) and begin populating the surface, displacing
hexadecane (orange arrow). At long times, the surface coverage continues to increase, which is dictated by the ability to accommodate additional

ODMS-MIM(+) molecules at the interface.

consistent with the physical picture described here and the
PDT measurements presented above.

B CONCLUSIONS

We have tracked in real time the self-assembly of a biomimetic
ionic oligomer at the hexadecane/aqueous interface. Mecha-
nistically, the results suggest that the ionic oligomers adsorb to
the L/L interface and subsequently form a monolayer that
reduces the interfacial tension and reorients water molecules™’
and the associated H-bonding network at the interface. The
ODMS-MIM®) molecules initially adsorb such that the
charged imidazolium headgroup lays parallel to the L/L
interface, which is evidenced by weak vSFG signals from
associated functional groups (see data in Figures 3, 6, and 8).
Similarly, the ODMS tail backbones initially lay parallel to the
interface such that the associated methyl groups are pointed
into the oil phase and the more polar oxygen groups interact
with the aqueous phase. This configuration would yield the
largest vSFG signals for the associated methyl groups due to
out of plane anisotropy. As the system reaches the equilibrium
configuration and maximum packing density at the surface, the
tails eventually contort to accommodate neighboring oligomers
by formingé an interfacial layer in the so-called “mushroom”
regime.*”*> This is demonstrated by kinetic measurements in
Figure 8 that show a characteristic decrease in ODMS signal as
the surface becomes more populated in time. Importantly, the
present results show that tail conformations in the oil phase are
ultimately directed by electrostatic interactions in the aqueous
phase (see Figures 3 and 6, for instance), which is somewhat
surprising since the electrolytes never directly interact with
moieties in the oil phase. This observation is supported by
measurements with different anionic species and different ionic
stren%ths that show distinct effects on the amphiphile ODMS-
MIM™ signals and the associated water H-bonding network.
This ion-mediated ordering in the oil phase is accomplished by
altering the interaction of the charged head groups with each
other and the overall H-bonding network of water at the
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interface, which is seen as unique spectra in the —OH
stretching regions (Figure 7). As such, one can change the
overall packing conformation by tuning the electrostatics and
H-bonding network using the aqueous phase composition such
as electrolyte strength and/or anion identity. This acts as a
potential “knob” to tune self-assembly and function in bilayer
devices and provides new insight into the design rules for these
and related soft matter interfaces that can be leveraged in
future work in this and related fields. Continued work will
investigate specific anion effects in the structure and kinetics of
interfacial self-assembly. We anticipate that this mechanistic
insight into the assembly of these well-defined ionic oligomers
will set the stage for future applications in biomimetic and
neuromorphic applications. Results from this work may be
directly applicable to advanced functional materials, brain
complexity, and energy-efficient neuromorphic computing as
well as practical technological advances in sensors, separations,
and detection technologies.

B EXPERIMENTAL SECTION

ODMS-MIM™ Synthesis. Detailed procedures for the synthesis of
the ODMS-MIM®™ mesylate anion (0Ms™) ionic oligomers can be
found in the Supporting Information along with NMR character-
ization.

PDT Measurements. Dynamic surface tension measurements
were made to monitor polymer self-assembly at oil/water interfaces
using a RameHart Pendant Drop tensiometer. The polymer was
dissolved in hexadecane at a concentration of 2 mg/mL, yielding an
optically transparent bulk oil phase. Measurements were made as
described previously'**® using 12 yL of inverted ODMS-MIM®™ in
oil droplets generated at the tip of a stainless steel needle submerged
in a cuvette containing 3—4 mL of water or buffer. The needle was
preloaded with 20 pL of oligomer in hexadecane solution before being
submerged in the cuvette containing water or buffer. The needle was
bent into a j-shape in house and thoroughly cleaned with water and
acetone before and after measurements.

ATR-FTIR Measurements. Attenuated total reflection fourier
transform infrared spectra (ATR-FTIR) were recorded on an Agilent
Cary 680 spectrometer, using a diamond prism ATR accessory
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(GoldenGate, Specac). The ODMS-MIM™ OMs(™) sample was
dropped on the diamond crystal and sealed using a Cu cup and
graphite gasket. Liquid nitrogen was poured into the Cu cup until
bubbling stopped, and the thermocouple in the graphite gasket was
held at —177 °C for 20 min. The mirror speed was 5 kHz, resolution
was 2 cm™' and integrated over 254 spectra.

Raman Measurements. Raman spectra were obtained using a
XploRA spectrometer (Horiba) coupled with an Olympus mlcrosco%)e
equipped with a 10X (0.25 NA) objective. The ODMS-MIM i
sample was drop cast onto microscope cover glass for measurements.
All spectra were obtained using a laser centered at 638 nm. The
Raman scattered light was dispersed using an 1800 line/mm grating
and filtered using a 100 um pinhole before detection.

VSFG Measurements. For static vSFG measurements, NaCl in
MOPS buffer solutions were placed in a cleaned Teflon dish to which
a hexadecane/polymer layer was deposited (sketched in Supporting
Information, Figure Sla) The thickness of this layer, based on the
volume of oil added and the surface area of the Teflon dish, was <10
um thick, allowing for 1nfrared (IR) light to pass through without
substantial attenuation.”* The samples were allowed to equilibrate for
~30 min before static experiments began. For kinetic SFG
measurements, experiments started immediately after addition of
the polymer in oil solution; these spectra were acquired using 300 s
exposure times, which allowed for modest spectral resolution while
providing enough temporal resolution to capture the assembly and
organization at the interface.

The output of a regenerative amplifier (Ti:sapphire, Spectra
Physics Spitfire Pro) producing ~6 W average power at 1 kHz with
~40 fs pulses centered near 800 nm was split into two optical paths.
One path lead to a TOPAS-Prime Plus optical parametric amplifier
with difference frequency mixer to produce tunable mid-IR light. The
center wavelength of the IR pulse was selected to probe either the CH
stretching region, near 2900 cm™! or the OH stretching region
spanning 3200—3400 cm™". A portion of the second path in the near-
infrared (NIR) was temporally stretched using a 4f-pulse shaper
equipped with a two-dimensional liquid crystal on silicon spatial light
modulator to generate time-symmetric narrowband up-conversion
pulses.>>*" The polarization of the IR light was purified using a wire-
grid polarizer and subsequently rotated with a zero-order half-
waveplate. Similarly, the NIR light polarization was purified using a
Glan-Taylor polarizer and rotated using a zero-order half-waveplate.
The IR and NIR beams were combined in a colinear geometry before
being focused on the sample at a ~60° angle with respect to the
surface normal; after passing through the air/oil interface the refracted
beams are incident on the L/L interface at an angle of ~37° (see
Figure Sla,b). The radiated vSFG signal was collected in a reflection
geometry, polarization resolved with an achromatic half waveplate/
Glan-Taylor polarizer combination and filtered with a 750 nm short-
pass filter before being focused into the entrance slit of a spectrograph
equipped with a CCD camera. Three polarization combinations were
collected for each sample, where the letters in the abbreviation
describes the polarization of light measured/used in experiments in
decreasing energy (ie, SSP = S-SFG, S-NIR, P-IR). vSFG spectra
were background subtracted using co-specified regions of interest and
scaled by the IR spectrum obtained from a gold reference sample in
the PPP combination.”” > The radiated vSEG intensity is propor-
tional to the square of second-order nonlinear susceptibility of the
sample, 72 and the driving laser fields, (Ejy and Eyg): 390072

Lipg & l)(e(é)EIRENIRlz (1)
where the effective second-order nonlinear susceptibility is the sum of
resonant, ){res) , and nonresonant )(NI{ contributions:

DYy
@)

where @ is frequency components in the incident broadband IR
pulse, A, is related to the amplitude, which describes the interfacial
population and associated molecular orientation, @, is the resonance

@ _

(2) i
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transition frequency, I, describes the line width for the q™-mode, and
¢ is the phase angle. Band positions, amplitudes, and bandwidths
were extracted from the data by fitting it to eqs 1 and 2; the results of
the curve fitting are provided in Tables S1—S7 in the Supporting
Information. Individual data with associated error bars and fits are
also included in the Supporting Information (Figures S5—S11). Our
approach to fitting the data employed a minimum set of adjustable
parameters to describe spectral features. Resonances were added one
at a time and the reduced y* (not to be confused with ¥, the second
order susceptibility) was evaluated after fitting. If the inclusion of an
additional resonances improved the reduced y?, then it was included
in the fit and the procedure continued. In contrast, if the fit quality did
not improve, then the additional resonance was not included.
Notably, the nonresonant background can contain contributions
from the static electric field setup at the interface by the charged
headgroups‘ﬂ’g's3 ~%5 via the product of the third-order susceptibility of
water and the surface potential, which is mixed into the resonant
response via ¢b. Given that one cannot uniquely fit two nonresonant
contributions of the same functional form (i.e. ;((2) + )(water, each with
their own phases), we fit the data using a single nonresonant response
and phase. The phases extracted from curve fitting are nonzero as
expected based on the presence of spectrally overlapping —OH
stretches from interfacial water. The contribution from polarlzed bulk
water via the 3 effect will further impact the extracted phase.*

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.9b10536.

Contains details of the ODMS-MIM®*) synthesis,
associated NMR characterization, a sketch of the sample
geometry, infrared and Raman spectra of the neat
ODMS-MIM®™ sample, as well as individual vSFG
spectra with error bars and associated and fitting results
(PDF)
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