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Chemical processes occurring at liquid—solid interfaces are fundamental to applications in fields
such as energy storage and nanofluidic transport. In this thesis | establish that the general
framework used to describe and understand these systems, the electrical double-layer model, is
insufficient in describing interfacial electrolyte solutions in polar, aprotic organic solvents. Using
vibrational sum-frequency-generation (VSFG) spectroscopy, a nonlinear optical technique that is
indispensable for exploring interfacial organization and dynamics, | study different polar aprotic
solvents at silica interfaces. These studies highlight the importance of the organization of such
solvents in dictating the interfacial distribution of ions.

In the first part of this dissertation, | compare electrolyte experiments in acetonitrile (MeCN) and
propionitrile (EtCN) to determine how an increase in alkyl chain length can influence solvent
organization at a liquid-solid (LS) interface, and thereby influence the interactions of ions with
the interface. In the second part of the dissertation, | focus on a solvent mixture of EtCN and
deuterated MeCN at a silica interface. VSFG data for solutions with different molar ratios of the

two solvents indicate that there is preferential partitioning of each liquid at this surface. In the third



part of this dissertation, | examine the effects of solvent chirality on the organizational behavior at
an LS interface, and consequently on the effects of this organization on ion partitioning.

The key result of my research is that a polar, aprotic, organic solvent’s structure, chirality, and
mixing with other solvents, can drive the partitioning of ions in interfacial electrolyte systems, in

contradiction to the predictions of the EDL.
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Chapter 1: Introduction

Nanoscale science and the drive to understand nanoscale phenomena have gained enormous
relevance in recent years, because chemical and biological interactions at the nanoscale play an
important role in many applications. These applications range from energy storage devices in the
form of batteries,?> and supercapacitors,®® to nanofluidic transport,’!! separations based on
charged membranes, sensors,*2® and biological phenomena such as protein aggregation'*® and
lipid bilayer permeability.?5” A key component of these systems is that electrolyte solutions play
a role in self-assembly*®1° and colloidal stability?>?! and are used to modulate interactions.

An important thing to note is that moving into the nanoscale regime, bulk properties/interactions
are reduced in importance, and interfacial interactions start to dominate. For example, in fluid
transport through a nanopore, the fluid experiences significantly greater solid—liquid interactions
because the surface-to-volume ratio is orders of magnitude higher than in a bulk system. The
asymmetric forces and reduced dimensionality experienced by interfacial liquid molecules make
these molecules behave differently fom those in the bulk liquid and affect intermolecular structure
and dynamics.?>?” The nanoscale behavior of electrolyte solutions near interfaces is commonly
described using the electrical double-layer (EDL) model 2%, The EDL helps describe how the
electrical potential depends on the distance from a surface and on the electrolyte concentration.
This model is widely used and has proven highly capable in describing the properties of interfacial

electrolyte solutions in aqueous systems.

A limitation of the EDL model is that the ions are treated as point charges and the solvent is treated

as a homogeneous continuum.*® Because water as a liquid does not generally exhibit long-range



ordering at interfaces, the continuum solvent description in the EDL model has been highly
successful in describing aqueous interfaces. However, for solvents that undergo strong ordering at
interfaces, the EDL model has limitations. We have demonstrated that polar aprotic solvents such
as acetonitrile (MeCN) and propionitrile (EtCN) show strong ordering at silica interfaces.3!-32
These and other alkyl cyanides are commonly used as solvents, and feature a polar cyano group
and a nonpolar alkyl tail. At hydrophilic surfaces, the polar cyano group interacts strongly with
the surface charges and can accept hydrogen bonds, whereas the nonpolar groups present mainly
an excluded volume region with weak van der Waals attractions. Previous work from our group
has shown that at a planar silica surface, MeCN adopts a supported lipid-bilayer-like (LBL)
structure consisting of two sublayers with opposite dipole orientations. An interesting feature of
this bilayer structure is that it repeats with decreasing fidelity for more than 20 A from the silica
surface. Recently, we have also shown that the thermodynamic stability of this organization is high
enough that the structure of the interfacial liquid is essentially unaffected by the presence of lithium
perchlorate, even at a concentration of 1 M and that this organization of the solvent dictates the
favored positions of the lithium cations and perchlorate anions.®®* We found that at low
concentrations of lithium perchlorate the surface potential is negative, but that at higher
concentrations the surface potential becomes positive. These results stand in contrast to the
predictions of the EDL model, and highlight the need to study and understand the role of solvent

organization in determining ion locations near interfaces in polar, aprotic organic solvents.

Having established the requirement to study electrolyte solutions in such solvents and near
interfaces, we now need to figure out what methods to use. Buried liquid interfaces are difficult to

study experimentally, because such studies require high sensitivity and specificity, as well as



nonvacuum conditions.®* Spectroscopic techniques such as IR spectroscopy, fluorescence
spectroscopy and UV-vis absorption spectroscopy are dominated by contributions from the bulk
liquid, and so are not specific enough. Scanning-tunneling microscopy and atomic-force
microscopy meet the criteria for sensitivity and specificity, but these methods apply a force to the
system, and can only be used readily on thin films of liquids on a solid surface. Other techniques
that can be used to study surfaces have large probing depths. X-ray spectroscopy and neutron
reflectivity measure regions greater than 1 nm thick, and attenuated total reflection and total
internal reflection FTIR spectroscopies measure regions thicker than 100 nm.* Second-order non-
linear optical (NLO) techniques, on the other hand, have the desired specificity and sensitivity to
probe interfacial liquids. Under the electric dipole approximation, second-order NLO techniques
are forbidden in media with inversion symmetry, including isotropic bulk media. At the interface
between two isotropic media, however, inversion symmetry is broken, and a second-order NLO
signal can be observed. Vibrational sum frequency generation (VSFG) spectroscopy is one such

second-order NLO technique.

Using VSFG we can probe a region that is one to a few molecular layers thick. The theory behind
VSFG spectroscopy was first described in the 1960s by Bloembergen and Pershan.®® The first
successful experiments proving the theory were performed by Shen’s group in the 1980s.3"38

VSFG is now an extremely powerful and essential tool for exploring the molecular organization,

interactions, and dynamics that occur at and near interfaces.

In a VSFG experiment, a mid-infrared (IR) laser beam and a visible, or near-infrared, probe laser

beam are overlapped spatially and temporally at a sample, generating a signal with a photon energy



equal to the sum of the photon energies of the two incident beams. The signal becomes resonantly
enhanced when the mid-IR beam drives a dipole-allowed vibrational transition. The probe beam
can be thought of as generating an anti-stokes Raman transition to generate the sum-frequency. By
controlling the polarization of the incident and signal beams, information can be obtained
regarding the average orientation of molecules at the surface. VSFG spectroscopy can be used to
study any interface at which center of symmetry breaks down. These include liquid—solid, gas—
solid, liquid—vapor and liquid-liquid interfaces. In this thesis we will focus on liquid/solid

interfaces.

[ew.iou adeung

Surface

Figure 1.1 Counter-propagating VSFG geometry used for the experiments in this thesis.

If we consider the incident two beams (pump and probe) and the generated beam (SFG signal) to
be polarized either parallel, P, or perpendicular, S, to the plane of incidence and reflection, we can
write the polarization configuration of the setup in the order of signal-probe-IR. We can then get
orientational information from different configurations. This is because the SSP polarization
configuration is sensitive to vibrational modes that have a transition dipole moment with a projection
along the surface normal, whereas the SPS configuration is sensitive to modes that have a transition
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dipole moment with a projection along the surface. The PPP configuration is sensitive to modes with
transition dipole moments in both orientations.

There are different possible implementations of VSFG spectroscopy. The mid-IR source that is
used can be broadband or narrowband. Broadband IR pulses, coupled with the development of
reliable ultrafast laser sources have increased speed of spectral acquisition. Broadband VSFG also
helps eliminate the need to scan through IR wavelengths. *° The probe source can be continuous-
wave or pulsed. Typical probe pulses for frequency-domain experiments are either several
picoseconds or more in duration (narrowband), or tens to hundreds of femtoseconds in duration
(for time-domain experiments). The superior spectral resolution of the former is required when
vibrational modes are closely spaced.*’ Innomogeneous broadening can be resolved more clearly
by time-domain VSFG, also known as free-induction-decay (FID) VSFG, providing insight into
time-dependent processes.*! Incident beams in the experimental setup can be either co- or counter-
propagating, and the detection can be performed either in reflected or transmission signal.*?
Transmission geometries are useful when the refractive indices of the two adjacent media are
similar,*® or when there is interference generated by charged interfaces.** There are also techniques
that involve (phase-sensitive) heterodyne-detection of the signal,* or that employ more than two
incident beams, such as in pump-SFG-probe experiments.*® The work | discuss in this thesis has
been performed with a homodyne, broadband-IR, narrowband-probe, counter-propagating VSFG
setup.*” The probe pulses are long enough to collect high-resolution spectra. We use VSFG

spectroscopy to probe the C-H stretches of liquid molecules, at ~ 2940 cm.

The work presented in this thesis is funded by the Centrer for Enhanced Nanofluidic Transport
(CENT). CENT is an Energy Frontier Research Center (EFRC) funded by the Department of

Energy (DOE). We are working closely with collaborators in CENT who use complimentary
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techniques, helping us to build a more detailed understanding of these systems. In particular, 1 will
discuss some work by our collaborator Dr. Zuzanna Siwy and her group at the University of
California, Irvine. They use ion-current measurements and other electrochemical techniques to

study the same solvent and electrolyte combinations that we do.

Having established the need to explore the role of the organization of polar aprotic organic solvents
in determining ion locations near polar surfaces and having introduced the techniques used to study
the systems, | will now discuss the solvents to be discussed in this thesis. My work has focused on
different polar, aprotic organic solvents, and even combination of these solvents, the understanding
of which will help us to draw a more general picture of the interfacial organization of these solvents

and its effects on the locations of ions.

The first solvent | discuss here is EtCN. EtCN-based electrolytes exhibit a large and symmetric
electrochemical stability, an exceptional anodic potential limit, good ionic conductivity, and low
viscosity. * For this reason EtCN is used in mixtures as a solvent in lithium-ion batteries. We have
chosen to study EtCN in our work to compare the interaction of ionic salts between this liquid and
MeCN. We have seen in our previous studies that EtCN forms LBL structures to that are similar
to those of MeCN at silica interface.*® Longer chains in alkyl cyanides introduce additional steric
hindrance and packing constraints that can influence intermolecular ordering at interfaces. EtCN
has an extra methylene group as compared with MeCN, and the methyl group in EtCN is angled
away from the CN head orientation. These structural features increase the volume and change the
shape of the nonpolar region of the molecule, which influenced the intermolecular ordering of this

liquid at polar interfaces. At the same time, increasing the length of the alkyl tail changes the



balance between polar and dispersive interactions among the liquid molecules, which can also

impact intermolecular structure and dynamics at interfaces.

We have also studied solvent mixtures at silica interfaces and how these combinations affect the
molecular organization. These experiments are relevant because a mixture of solvents is often used
in lithium-ion batteries. Generally, solvents in lithium-ion batteries use a mixture of ethylene
carbonate (EC) and some linear organic carbonates such as ethyl methyl carbonate (EMC), diethyl
carbonate (DEC), or dimethyl carbonate (DMC) with LiPFg as the electrolyte. The presence of EC
leads to an increase in the viscosity of the solution, which in turn lowers the conductivity compared
to EC-free electrolytes, especially at low temperatures. The conductivity can still be improved to
some extent by using higher weight fractions of low-viscosity, linear-carbonate-based co-
solvents.”! However, because EC has desirable characteristics as a aprotic polar organic solvent,
researchers have used EC in combination with other solvents to make it a solvent that is liquid at
room temperature.’® This mixing, however, can lead to different organizational behavior among

solvents at interfaces, as I will show in this thesis.

I have used a combination of EtCN and deuterated MeCN (MeCN-d3) to model such a system.
MeCN-ds, is an isotopically enriched solvent that is widely used in high resolution NMR studies
due to its high chemical and isotopic purity. We use MeCN-d3 so that we do not have a peak in our
VSFG spectra for symmetric the C-H stretching frequency of MeCN complicating our EtCN
spectra. Another solvent I have studied is propylene carbonate (PC). PC is commonly used as a

polar, aprotic solvent.>?
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Figure 1.2 Solvents used in this thesis. (A) Acetonitrile (MeCN), (B) Propionitrile (EtCN), (C)
Deuterated acetonitrile (MeCN-ds), (D)Propylene Carbonate (PC), (D(1)) R-Propylene carbonate,

(D(i1)) S-Propylene carbonate

PC has a dipole moment of 4.9 D, which is considerably higher than those of, for instance, acetone

(2.91 D) and ethyl acetate (1.78 D). Due to PC’s high relative permittivity (dielectric constant) of
£=64, this solvent is frequently used as a high-permittivity component of electrolyte solutions in

lithium batteries, usually together with a low-viscosity solvent (e.g. dimethoxy ethane). PC’s high
polarity allows this solvent to create an effective solvation shell around lithium ions, thereby
creating a conductive electrolyte. PC can also be found in some adhesives, paint strippers, and
cosmetics. An interesting feature of PC is that it is a chiral molecule. The R and S enantiomers of
PC are two compounds with the exact same connectivity, but that are mirror images of each other.

This feature intrigues us, and we wanted to see if chirality could play a role in the organization of
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the PC at silica interface, potentially leading to an effect on the preferred ion locations at the

interface.

1.2 Outline

The goal of the work described in this thesis is to develop insights into the solvent-silica interface,

and specifically polar, aprotic organic solvents, for applications such as separations, heterogeneous

catalysis, nanofluidics, and energy storage.

The outline of this thesis is as follows:

Chapter Two: The counter propagating, broadband VSFG spectrometer employed for all
experiments presented in this thesis is discussed.

Chapter Three: | discuss the VSFG spectra of LiClO4 salts in EtCN at the silica interface,
and compare the spectra to those for MeCN at the same interface. We observe that ions can
partition into the surface bilayer at lower electrolyte concentrations in EtCN compared to
MeCN

Chapter Four: I present VSFG results for a mixture of MeCN-d; and EtCN at a silica
interface. I studied this combination of solvents to gain a deeper insight into the bilayer
organization of the solvents, and if and how that organization is affected due to the presence
of two different molecules and the interactions between them. My results show a clear sign
of preferential partitioning of the individual solvents to one of the sublayers of the surface
bilayer.

Chapter Five: I compare VSFG spectra of racemic PC to those of its pure enantiomers and

use these results to gain insights into the organization of this solvent at the silica interface,



and into whether chirality causes a difference in the organization. I also consider the effect
the chirality has on how ions partition at the silica surface. My results show that racemic
propylene carbonate creates a layered structure at the silica interface that is more ordered
than the enantiomeric one.

e Chapter Six: [ discuss the VSFG spectra of LiClO4 salts in racemic and R-enantiomeric
PC at the silica interface. Our experiments reveal that the possible additional free volume
in (R)-PC in comparison to racPC enables ions to penetrate the surface bilayer in the former
liquid even at very low electrolyte concentrations. Experiments from our collaborators
indicate that differences in the packing density of racPC and (R)-PC lead to strikingly
different electrochemical and electrokinetic behavior at a polar interface.

e Chapter Seven: Conclusions and future work
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Chapter 2: Experimental Setup

2.1. Setup and alignment

The experiments described in this dissertation are conducted using a broadband, counter-
propagating, VSFG spectrometer. The broadband approach uses a high bandwidth (=250 cm™) IR
pulse, allowing for fast data acquisition by eliminating the need to scan over many IR wavelengths.
This broadband approach is similar to the one used by Richter and coworkers.* The two beams for
the sum-frequency-generation approach used here, reach the sample in a counter-propagating
geometry. We chose this scheme because, unlike in the copropagating geometry, there is a large
angular separation of the VSFG signal from the reflected visible beam, which helps to prevent the
input visible light from reaching the detector. The counter-propagating geometry also provides
more space in the sample area, making adjustment of optics convenient. We have found that the
counter-propagating geometry can provide substantial improvement in the signal-to-noise ratio

and minimize any signal from the bulk.?

A schematic of our VSFG experimental apparatus is shown in Figure 2.1. We start with 5.2-W,
continuous wave, 532-nm (Coherent Verdi-12) Nd:YAG laser that pumps a 76-MHz, mode-locked
Ti-sapphire oscillator (Coherent Mira) that operates at 800nm. This oscillator in turn seeds a 1-
kHz, Ti-sapphire regenerative amplifier (Coherent Legend Elite), which generates 3 W of 800-nm,
80-fs pulses. The amplifier is pumped with a Q-switched, frequency-doubled, neodymium-doped
yttrium lithium fluoride (Nd:YLF), 1 kHz, 532-nm (Coherent Evolution) laser. This amplifier
output acts as the light source for the VSFG experiments. The Mira output is modified with a pulse
shaper before entering the amplifier, to help ensure nearly transform-limited IR pulses at the
sample.®
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The amplifier output is directed through a 30/70 beam splitter, after which 30% of the power is
sent along the mid-IR generating pump path and the 70% along the 800-nm probe path. The mid-
IR pulses are generated with an optical parametric amplifier (OPA) and a noncollinear difference
frequency generation (NDFG) module (TOPAS, Light Conversion) and have an average power of
~15 mW. The IR wavelength is tuned with the WinTOPAS software, which controls the rotation
of three nonlinear crystals, the translation of delay stages to control temporal overlap, and the

orientation of a mirror that improves overlap between the signal and idler beam at the NDFG
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crystal. The NDFG output passes through a half-wave plate and a polarizer that control the

polarization of the beam at the sample.

The probe pulse is first sent to a 4f-pulse shaper to help selects a narrow portion (4-10 cm™) of the
800-nm spectrum. The pulse shaper uses a grating (1800 lines/mm, Spectrogon) and a movable
slit. After the pulse shaper the probe pulse passes down a motorized delay stage that helps control
the temporal overlap of the probe and pump pulses at the sample. After the delay stage, the probe

beam passes through a half-wave plate and polarizer to help control its polarization at the sample.

The angles of incidence of the IR and probe beams are -58° and 61° from the surface normal,
respectively (Figure 2.2.) A negative angle designates an angle directed to the left of the surface
normal. By utilizing the phase-matching condition, we are able to calculate that the sum-frequency
signal is generated at an angle of -32.8° from the sample surface. This generated sum-frequency
signal is then sent to a spectrometer after passing through a polarizer and half-wave plate. The
polarizer helps select the polarization of the beam, and the half-wave plate ensures that the light is
always S-polarized when entering the spectrometer, as the gratings are polarization-sensitive. The
signal is directed through the entrance slit of the spectrometer (Acton, SP2300i) and detected with

a 100 x 1340 pixel CCD array (Spec-10:100, Roper Science) with a resolution of 0.02 nm/pixel.

To optimize and align the pump beam we make adjustments to optics in the first and second pass
of the OPA and in the NDFG module to maximize power and bandwidth. A white- light continuum
is generated by focusing a small portion of the 800-nm beam through a sapphire plate in the first

pass of the OPA. The white-light continuum quality is improved by optimizing pulse compression
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in the amplifier by adjusting a motorized mirror. The spatial and temporal overlap are then adjusted
at each of the nonlinear crystals: the first and second pass of the OPA and the AgGaS: crystal in
the NDFG module. In the first pass of the OPA, and in the NDFG unit, the beams overlap
noncollinearly, and therefore the interacting beams must be at the optimal angles.

Once an IR signal is generated it is optimized using a WinTOPAS software, which utilizes
motorized optics to improve the signal. The IR beam is then overlayed with a HeNe tracer beam

to facilitate alignment into the sample.

To overlap the IR and probe pulses at the sample spatially and temporally, a ZnSe substrate is
used. The focused IR and 800-nm beams each generate blue luminescence that is overlapped. Once
spatial overlap is achieved, temporal overlap is found by changing the path length of the 800-nm
beam in ~150 fs increments using a motorized delay stage, until an orange glow is observed
coming from the ZnSe. The orange light is then focused and directed into the entrance slit of the
spectrometer. The alignment and overlap are fine-tuned by replacing the ZnSe with a gold
substrate, the surface of which generates a strong nonresonant SFG response. The gold spectrum
is also to normalize sample spectra. The nonresonant response is independent of wavelength in the
methy| stretch region, and the VSFG signal is therefore proportional to the IR intensity only. A
gold spectrum is therefore representative of the spectrum of the IR pulse, which eliminates the
need to measure this spectrum directly.® If the vibrational modes of interest are far apart in energy,
the IR wavelength can be tuned in increments of 50-100 cm™ over whatever range necessary. A
gold VSFG spectrum is collected at each of these wavelength settings. Calibration is performed
by placing a thin sheet of polystyrene in the path of the IR beam while collecting a gold spectrum,

as shown in Figure 2.2.
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Figure 2.2. Nonresonant VSFG spectrum from gold substrate with a polystyrene film placed in
the IR path. The red lines indicate the four peaks used to calibrate the VSFG spectra. The inset
indicates the expected linear relationship between the measured frequency and the IR absorption
peaks for polystyrene. (The 800-nm probe frequency has been subtracted from the actual measured

frequency values to arrive at the frequencies for the x-axes)®.

To effectively generate a VSFG signal, both IR and probe pulses should be near the transform
limit. We can generate a nearly transform-limited pulse by utilizing a pulse shaping procedure
using multiphoton intrapulse interference phase scan (MIIPS) software.* The unstretched probe
pulse (with the slit removed) is focused through a barium borate crystal positioned within several
centimeters of the sample stage to generate 400-nm light. The 400-nm spectrum is collected with

a fiber-optic cable and analyzed by the MIIPS software in real time. The software compares the
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800-nm spectrum to the 400-nm spectrum and simultaneously adjusts the phase of each frequency
component of the seed pulse using a grating and a spatial light modulator positioned immediately
before the amplifier. Prior to performing sample scans, the delay between the IR and probe pulses
is adjusted to optimize the overlap between the molecular response generated by the IR and the
electric fields probe.> This optimization is accomplished using the delay stage on the probe
pathway. The sample stage height is also adjusted in increments of approximately 6 um while

maximizing the intensity of the gold signal.

2.2. Data collection and analysis

When starting to collect data we first measure the background signal by blocking the IR beam. The
acquisition time for the background signal is equal to that used for the VSFG experiment. The
background spectrum is subtracted automatically from any subsequent sample scan by our data
collection software. Sample scans are repeated at least three times, with an acquisition time that
depends on the strength of the signal. This time is generally in the range of 30-480 s. All spectra
are calibrated and normalized using a LabVIEW program. Four absorption lines are selected from
the polystyrene calibration spectrum, as shown in Figure 2.2. We also use a normalization range
for the data compared to the gold spectrum at each wavelength, only selecting data points with
greater than a threshold of 10,000 counts, relative to a noise level of ~30 counts. All sample scans

are calculated together before normalizing and calibrating.
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Chapter 3: VSFG studies of LiClO4 in propionitrile at the silica interface

VSFG spectroscopy research conducted by: Siddharth Singh
Electrolyte solutions prepared by: Ovuokenye Omadoko

3.1 Introduction

Understanding the surface electrostatic potential is of critical importance, as this potential is
widely applied in describing transport phenomena in nanofludics,!® separations based on
charged membranes,®’ electrokinetic effects,® energy-storage devices such as
supercapacitors,®° sensors, 2 and biological phenomena such as protein aggregation'>!# and
lipid—bilayer permeability.™ The surface electrostatic potential between ions and a charged or
polar surface is called the electrical-double layer (EDL) model. This model consists of a
charged surface in contact with a liquid region with an enhanced concentration of
counterions.*® In this model, the ionic distribution near an interface is frequently described by
the Poisson—Boltzmann equation,'” which treats the ions as point charges and the solvent as a
homogeneous dielectric continuum. The continuum solvent description in the EDL model has
been highly successful in modeling aqueous interfaces, because water does not generally
exhibit long-range ordering at interfaces, although short-range organization (on the order of
two molecular diameters) is observed.!8-1°

The continuum description is insufficient for solvents that undergo strong ordering at
interfaces.’®?° For example, acetonitrile forms a well-ordered, lipid-bilayer-like organization
at silica interfaces.?! The bilayer consists of a first sub-layer of molecules in which the cyano
groups accept hydrogen bonds from surface silanol groups, and a second, interdigitated layer
of molecules that predominantly point in the opposite direction.?>?* This bilayer organization

repeats with decreasing fidelity for more than 2 nm from the silica surface.?? Our group has
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shown previously that because of this bilayer organization in acetonitrile, the surface potential
between ions and a silica surface is different than that in an aqueous system.?®” In an aqueous
system, the silica surface is negatively charged due to deprotonation of silanol groups. This
negative charge determines the distribution of ions in the interfacial solution. However, in the
silica—liquid acetonitrile system, the interface can exhibit either a negative or a positive charge,
depending on the concentration and identity of the salt. Because the silica surface remains
uncharged but polar, the acetonitrile organizes in a manner that resembles a thermodynamically
stable, supported lipid bilayer. We had found that this ordering is remarkably insensitive to the
presence of ions, even at concentrations of 1M and above. Because of this organization, the
polarity and magnitude of the effective surface potential depend on the electrolyte
concentration and the identities of the anion and cation. The layered solvent structure was
found to modify ionic distributions over length scales and concentrations that are substantially
larger than predicted by the classical EDL picture.

In the present work explore whether this deviation from the EDL picture is present in polar
aprotic organic solvents other than MeCN. We used propionitrile because we have shown in
previous work that this liquid forms a bilayer at the silica interface that is similar to that of
MeCN.?? EtCN has an extra methylene group as compared with MeCN, and the methyl group
in EtCN is angled away from the CN head orientation. These effects cause EtCN to exhibit a
more compact bilayer as compared to MeCN.(REF) These structural features also increase the
volume and change the shape of the nonpolar region of the molecule, which is expected to
influence the intermolecular ordering of EtCN at interfaces. We wished to explore whether
these differences in the solvent organization affect the interactions of the solvent and the ions,

and contrast the results to those for MeCN.
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3.2 Methods

The details of our counterpropagating VSFG spectrometer were given in Chapter 2. For the
studies reported here the probe bandwidth was narrowed to ~5 cm™. The probe spectrum used
for the experiments reported here was centered at 800 nm. For this study we used the SSP
polarization configuration. At the sample, the probe pulse energy was ~15 pJ, and the IR pulse
energy was 14 pJ. The sample consisted of 99+% spectroscopic grade EtCN (SigmaAldrich).
The LiClOs was >99.99% battery grade (Sigma Aldrich). LiClO4 came in a sealed ampoule
and was used as received without further drying. The electrolyte solutions had concentrations
that ranged from 1 nM to 1 M. A neat EtCN sample was also prepared as a control. The samples
were held in an IR-grade quartz cell with a 1-mm path length (FireflySci). The cell was rinsed,
oven-dried, and oxygen-plasma cleaned immediately prior to use. Acquisition times for low
concentrations of electrolyte solutions were 30 s. For higher concentrations, acquisition times
were two to four times those at low concentrations, depending on the signal strength. All scans

were repeated at least five times.

3.3 Results and Discussion

We obtained VSFG spectra of neat EtCN before starting with the electrolyte experiments. As
is the case for MeCN, EtCN has strong VSFG signal, in the C-H stretching region because the
cyano group in the first sublayer interacts with the —OH group from the silica surface, but not
in the second sublayer. The stretching frequencies of the methyl group in MeCN, and the
methylene group in EtCN are different in the two sublayers, causing asymmetry. Hence strong
signal is achieved. The peak for these stretches occurs at ~ 2940 cm™ in EtCN,as seen in Fig

3.1.
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Figure 3.1. VSFG spectra of neat MeCN and EtCN in the C—H stretching region.

Comparing the neat EtCN signal to the neat MeCN signal, we see that it is less intense the
signal in the former liquid. This behavior is expected, because the methyl group in the MeCN
has three hydrogens compared to the two in the methylene group of the EtCN. We would
therefore predict, to first approximation, that MeCN should have a signal that is (3/2)? times
as strong as that of EtCN. The data agree reasonably well with this prediction. It should be
noted as well that there is a stronger asymmetric stretch signal in EtCN, because the methylene
group is not a freee rotor. The resultant tail to the blue of the peak increases the overall
intensity.

Another peak that can appear in the VSFG spectra for EtCN, is the methyl symmetric stretch,

at ~ 2890 cm™. We do not observe this peak in neat EtCN at the silica interface, because the
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methy| stretch frequency is not shifted in the second sublayer of the bilayer compared to the

first sublayer. The relative centrosymmetry of the bilayer leads to the disappearance of the

symmetric stretch peak.

We next consider electrolyte solution in EtCN at the silica interface. To help compare the data

to MeCN results published previously, we used the same salt, LiClOa. Electrochemical devices

such as batteries often make use of lithium-based electrolytes, with the requirement that lithium

ions be highly mobile and have a stable and inert counterion.?
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Figure.3.2. VSFG spectra of LiClO4 in propionitrile at a silica interface. The spectra were

measured in the C—H symmetric stretch region.

The VSFG data in Figure 3.2 show similar behavior to that seen for MeCN. The VSFG

increases in signal intensity at low LiClO4 concentrations reaches a maximum, and then

decreases by an order of magnitude from its peak value.
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The key features of the concentration dependent VSFG spectra are quantified in Figures 3.3-
3.5. Fig.3.3. shows that the peak intensities of LiClO4 in MeCN and EtCN, relative to the peak
intensity of the respective neat samples, behave differently with increasing concentration. The
highest relative intensity in EtCN is around 1.4 times that in the neat liquid whereas in MeCN

this ratio is 1.1.
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Figure 3.3. VSFG peak intensities of LICLO4 in acetonitrile and propionitrile relative to the
peak intensity of their respective neat samples. The horizontal dashed line indicates the peak
intensity of neat solvent. The vertical dashed line indicates the relative concentration region
where intensity starts to drop.

As discussed in our previously published work, the increase in intensity compared to the neat
liquid is due to the exterior of the second sublayer consisting primarily of cyano groups that

point into the bulk liquid.
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Consequently, there is an effective negative charge on the outer part of the bilayer. At
concentrations of ~3x107° M and less, our data suggests that lithium ions partition to the
exterior of the surface bilayer, causing partial neutralization of the negative effective surface
potential. Adsorption of Li* could creates a higher degree of alignment of molecules, with the
cyano groups pointing up. This effect strengthens the signal from the second sublayer.

Once the cation concentration is high enough to neutralize the charge on the outside of the
bilayer, the large ClO4 anions are able to enter the bilayer and the cations are able to penetrate
the bilayer to reach the polar silica and surface. Anions entering the bilayer make the system
more spectroscopically homogenous and hence, with a further increase in salt concentration,
the VSFG signal begins to fall rapidly. This trend is seen in both MeCN and EtCN.

We attribute the greater intensity increase in EtCN compared to MeCN to the packing of the
bilayer in the two solvents. In molecular simulation work performed previously, we have
observed®? that the CN vectors of the cyanide group in the first sublayer is more parallel to
the surface in propionitrile than in acetonitrile. The methylene—methyl vector orientations
indicate that in the first sublayer, most propionitrile molecules have their methyl groups
pointing parallel to the surface normal. The methyl groups in the outer sublayer are closer to
the surface than are the methyl groups in the first sublayer, and are roughly perpendicular to
the surface normal. These observations suggest that the EtCN bilayer has highly entangled
alkyl groups. As a result, when compared to the overall molecular dimensions, the EtCN
bilayer is more compact and ordered than the corresponding MeCN bilayer. Accordingly, we
believe that upon interaction with cations, there is more oppurtunity for the cyano groups to
reorient and in turn the methylene group in the case EtCN as compared to MeCN and hence

the larger increase in relative intensity.
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Another detail we notice in Fig 3.3 is that the signal starts to fall away at at lower concentration
of electrolyte in EtCN compared to that in MeCN. This observation indicates that anions can
begin to enter the bilayer at a somewhat lower concentration in EtCN than in MeCN. We
hypothesize that the more compact EtCN bilayer can expand in an accordian-like manner to

allow ions to enter. We will test this hypothesis with molecular dynamics simulations.
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Figure 3.4. FWHM of VSFG spectra of LiClO4 solutions in MeCN and EtCN. The horizontal
dashed lines indicate the FWHMs of the neat solvents. The vertical dashed lines indicate the
approximate concentration at which the FWHM begins to deviate appreciably from the neat

liquid.

Figure 3.4 shows the full width at half maximum (FWHM) of the VSFG spectra for LiClO4 in
MeCN and EtCN. The FWHM is roughly constant in MeCN until the salt concentration reaches
1 mM. The FWHM begins to inrease sharply at ~10° M. However, in the case of EtCN the
broadening starts at a concentration of around 10° M. To understand this behavior we must
first consider why the broadening occurs. Once the cations neutralize the effective negative
charge on the outer sublayer of the bilayer, the anions no longer face electrostatic repulsion

and can enter the bilayer and go to their preferred position in the hydrophobic core. This
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partitioning of anions causes a change in electrostatic environment of the methylene groups in
the case of EtCN and the methyl groups in the case of MeCN. At low concentrations of anions
in the bilayer, some alkyl groups are near anions and others are not, so there is inhomogenous
broadening. The FWHM also starts to go down as we keep increasing the concentration of
ions. This is because as the concentration of anions in the bilayer increases the electrostatic
region around the probed frequencis becomes increasingly homogenous and leads to decrease
in FWHM. That the broadening occurring at a lower concentration in EtCN corroborates the
conclusions we draw from the intensity data that ions can enter the bilayer at a lower
concentration in EtCN than in MeCN.

A similar trend is observed in the red shift of the EtCN VSFG spectra compared to those for
MeCN (Figure 3.5). The red-shift begins at the concentration at which the anions are able to
penetrate the bilayer. The red shift becomes apparent more than an order of magnitude lower
concentrartion of salt in EtCN compared to MeCN. The magnitude of the shift is also larger in
magnitude in EtCN (=7 cm™) than in MeCN (~4cm™) at a 1 M concentration of LiClOa.

This would be due to the fact that since the EtCN bilayer can expand more, it has more capacity
for anions at the same concentration of salt, leading to increased electrostatic environment
changes around the methylene bonds. This would lead to a higher shift at the same

concentration.
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3.4 Conclusion

The experiments presented here emphasize the importance of solvent organization in
determining the ionic distribution, in the liquid—solid system studied here. The comparison
between MeCN and EtCN points toward the need for understanding the interfacial organization
of ions in electrolyte solutions in polar, aprotic solvents. The VSFG data for LiClO4 in EtCN
show trends similar to those observed in MeCN for relative intensity, FWHM, and peak shift.
This result offers clues into how the organization of EtCN affects ion interactions with the
silica surface. The results indicate that the ions can enter the bilayer at roughly an order of
magnitude lower concentration than in MeCN. We hypothesize that this difference is the result
of the greater compactnesss of the EtCN bilayer, which allows the bilayer to expand in an
accordion-like manner. Our results have important implications for lithium-ion batteries and

other electrochemical devices.

33



3.5 References

(1) Schoch, R. B.; Han, J.; Renaud, P. Transport Phenomena in Nanofluidics. Rev. Mod. Phys.
2008, 80 (3), 839-883.

(2) Vlassiouk, I.; Smirnov, S.; Siwy, Z. lonic Selectivity of Single Nanochannels. Nano Lett.
2008, 8 (7), 1978-1985. =

(3) Whitehs, B. A. lon Current Rectification at Nanopores in Glass Membranes. Langmuir
2008, 24 (5), 2212-2218.

(4) Cervera, J.; Schiedt, B.; Ramirez, P. A Poisson/Nernst-Planck Model for lonic Transport
through Synthetic Conical Nanopores. EPL 2005, 71 (1), 35-41.

(5) Siwy, Z. S.; Howorka, S. Engineered Voltage-Responsive Nanopores. Chem. Soc. Rev.
2010, 39 (3), 1115-1132.

(6) Baker, R. W. Membrane Technology and Applications; John Wiley& Sons, Inc, 2012.

(7) Mehta, A.; Zydney, A. L. Permeability and Selectivity Analysis for Ultrafiltration
Membranes. J. Memb. Sci. 2005, 249 (1-2), 245-249.

(8) Poonam; Sharma, K.; Arora, A.; Tripathi, S. K. Review of Supercapacitors: Materials and
Devices. J. Energy Storage 2019, 21, 801-825.

(9) Bu,F.; Zhou, W.; Xu, Y.; Du, Y.; Guan, C.; Huang, W. Recent Developments of Advanced
Micro-Supercapacitors: Design, Fabrication and Applications. Npj Flex. Electron. 2020, 4 (1).
(10) Munje, R. D.; Muthukumar, S.; Panneer Selvam, A.; Prasad, S. Flexible Nanoporous
Tunable Electrical Double Layer Biosensors for Sweat Diagnostics. Sci. Rep. 2015, 5 (1), 14586.
(11) Smeets, R.; Keyser, U. F.; Krapf, D.; Wum, -Y; Dekker, N. H.; Dekker, C. Salt Dependence
of lon Transport and DNA Translocation through Solidstate Nanopores. Nano Lett 2006, 6 (1),

89-95.

34



(12) Roberts, D.; Keeling, R.; Tracka, M.; van der Walle, C. F.; Uddin, S.; Warwicker, J.; Curtis,
R. The Role of Electrostatics in Protein-Protein Interactions of a Monoclonal Antibody. Mol.
Pharm. 2014, 11 (7), 2475-24809.

(13) Zhang, J.; Liu, X. Y. Effect of Protein—Protein Interactions on Protein Aggregation Kinetics.
J. Chem. Phys. 2003, 119 (20), 10972-10976.

(14) Macdonald, R. C.; Bangham, A. D. Comparison of Double Layer Potentials in Lipid
Monolayers and Lipid Bilayer Membranes. J. Membr. Biol. 1972, 7 (1), 29-53.

(15) Israelachvili, J. N. Electrostatic Forces between Surfaces in Liquids. In Intermolecular and
Surface Forces; Elsevier, 2011; pp 291-340.

(16) Honig, B.; Nicholls, A. Classical Electrostatics in Biology and Chemistry. Science 1995,
268 (5214), 1144-1149.

(17) Fenter, P.; Lee, S. S. Hydration Layer Structure at Solid—Water Interfaces. MRS Bull. 2014,
39 (12), 1056-1061.

(18) Joseph, S.; Aluru, N. R. Hierarchical Multiscale Simulation of Electrokinetic Transport in
Silica Nanochannels at the Point of Zero Charge. Langmuir 2006, 22 (21), 9041-9051.

(19) Trasatti, S. Relative and Absolute Electrochemical Quantities. Components of the Potential
Difference across the Electrode/Solution Interface. J. Chem. Soc. 1974, 70 (0), 1752.

(20) Habib, M. A. Solvent Dipoles at the Electrode-Solution Interface. In Modern Aspects of
Electrochemistry; Springer US: Boston, MA, 1977; pp 131-182.

(21) Berne, B. J.; Fourkas, J. T.; Walker, R. A.; Weeks, J. D. Nitriles at Silica Interfaces

Resemble Supported Lipid Bilayers. Acc. Chem. Res. 2016, 49 (9), 1605-1613.

35



(22) Ding, F.; Hu, Z.; Zhong, Q.; Manfred, K.; Gattass, R. R.; Brindza, M. R.; Fourkas, J. T.;
Walker, R. A.; Weeks, J. D. Interfacial Organization of Acetonitrile: Simulation and Experiment.
J. Phys. Chem. C Nanomater. Interfaces 2010, 114 (41), 17651-17659.

(23) Morales, C. M.; Thompson, W. H. Simulations of Infrared Spectra of Nanoconfined
Liquids: Acetonitrile Confined in Nanoscale, Hydrophilic Silica Pores. J. Phys. Chem. A 2009,
113 (10), 1922-1933.

(24) Cheng, L.; Morrone, J. A.; Berne, B. J. Structure and Dynamics of Acetonitrile Confined in
a Silica Nanopore. J. Phys. Chem. C Nanomater. Interfaces 2012, 116 (17), 9582-9593.

(25) Steiner, P. A. Precision Measurement of Dipole Moments and Other Spectral Constants of
Normal and Deuteratedmethyl Fluoride and Methyl Cyanide. JMol Spectrosc 1966, 21 (3), 291—
301.

(26) Polster, J. W.; Souna, A. J.; Motevaselian, M. H.; Lucas, R. A.; Tran, J. D.; Siwy, Z. S,;
Aluru, N. R.; Fourkas, J. T. The Electrical-double Layer Revisited. Nat. Sci. (Weinh.) 2022, 2 (2).
(27) Souna, A. J.; Motevaselian, M. H.; Polster, J. W.; Tran, J. D.; Siwy, Z. S.; Aluru, N. R;
Fourkas, J. T. Beyond the Electrical Double Layer Model: lon-Dependent Effects in Nanoscale

Solvent Organization. Phys. Chem. Chem. Phys. 2024, 26 (8), 6726-6735.

36



Chapter 4: Studying polar aprotic solvent mixtures to understand
molecular organization at solid—liquid interfaces.

VSFG spectroscopy research conducted by: Siddharth Singh
MD Simulations conducted by: Shahriar Keshvari

4.1 Introduction

So far this dissertation has discussed how solid-liquid interactions can lead to solvent organization
at an interface, and how that organization can affect the ion distribution near the surface. |
discussed in Chapter 3 how structural differences between solvents, such as those between EtCN
and MeCN, can lead to different organizations of the solvent molecules, and thus to different ion
distributions. 1 now consider how mixing two such solvents affects their organization at a silica
interface. This question is relevant because solvent mixtures are often used in lithium-ion batteries
and other electrochemical devices. There has been an enormous increase in the number of studies
electrolytes for lithium-ion batteries recently, because, even with the improvement and
developments in safety of the lithium-ion batteries, @ there are still safety problems. Examples
of these issues include ignition or gas buildup due to the low thermal stability, the high vapor
pressure, and the low flash point of these electrolytes. There is therefore an ever present need to
improve the efficiency, stability, and safety of these electrolytes. Most industrial electrolytes are
mixtures of ethylene carbonate (EC), diethyl carbonate (DEC) and dimethyl carbonate (DMC),
with lithium hexafluorophosphate (LiPFs) as the salt. This type of electrolyte enables a great
number of charge—discharge cycles to occur without noticeable loss in capacity. ¢ We use EtCN—
MeCN-dz mixture as a model to study these electrolyte-mixture systems. As is the case for EC,
DEC, and DMC, EtCN and MeCN-ds are polar aprotic solvents with high dipole moments, but the

spectroscopy of these nitriles is less complicated. We use MeCN-d3 so that there is no peak from
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the symmetric methyl stretch of MeCN complicating our spectra. We have published work
previously on MeCN-MeCN-ds mixtures, and will make comparisons with some of those results
to understand the EtCN-MeCN-ds system better.9 In that previous work, the methyl symmetric
stretch of MeCN at a silica interface was probed for a series of mixtures with MeCN-ds. The methyl
symmetric stretch exhibited a blue shift and a narrowing with isotopic dilution, and the intensity
of the spectrum was higher than predicted statistically, particularly at low MeCN concentrations.
Molecular dynamics simulations showed that these spectral changes are consistent with the
presence of resonant intermolecular vibrational coupling™®, although the dominant mechanism for
the frequency shift appears to be repulsive interactions. In this chapter | show that the spectral
narrowing also occurs in EtCN upon dilution in MeCN-ds, but that a blue shift does not. The
symmetric methyl stretch of EtCN, which does not appear in VSFG spectra of the neat liquid or
salt solutions (Chapter 3), becomes apparent upon dilution with MeCN-d3, offering important
insights into the interfacial organization of the mixture. In particular 1 find that each solvent
partitions preferentially into a different sublayer of the surface bilayer.

4.2 Methods

The details of our counterpropagating VSFG spectrometer were given in Chapter 2. For the studies
reported here, the probe bandwidth was narrowed to ~5 cm™ (0.3 nm). The probe spectrum used
for the experiments reported here was centered at 800 nm. For this study we used only the SSP
polarization configuration. At the sample, the probe pulse energy was ~15 pJ, and the IR pulse
energy was ~14 pJ. The sample consisted of 99+% spectroscopic grade MeCN-dz and EtCN, both
purchased from SigmaAldrich. The samples were held in an IR-grade quartz cell with a 1-mm path
length (FireflySci). The cell was rinsed, oven-dried, and oxygen-plasma cleaned immediately prior

to use.
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4.3 Results and Discussion

VSFG spectra were first obtained for neat EtCN, after which we proceeded to add MeCN-ds. Six

different solutions were prepared with varying molefraction of MeCN-ds, as represented by Xcpaen

The VSFG spectra of these are shown in Figure 4.1.
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Figure 4.1. VSFG spectra of mixtures of EtCN and MeCN-d3 at different mole fractions at the
silica interface.

As expected, there is a clear decrease in the VSFG intensity with an increasing mole fraction of
MeCN-ds. In our previous work on mixtures of MeCN and MeCN-dz at the silica interface, we
found that upon isotopic dilution the VSFG intensity of the symmetric methyl stretch at the
acetonitrilesilica interface becomes larger than predicted by a simple statistical model in which
the Intensity is proportional to the square of the mole fraction of MeCN. Although the observed
excess in intensity was modest, there was a clear trend in which the ratio of the observed intensity
to the expected intensity grew with increasing MeCN-ds mole fraction. This phenomenon was

attributed to the fact that with increasing dilution the resonant coupling of the symmetric methyl
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stretch of MeCN decreases. The attendant decrease in inhomogenous broadening leads to a
narrowing of the spectral contributions of each each sublayer, causing an increase in the signal
intensity. )

In analogy with these results for the MeCN—-MeCN-d3 system, with increasing mole fraction of
MeCN-dsz in EtCN at the silica interface, the VSFG intensity becomes larger than the statistical

prediction (Figure 4.2).
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Figure 4.2. The square root of the intensity, relative to that of the neat liquid, of the symmetric

methyl stretch peak in the SSP VSFG spectrum of liquid EtCN at the silica interface as a function
of the mole fraction of MeCN-ds. The dashed line is the result expected when the interfacial
concentrations mirror those in the bulk and no collective spectroscopic effects are considered.

The deviation from the statistical behavior is roughly an order of magnitude larger than that
observed in the MeCN-MeCN-ds system. There may be some differences in resonant coupling in
the methyl group of MeCN versus the methylene groups in EtCN that contribute to the larger than
expected signal in the EtCN-MeCN-d3 system at high mole fractions of the latter component. As

we shall see below, the major contributor to the excess intensity in the EECN-MeCN-d3 system is

the selective partitioning of the two solvents.
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Another interesting feature of the VSFG spectra is a small peak that starts to appear, at ~2870 cm’
! as the mole fraction of MeCN-ds increases (Figure 4.3). This spectral region is where the
symmetric CHs stretch of EtCN should appear. This peak is quite weak in the VSFG spectrum of
pure EtCN at the silica interface, presumably due to the roughly centrosymmetric organization.
The distance of the methyl group from the cyano group, prevents the inductive effects that lead to
different methyl symmetric stretch transition frequencies in MeCN. In EtCN, these effects are

instead at play for the methylene group, which is adjacent to the cyano group.
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Figure 4.3. Normalized spectra of EtCN-MeCN-ds mixtures with varying mole fractions of
MeCN-ds

Why does the peak for the symmetric methyl stretch of EtCN appear in the VSFG spectrum upon
dilution with MeCN-ds? To answer this question, we performed IR spectroscopy experiments on
the bulk solutions to ascertain whether this peak arises from a contaminant in the MeCN-ds. Figure

4.4. shows the IR spectra of these different solutions. There is no peak in the MeCN-ds spectra at
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2870 cm!, indicating that the peak in this region of the VSFG spectra indeed arises from EtCN.
We therefore theorize that the presence of this spectral feature indicates that MeCN-ds partitions
preferentially to one of the sublayers of the surface bilayer and EtCN partitions selectively to the
other, thereby breaking symmetry. This behavior is consistent with the greater than expected

VSFG intensity observed upon dilution for the methylene symmetric stretch peak (Figure 4.2).
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Figure 4.4 IR plots of different mole fraction concentration solution of EtCN-MeCN-d3

To analyze this behavior further, we performed Gaussian fits to the peaks in the VSFG spectra
(Figure 4.5). As shown in figure 4.5A, we first fit each normalized spectrum to a sum of gaussians
using MATLAB. We determined the intensity of the symmetric methyl stretch 2870 cm™ from the
fits (Figure 4.5B) and calculated the area under this curve. The area under the curve is plotted as a

function of the mole fraction of MeCN-ds in Figure 4.6.
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the determination of the area under the curve

The data area-under-the-curve in Fig 4.6 increase with increasing Xcpaen: The increase grows

rapidly starting at a MeCN-ds mole fraction of 0.3, which is similar to the mole fraction at which
the deviation from linear behavior starts in Figure 4.2. These data further support the premise that

MeCN-d3 partitions preferentially to one of the two sublayers of the surface bilayer, and EtCN

partitions preferentially to the other sublayer.

2900 3000
Frequency (cm™)

43



25—- ;

N
o
|

Area under Curve
= o
1 1
-

0.0 0.2 0.4 0.6 0.8 1.0
Mole fraction of MeCN-d,

Figure 4.6 Plot of area-under-the-curve for the symmetric methyl stretch peak of EtCN as a
function of the mole fraction of MeCN-ds

My colleague Shahriar Keshvari has performed preliminary simulations of an EtCN-MeCN
solvent mixture. These results (Figure 4.7) indicate that EtCN partitions preferentially to the first
sublayer of the surface bilayer and is depleted substantially in the second sublayer. This behavior
may arise because EtCN loses less entropy when bound to the silica surface than does MeCN. In
contrast, MeCN may have more orientational freedom than EtCN in the second sublayer. In Figure
4.7 it is apparent that petcn/pmecn Value is ~1.35 in the first sublayer, and is ~0.6 in the second
sublayer. This behavior indicates that EtCN is more than twice as likely to be in the first sublayer

as the second.
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Figure 4.7 Local density of MeCN and EtCN cyano groups, normalized to the bulk density, as a
function of distance from the interface. The z coordinate of the plane of the oxygen atoms in the
silanol groups is used as the position of the interface, following previous work ¢2

4.4 Conclusions and Future Directions

In this chapter | have discussed mixtures of polar aprotic solvents, in an effort to understand how
mixing affects the organization of these solvents at the liquid—solid interface. | found that upon an
increase in mole fraction of MeCN-dz in EtCN, the spectrum of EtCN changes both in intensity
and shape. This observation leads us to predict that dilution of the EtCN with a different solvent
affects the organization of the surface bilayer in a non-statistical manner with each solvent
partitioning selectively to a different sublayer of the surface bilayer.

A weak peak grows in the VSFG spectra at 2870 cm™ upon dilution with MeCN-ds. This behavior
is a clear sign of the preferential partitioning of MeCN-ds to one of the sublayers of the bilayer as
was confirmed by molecular dynamics simulations. We plan to investigate this behavior further
by adding salts to this solvent-mixture system. The change in the VSFG spectra upon the addition

of ions will confirm which liquid partitions selectively to the second sublayer of the surface bilayer.
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Chapter 5: Gating lon and Fluid Transport with Chiral Solvent

Adapted from: Silva, S.; Singh, S.; Cao, E.; Fourkas, J. T.; Siwy, Z. S. Faraday Discuss. 2023, 246
(0), 508-519.

VSFG spectroscopy research conducted by: Siddharth Singh

lon transport research designed and conducted by: Savannah Silva and Ethan Cao

5.1 Introduction

Chirality plays a fundamental role in life. There have been significant efforts made to develop
technologies to separate racemic mixtures to create enantiomerically pure samples and to
perform asymmetric synthesis* to provide enantiomerically pure product. Biological channels®>’
and artificial nanopores® ° have been used to create systems that can distinguish between
enantiomeric analytes and to prepare filtration systems capable of transporting a single enantiomer
with high selectivity.1%2 Chiral solvents can also facilitate asymmetric catalysis in some cases.*?
In this manuscript we consider racemic and enantiomeric propylene carbonate (PC), and ask
whether the chiral character of the solvent can affect its organization at solid/liquid interfaces. We
probe the influence of the solvent chirality on the effective surface potential of a silica/liquid
interface over a range of LiClIO4 concentrations. PC is an especially interesting solvent, because
being aprotic it is not expected to induce deprotonation of the silanol groups on silica. Yet PC
molecules feature a dipole moment of 4.9 D, and the racemic form of this solvent has been shown
to induce an effective positive potential of the solid/liquid interface in polymer and glass
nanopores.!* ¥ The origin of the positive potential was hypothesized to stem from possible
adsorption of lithium ions, as well as from organization of the solvent molecules at the interface.®
If the solvent organization is indeed responsible for the finite effective potential of silica in PC,
then the interfacial molecular arrangement and effective potential are expected to be sensitive to

whether the solvent is racemic or enantiomerically pure. Consequently, porous media would be
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expected to exhibit different ionic and fluidic transport for the same concentration of electrolyte
but different forms of the solvent. Note that the interfacial arrangement of the solvent could
determine the effective surface potential through local charges of the dipole molecules, as well as

affecting location of ions within and outside of the layers.*®

To probe the interfacial organization of PC, as well as presence and polarity of the effective surface
potential on silica, we combined two experimental approaches. First, we used vibrational sum-
frequency-generation spectroscopy (VSFG)'" 8 to determine the molecular organization of
racemic and enantiomerically pure PC at the silica/liquid interface. Next, electrokinetic
experiments were performed to determine the effective potential of the interface. *° To this end,
electroosmosis was measured as a function of LiClO4 concentration in polymer and silicon nitride
pores. We note that a similar approach has been recently applied to probe solid/liquid interface of
silica and acetonitrile-based electrolyte solutions.'® Acetonitrile is also characterized by a high
dipole moment, 3.9 D, and was found to create a highly organized, lipid-bilayer-like (LBL)
structure in which the cyano groups accept hydrogen bonds from the silica silanol groups.*® The
spatial organization of acetonitrile was preserved even in 1 M LiClO4, and governed the locations
of the cations and anions at all concentrations studied.® In this manuscript we show that PC also
creates a spatially organized structure on the silica interface that is sensitive to chirality of the
solvent. Electroosmosis measured in salt gradients allows us to conclude that it is the solvent
organization that primarily influences ionic and fluidic transport, in contrast to the predictions of

EDL theory.
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5.2 Materials and Methods

5.2.1Chemicals

Lithium perchlorate (LiClIO4, >99.99% battery grade, Sigma Aldrich), racemic propylene
carbonate (Sigma Aldrich with 99.7% pure HPLC Grade), R and S enantiomers of propylene
carbonate (TCI chemicals, purity >98%) were used in the experiments. Propylene carbonate was
stored in glovebox, and small amounts of the solvents were taken out to prepare solutions that were
used within few hours.

5.2.2 VSFG experiments

VSFG experiments were performed as described previously.?° Briefly, in the VSFG spectrometer
setup, a Ti:sapphire oscillator (Mira Basic, Coherent) is used to seed a regenerative amplifier
(Legend Elite, Coherent). The amplifier generates pulses of 800 nm with pulse duration of 80 fs
and repetition rate of 1 kHz. The amplifier output has an average power of 3 W, 1 W of which is
directed into an OPA/DFG module (TOPAS, Light Conversion) to produce an IR beam centered
at 2945 cm™! with a bandwidth of 250 cm™' and a maximum pulse energy of 15 pJ. This IR beam
helps probe vibrations in the C—H stretching region of the infrared spectrum. The remaining power
of the amplifier output is sent through a delay stage via a slit in a 4f pulse stretcher to the sample.
The slit is used to narrow the bandwidth to 5 cm™. This probe beam is 15 uJ of 800 nm light. The
IR and probe beams thus generated are made to meet at the sample in a counter-propagating
geometry. The probe and infrared beams are incident at 61° and —58° from the surface normal,
respectively. The signal is generated at a —32.8° angle and is collected using a spectrometer
(ActonSP300i) with a thermoelectrically cooled CCD camera (Spec-10:100, Roper Scientific).
The experiments were performed in the SSP, PPP and SPS with the polarizations listed in the order

of the signal, probe, and IR beams. P denotes polarization parallel to the surface normal and S

50



denotes polarization perpendicular to the surface normal. Eight 120 s long scans were performed
for each sample.

The individual spectra were normalized to the nonresonant SFG signal of a gold substrate. A
polystyrene film placed in the path of the IR beam while measuring the gold SFG signal was used
to frequency calibrate the signal using four absorption peaks of the polystyrene. The cleaning
process before usage for the cuvettes involved rinsing with contaminant-free acetone, methanol,

and then water. The cuvettes were then oven-dried, and cleaned for 3 min in an oxygen plasma.

5.2.3Pore preparation

Two types of pores were used in measurements: single nanopores in or 20 nm thick silicon nitride
and single pores in 12-[Jm-thick polyethylene terephthalate (PET). Silicon nitride pores were
purchased from Norcada and had an opening diameter of 30 nm.

Single polymer pores in PET were prepared using the track-etching technique, which entails
irradiation with a single, energetic heavy ion (UNILAC at the Institute for Heavy lons Research
in Darmstadt, Germany) and subsequent etching in 2 M NaOH at 50 °C.? 22 These etching
conditions have been shown previously to lead to the formation of symmetric pores. The diameters
of these single pores were estimated by assuming that the pores were filled with bulk solution and
that the pore shape was cylindrical. Sizing of all pores was performed in an aqueous solution of 1
M KCI. Experiments with pores of diameters 370 nm and 450 nm are presented in this manuscript.
The PET films had a circular shape with a 3 cm diameter, and the single pore was located within
a 100 [Im circle in the middle that was the location of the opening of a metal mask that restricted

access of the heavy ions to this region. This relatively small area exposed to the heavy ions in a
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defocused beam enabled one to restrict the number of ions passing through to one.?* Consequently,
all membranes used in this study contained only one pore.

5.2.4 lon-current measurements

Electrokinetic characterization of single pores was performed in a home-made conductivity cell
where a single pore membrane separated two chambers of a conductivity cell. Two different
designs of conductivity cell were used to accommodate a larger size of a PET film and a much
smaller TEM chip. Each membrane was exposed to a concentration gradient of LiCIO4 prepared
either in racemic or enantiomeric PC. The concentration gradients used were 0.1 mm/1 mM, 0.5
mM/5 mM, 1 mM/10 mM, and 10 mM/100 mM. Current—voltage curves were recorded using
Keithley 6487 picoammeter/voltage source (Keithley Instruments, Cleveland, OH) and two pellet
Ag/AgCI electrodes. The voltage was changed between -2 V and +2 V with 0.1 V steps. Before
switching salt concentration, both chambers of the conductivity cell were soaked thoroughly in

PC.

5.3 Results and Discussion

5.3.1 VSFG spectra of racemic and enantiomeric propylene carbonate

To probe whether PC forms a spatially organized structure on the silica surface, VSFG
measurements were performed on a flat IR quartz substrate in contact with racemic or
enantiomerically pure PC (Figure 1). VSFG is uniguely sensitive to the arrangement of molecules
at interfaces between isotropic media, where symmetry is broken, because within the electric
dipole approximation the VSFG signal of an isotropic or centrosymmetric medium is zero.?* The
polarization configuration that we measure is described in terms of the signal polarization, the 800-

nm probe polarization, and the tunable IR pump polarization. Each polarization combination has
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a different sensitivity to the orientations of the IR transition dipoles, and hence can give us
information on the orientation of the molecules at the interface. The SSP polarization configuration
is most sensitive to IR transition dipoles that have a significant projection along the surface normal,
the SPS polarization configuration is most sensitive to IR transition dipoles that have a significant
projection along the surface, and the PPP polarization configuration is sensitive IR transition
dipoles with a significant projection in either of these directions.

Figure 2A shows VSFG signals in all three polarization configurations in the C-H stretching region
for racemic PC. PC has a methyl group, and methylene group, and a methine group. The former
two groups have both symmetric and asymmetric stretches. All of the C-H stretching modes are
both IR and Raman active, and so should show up in the VSFG spectrum. The modes for individual
groups cannot be distinguished in these spectra. The likely causes for the broad peaks include
spectral overlap, the existence of two nearly isoenergetic conformers (with the methyl group axial
and equatorial), possible mode mixing, and the potential presence of Fermi resonances. The two
broad peaks that we observe can generally be attributed, however, to symmetric C-H stretches
(~2920 cm™) and asymmetric C-H stretches (~2980 cm™) The SSP signal is considerably stronger
than the SPS or PPP signals, which we attribute to unfavorable nonlinear Fresnel factors for the
latter two polarization configurations. In all cases the peak for the asymmetric stretches is stronger
than that for the symmetric stretches. The prominence of the asymmetric stretches in the SSP
spectrum suggests that the methyl and methylene groups have a substantial projection along the
surface. The fact that the symmetric stretch signal is somewhat stronger in relation to the
asymmetric stretch signal in the other polarization configurations supports this picture. The

symmetric stretch peak likely remains weaker than the asymmetric stretch peak under SPS and
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PPP conditions because symmetric C-H stretches are generally strongly polarized, whereas

asymmetric stretches are depolarized.
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Figure 5.1. The VSFG spectroscopy scheme used to obtain results presented in this manuscript.
(A) A Jablonski diagram of the VSFG process. An IR pump beam excites a vibration that is IR
active. The vibration is then probed via a Raman transition through a virtual state, which is driven
by an 800-nm laser, generating a signal at the sum of the two frequencies. (B) A schematic of the
counter-propagating VSFG spectrometer used to obtain the data in this paper. The IR and probe
beams approach an IR quartz cuvette filled with the solvent from opposite directions, yielding a
signal that propagates in a unique direction.

Let’s first revisit VSFG spectra and molecular structure of acetonitrile at a silica interface. The
first sublayer of the acetonitrile LBL structure at the interface is composed largely of molecules
that accept hydrogen bonds from surface silanol groups.® Due to inductive effects, this hydrogen
bonding leads to a shift in the symmetric methyl stretching frequency compared to that of the
molecules in the second sublayer, which do not accept hydrogen bonds. This shift causes
acetonitrile to have a strong VSFG signal for the symmetric methyl stretch at this interface.

The carbonyl group of PC is also expected to accept hydrogen bonds from surface silanol groups.

However, because there are no hydrogen atoms bonded to the carbons that are adjacent to the
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carbonyl group, any inductive effects in the C-H stretching frequencies are expected to be minimal.
The weak VSFG signal for PC at this interface is therefore suggestive of the formation of a
relatively centrosymmetric surface organization, i.e. a LBL structure. As discussed below,
electrochemical measurements support this picture.

Figure 2B compares VSFG spectra in the SSP polarization configuration for racemic and
enantiomerically pure (R and S) PC. The spectra for the two enantiomers are comparable.
However, both peaks are considerably stronger for the enantiomerically pure liquids than for the
racemic liquid, although the signal is still considerably smaller than that for acetonitrile at the same
interface. Furthermore, the symmetric and asymmetric stretch peaks are of comparable heights for
the enantiomerically pure liquids. The stronger VSFG signal for the enantiomerically pure PC
suggests that a single enantiomer cannot form an LBL structure that is as well organized as that
formed in the racemic liquid, leading to a reduced cancellation of signals from molecules pointing

in opposite directions at the interface.
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Figure 5.2. (A) VSFG spectra of neat racemic propylene carbonate at silica interface at three
configurations of the transitional dipoles. (B) SSP VSFG spectra of racemic and the R and S
enantiomers of PC at the silica interface.
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However, the VSFG signal is still relatively weak for the enantiomerically pure liquids, suggesting
that an LBL structure does still persist. The enhancement of the symmetric stretch signal further
suggests that the methyl and methylene groups may have a greater projection along the surface

normal in the enantiomerically pure liquid.

5.3.2 Electroosmosis in LiClO4 solutions in enantiomeric and racemic PC.

Our VSFG measurements suggest that enantiomerically pure and racemic samples of PC both
exhibit spatial organization at a silica interface. As the next step, we probed the consequences of
the interfacial structure for ionic and fluidic flow. Specifically, we sought to determine whether
electroosmosis in PC is sensitive enough to detect differences in the interfacial organization of the
racemic and enantiomerically pure liquids that were revealed by VSFG.

Figure 3 shows a scheme of our experimental setup in which a single pore is placed in contact with
a salt concentration gradient. The presence of different salt concentrations on both sides of the
membrane naturally leads to ion-current rectification, but only when the interface exhibits finite
potential.?? If the ground electrode is located in the less concentrated solution and the interface
carries an effective negative potential, the direction of electroosmosis will be determined by the
cations, which will electroosmotically drag the more concentrated solution into the pore at positive
voltages (Figure 3A). When negative voltage is applied, again keeping the ground in the less
concentrated solution, a pore with negative potential will be filled with the solution of lower
concentration. Consequently, an asymmetric current-voltage curve will be recorded such that
[1(+V)|> |I(-V)|. If the pore carries effective positive potential, the direction of electroosmosis will
be determined by the anions, and the current at negative voltages will be higher in magnitude than

at positive voltages (Figure 3B).
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Figure 5.3. Scheme of an experimental set-up where a single pore is in contact with a salt
concentration gradient. The ground electrode is placed in the solution with lower salt
concentration, ciow. (A) A pore with negative effective surface potential will be filled with the more
concentrated solution, cnigh, for positive transmembrane potentials when the direction of
electroosmosis is from chigh t0 Ciow. More ions in the pore will lead to recording higher currents,
than for negative voltages, when the pore is filled with the less concentrated solution. (B) A pore
with positive surface potentials will be filled with the more concentrated solution for negative
voltages, because in this case the direction of electroosmosis is determined by the migration of
anions. Consequently, a current-voltage curves will be recorded such that negative currents are
larger than positive currents. The parameter A is ion current anisotropy defined in eq. (1).

The level of asymmetry of the current-voltage curves provides an indirect measure of the
magnitude of the effective surface potential. For high surface potentials, electroosmosis can fill
the entire volume of the pore with a solution of either lower or higher concentration.??
Consequently, the ratio of currents measured at positive and negative voltages will be equal to the
ratio of the ionic conductivities of the solutions. If, on the other hand, the surface potential allows
only a part of the pore volume to be filled with solution on either side, the observed asymmetry
will be lower. All I-V curves were characterized by ion current anisotropy, A, parameter, defined

in our previous publication as:*®

57



1) +1(Y)
1(=V)-1(V)

In our electrode configuration, the parameter A assumes positive values when a pore has effective

AV) eq. (1)

positive potential, and negative values when the interface has negative potential. Figure 4 A-C
shows example recordings of current-voltage curves and the parameter A for a single PET pore
with diameter of 450 nm and a single silicon nitride pore with an opening of 30 nm. Recordings
were performed with solutions prepared using racemic PC and solutions based on enantiomeric

PC (R).
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Figure 5.4. Recordings for a single 450 nm in diameter PET pore (A-C) and a single 30 nm in
diameter silicon nitride pore (D-F) with current-voltage curves and summary of the anisotropy
parameter, A, defined by eq. (1). The bar graph in (F) shows the parameter A for two independent
pores, O1 and O4.

When the PET pore was in contact with the lowest concentration gradient of 0.1 mM and 1 mM

LiClOg, the recordings in the racemic solutions suggested that this pore exhibited effective positive
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potential. Yet, the same pore in the same concentration gradient prepared using the enantiomeric
PC exhibited nearly linear current-voltage curve indicating the effective surface potential was
close to zero.

As the concentration increased on both sides of the pore by a factor of five, the pore rectified in
the same direction in both racemic and enantiomeric PC but the anisotropy parameter was again
higher in the racemic case. As the ion concentrations increased further, the 1-V curves for both
types of solutions became identical. A set of data for an independently prepared pore with an
opening of 370 nm is shown in Supporting Information, Figure S1.

The data for the silicon nitride nanopores were more difficult to record due to the challenges of
‘wetting’ the 30 nm pore with viscous propylene carbonate. We chose pores with this opening
diameter due to the small thickness of the silicon nitride films. In order to induce electroosmosis-
based rectification in salt concentration gradients, the pore has to have a finite aspect ratio such
that the transport properties are still influenced by the ionic concentration in the pore and not at
the pore mouth in region of access resistance.?® Similar to the PET pores, however, recordings in
racemic 0.5 mM/ 5 mM solutions indicated the surface potential was positive. The current values
at the lowest concentrations of 0.1 mM/1 mM were for some pores unstable and we are not
reporting values of A for this gradient. Current-voltage curves in enantiomeric solutions, in
general, also exhibited less ion current rectification than in racemic PC, similar to the recordings
for PET pores. Figure 4 D-F shows recordings for one 30 nm in diameter SiN pore (designated as
01). Values of the parameter A for another SiN pore (O4) are also shown in Figure 4F. Due the
difficulties with the pore wetting, we report recordings in only two concentration gradients.

The recordings with SiN pores were also challenging, because in some cases the recorded currents

in the same concentration gradient of LiCIO4 were significantly different in racemic and
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enantiomeric solutions for both voltage polarities suggesting that the pores had different
resistances (Figure S2). We do not have yet explanation for this effect, because the salt
concentration in on all solutions was carefully controlled, and ionic conductivity of chiral and
racemic solutions is expected to be the same.?® Figure 4D-F was, however, created based on
recordings where the pore conductances in the linear regime of current-voltage curves were the
same at a given concentration gradient in racemic and enantiomeric solutions, as seen in PET
pores. Identical conductances in the linear regime gave us confidence that we were capturing
nonlinear effects that stem from different effective surface potentials.

The positive effective potential in the presence of LiClO4 solutions in propylene carbonate was
observed in multiple samples of SiN and polymer pores. Since all silicon nitride pores were
incubated in piranha solution prior to use, the created silanol groups created a surface that was
similar in its chemical properties to that of the glass surface used in VSFG experiments. PET
surface on the other hand contains carboxyl groups at a very high density of up to 1 per nm2.2” We
postulate that the effective positive potential of the solid/liquid interface originates from the
interfacial organization of the solvent in both silica/liquid and polymer/liquid interfaces that
dictates the interfacial ionic distributions.

It is important to note that some pores studied here exhibited effective positive potential already
in the gradient with lowest concentrations, 0.1 mM/1 mM. On the other hand, glass pores in contact
with 0.1 mM/1 mM LiClOs solutions in acetonitrile exhibited negative effective potential, which
we attributed to the organized layer of the solvent molecules and unscreened partial negative
charges on nitrogen.'® Only in the gradient of 1 mM/10 mM did the glass pores exhibited effective

positive surface potential. The observation of positive potential in a wider range of LiClO4
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concentrations in propylene carbonate than in acetonitrile points to the possibility for lithium ions

to partition into the bilayer at lower concentrations.

Finally, what could be the reason for the lower positive potential in the chiral solutions? We believe
a molecular picture of what is happening at the interface can be gleaned from the VSFG spectra.
The racemic PC creates a more centrosymmetric system with the solvent molecules being more
ordered in the first layer compared to the enantiomeric system. Consequently, the LBL in racemic
solutions will impose different partition coefficients for cations and anions to enter the bilayer and
will dictate location of both ions in a concentration dependent manner.*® Lithium will accumulate
on the bilayer surface and be more likely to enter the bilayer due to partial negative charges on the
oxygen atoms. The interface can then become positively charged at already low LiClO4
concentrations. We expect that with the addition of more concentrated racemic solutions, the
solvent organization becomes weaker, similar to what we saw with acetonitrile.

Enantiomeric PC creates a more disordered bilayer such that possibly both cations and anions can
enter the bilayer, which would lower the effective positive potential. With the increase of salt
concentration, the layers in racemic and enantiometic solvents have similar organization leading

to similar values of the anisotropy A parameter.

5.4 Conclusions

Combined VSFG and electrokinetic measurements have revealed that propylene carbonate creates
interfacial structure whose details are sensitive to the chirality of the solvent. Racemic propylene
carbonate creates a layered structure at the silica interface that is more ordered than the

enantiomeric one. Results for both types of PC, are however in strong contrast to the classic picture
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of the electrical double-layer where solvent is treated as a homogenous continuum. Our results
also point to the possibility of tuning ionic and fluidic transport with solvent chirality. The
chirality-controlled transport is a consequence of chirality governed molecular structure of the

interface and the effective surface potential.
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Chapter 6: Chiral Electrokinetic Phenomena in Single Nanopores

Adapted from: Kristen Alanis,” Savannah A. Silva,” Siddharth Singh,” Kabin Lin, Tilman E.
Schéffer, John T. Fourkas, Lane. A. Baker, Zuzanna S. Siwy (submitted for publication)

*These Authors contributed equally
VSFG spectroscopy research conducted by: Siddharth Singh and Ovuokenye Omadoko

lon transport research designed and conducted by: Savannah Silva
Electrokinetic experiments in nanopipettes was conducted by: Kristen Alanis

6.1 Introduction

Solid-liquid interfaces play key roles in biology, sensing, separation and energy storage systems,
e.g. batteries, supercapacitors.[d The interface between a surface and aqueous solution is often
described using the continuum model provided by the Poisson-Boltzmann equation® 23 when
considering biological or biosensing systems. In this model, ions are treated as point charges and
the solvent is described as a homogeneous continuum. On the other hand, the interface between a
surface and a non-aqueous solution — where the classical model of the electrical double layer might
not apply®® 4 Bl _ js of importance in separation processes and energy-storage devices.
Electrochemical platforms that rely on lithium salts in carbonate solvents are a preeminent example
of the importance of interfaces in non-aqueous electrolyte systems.[®! Here, with the goal of
developing a deeper understanding of non-aqueous interfaces, we probe propylene carbonate (PC)
in the presence of a lithium salt (LiClOa) at silica interfaces with nonlinear optical spectroscopic
and electrochemical measurements. We further consider the role of the chirality (racemic vs.

enantiomeric) on the properties of PC at this interface.

In recent experiments, we showed that acetonitrile creates a spatially organized structure at silica
surfaces that is preserved even at high concentrations of inorganic salts, including LiClO4, NaClOg,

LiBF4, and LiPFe.” The solvent arrangement is reminiscent of a supported lipid bilayer, such that
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the cyano groups of the first sublayer of acetonitrile molecules point toward the silica surface,
whereas molecules in the second sublayer tend to have cyano groups pointing toward the bulk
solution.® The methyl groups of the two sublayers are interdigitated in a hydrophobic region. The
bilayer-like organization is repeated with decreasing fidelity over a few nanometers into the
solution. Through electrokinetic experiments, vibrational sum-frequency-generation (VSFG)
spectroscopy, and molecular dynamics simulations, the solvent structure was found to direct the
location of ions and to determine the effective potential of the interface.[’d At low concentrations
of ions, the interface is negatively charged, due to the cyano groups that point into the bulk liquid.
However, at a threshold concentration that depends on the identity of the salt, the interface acquires
a positive effective potential. The presence of negative and positive potentials was detected by
recording the direction of electroosmosis in single pores.[’® °1 These results underscore the
importance of the solvent in the electrochemical properties of a solid-liquid interface and point to
limitations in the ability of the classical electrical double layer model to describe interfaces

involving some organic solvents.

Inspired by findings of spatial organization of acetonitrile and its role in the formation of the
effective potential we considered additional questions. First, is interfacial solvent organization
sensitive to the chirality of the solvent molecules? Second, if interfacial molecular structure is
indeed affected by the solvent chirality, can these differences influence the interfacial potential?
To answer these questions, we chose PC as our model system. PC is a chiral solvent whose
enantiomerically pure forms are readily available commercially. Our first VSFG experiments with
neat PC revealed that the arrangement of PC molecules on glass is indeed different for the racemic
liquid and the enantiomerically pure liquid.[* We also probed electrokinetic phenomena in pores

in contact with LiClO4 solutions in both types of PC, and concluded that the effective surface
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potential induced by the racemic PC (which we henceforth denote as racPC) is indeed higher than
the potential induced by (R)-(+)-PC (which we henceforth denote (R)-PC).X%1 These
measurements, however, were not able to determine the magnitude of the potential, and moreover
were recorded in salt concentration gradients, which made interpretation of the potential as a

function of salt concentration difficult.

In this manuscript we quantify the effective interfacial potential in two types of pores in contact
with LiCIO4 solutions prepared in racPC and (R)-PC. VSFG characterization ['® 10111 of a quartz
surface was performed over a wide range of LiClO4 concentrations. These experiments reveal
significant differences in the solid-liquid interfaces of racPC versus (R)-PC solutions. The sign
and magnitude of the interfacial potential were measured using glass nanopipettes with sub-100-
nm diameters. The rectification properties in symmetric electrolyte concentrations™*? and the
streaming current® 131 were measured in this system. These experiments reveal that glass pipettes
in contact with racPC solutions exhibit higher positive potential than do glass pipettes filled with
(R)-PC solutions of the same LiClO4 concentration. Finally, we present measurements that probe
the presence of the effective surface potential in pores prepared in polyethylene terephthalate
(PET) films.l*4 Similar to glass pipettes, the PET pores exhibit a higher interfacial potential when
in contact with the solutions based on racPC. Our work highlights the extreme sensitivity of the
interfacial potential on the molecular organization of the solvent and underscores the need to

develop a deeper understanding of chiral electrokinetic phenomena.
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6.2. Materials and Methods

6.2.1. Chemicals

LiClO4 (>99.99% battery grade, Sigma Aldrich) and KCI (>99.0% Sigma-Aldrich) were used as
received. Racemic PC (99.7% pure HPLC Grade, Sigma Aldrich), and (R)-(+)-propylene
carbonate (purity >98%, TCI chemicals) were used in the experiments. The chemicals were used
as received. Aqueous solutions were prepared with Milli-Q water (resistivity = 18.2 MQ-cm at 25

°C, Thermo Scientific) and filtered with a 0.20-um PVDF nylon syringe filter (MicroL.iter).

6.2.2. VSFG measurements

The laser source for our VSFG setup is a 1 kHz, Ti-sapphire, regenerative amplifier (Coherent
Legend Elite), which generates 800-nm, 80-fs pulses and has an average power of 3 W. The
amplifier is seeded by a 76-MHz, Ti-sapphire oscillator (Coherent Mira) that is pumped with 5.2
W of the output of a continuous wave, 532-nm laser (Coherent Verdi-12) laser. The amplifier is
pumped by a 1-kHz, Q-switched, frequency-doubled, Nd:YLF laser (Coherent Evolution). The
amplifier output is directed through a 30/70 beam splitter, after which ~1 W of the output is sent
to the mid-1R-generating path and the remaining 2 W to the 800-nm probe path. The former path
includes optical-parametric amplifier and difference-frequency-generation modules (TOPAS,
Light Conversion) that produce an IR beam with a bandwidth of 250 cm™, centered for the
experiments reported here at 2945 cm™, with a maximum pulse energy of 15 mJ. The IR beam

excites vibrations in the C—H stretching region of the spectrum.
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The probe-beam portion of the amplifier output is spectrally narrowed using a 4f pulse stretcher
with a slit, which reduces the bandwidth to ~5 cm™, after which the pulse energy is ~15 mJ. The
probe beam then traverses a delay line. The IR and probe beams meet at the sample in a
counterpropagating geometry, with incident angles of 61° and —58° from the surface normal,
respectively. The signal is generated at an angle of —32.8° and is collected using a spectrometer
(ActonSP300i) with a thermoelectrically cooled CCD camera (Spec-10:100, Roper Scientific).
The experiments were performed in the SSP polarization configuration, with the polarizations
listed in the order of the signal, probe, and IR. P denotes polarization in the plane of incidence and
reflection, such that there is a projection of the polarization along the surface normal. S denotes
polarization perpendicular to the plane of incidence and reflection, and therefore perpendicular to
the surface normal. Eight 120-s scans were performed for each sample. The individual spectra
were normalized to the nonresonant SFG signal from a gold substrate. A polystyrene film placed
in the path of the IR beam while measuring the gold SFG signal was used to calibrate the frequency
of the signal, using four of the polystyrene absorption peaks.

The cuvettes used for the VSFG studies were composed of IR-grade quartz (FireflySci). Before
use, the cuvettes were rinsed sequentially with contaminant-free methanol, de-ionized water, and
then acetone. The cuvettes were then oven-dried and placed in an oxygen plasma cleaner (Herrick)

for 3 min.
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6.2.3. Preparation of quartz nanopipettes

Nanopipettes were pulled from quartz capillaries (Q100-70-7.5, Sutter Instrument) with a CO»-
laser puller (P-2000, Sutter Instrument) to fabricate single barrel nanopipettes. A typical set of
program parameters used was: Heat, 640; Velocity, 3; Filament, 40; Delay time, 180; and Pull,
155. The pipettes were characterized by scanning electron microscopy (FEI Quanta-FEG), which
revealed a typical inner diameter of 72 + 2 nm and an outer diameter of 104 + 5 nm, as shown in

Figure S1.

6.2.4. Preparation of pores in poly(ethylene) terephthalate (PET) films.

Single pores were fabricated in PET membranes using the track-etching technique.l** This
method involves irradiation of a 3-cm-diameter, 12-um-thick PET film using single, heavy,
energetic (11.4 MeV/Q) ions, such as Xe, Au, or U (UNILAC, Universal Linear Accelerator at the
Institute for Heavy lons Research, Darmstadt, Germany), leading to the formation of a single
damage track. A 100-pum-diameter metal mask located in front of the film, combined with
adjustment of the ion beam to allow only one heavy ion to pass through the mask’s aperture, allows
for the creation of a single pore. The ion beam is shut down when an ion detector located on the
opposite side of the film registers an event.[*® The films were then exposed to 365-nm light for 1
h on each side using a 115-V, UVGL-25 compact UV lamp (UVP, LLC), to ensure a more
homogenous etching along the heavy-ion track.*8! Following the UV treatment, the films were
subjected to wet chemical etching in 2 M NaOH at 60 °C.[**"l PET pores prepared by the track-
etching method under the described conditions have been shown to exhibit symmetric and
cylindrical shape, with an average pore diameter that increases linearly with chemical-etching

time. The diameter of single PET pores were determined electrochemically by measuring the pore
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resistance in a 1 M aqueous KCI solution, as reported previously.®® These high ionic strength
conditions assure that the pore volume is filled with the bulk solution and that surface-charge

effects are screened.

6.2.5. Electrokinetic and streaming-current measurements

Quartz nanopipettes

For nanopipette experiments, a two-electrode system was used to perform current—voltage (I-V)
measurements with a picoammeter/voltage source (Keithley 6487, Keithley Instruments). A back-
inserted Ag/AgCl wire inside the nanopipette served as the working electrode, and an Ag/AgCl
pellet was placed in the bath solution which served as the reference electrode. The potential was
ramped from
-3V to 3V at 0.2 V/s. For streaming-current measurements in nanopipettes, a Ag/AgCl wire was
back-inserted into the pipette, and a second Ag/AgCl electrode was placed in the bath solution.
Current—time traces were measured with the headstage of an Axopatch 200b current amplifier
(Molecular Devices) with a gain of 1 mV/1pA and a low-pass filter set to 1 kHz (-3 dB, 4 pole
Bessel). Current was recorded at a sampling frequency of 50 — 100 kHz, using a low-noise data-
acquisition system and pClamp 10.6 software (Axon Digidata 1440A, Molecular Devices).
Pressure application through the side arm of the electrode holder (Warner Instruments) was
performed with a high-speed pressure clamp (ALA Scientific) and was controlled through a
pClamp protocol. The pressure protocol stepped in increments of 50 mm Hg that were each held
for a duration of 8 s, then returned to 0 mm Hg after each step, before proceeding to the next
increment. The current recorded during the 140 ms prior to each pressure step (i.e., at 0 mm Hg)

was averaged and used as the initial current value (/;). During a pressure step, the ion current was
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measured for a duration of 1 s, and an averaged value was calculated as the streaming-current (1)
value for each pressure. The change in the measured current, Al = Iy - I;, was determined for each

pressure step.

Single pores in PET

Electrokinetic measurements with polymer membranes were performed using a home-made
conductivity cell in which the single-pore membrane was mounted between two chambers filled
with different concentrations of LiClO4 in PC, which we denote chigh and Ciow. Current—voltage
curves were recorded with a Keithley 6487 picoammeter/voltage source (Keithley Instruments),
with pellet Ag/AgCl electrodes serving as the working and reference electrodes in their respective
chambers of the solution. The instrument was controlled using software written in LabVIEW
(National Instruments). The voltage was varied between -2 V and +2 V in 0.1 V steps. Each PET
membrane was exposed to 0.1 mM/1 mM, 0.5 mM/5 mM, 1 mM/10 mM, and 10 mM/100 mM
concentration gradients of LiClOs4 prepared in racPC or (R)-PC. Before switching salt
concentrations, both chambers of the conductivity cell were rinsed thoroughly in neat solvent. For
consistency, the ground electrode was always placed in the lower-concentration solution, and the
working electrode was always placed in the higher-concentration solution. All current-voltage
curves reflect average values and standard deviations from at least three forward and three reverse

Scans.

Streaming-current measurements were performed on PET pores using a home-made conductivity
cell, modified with a custom hydrostatic-pressure setup. The single-pore membrane was mounted
between two chambers containing an electrolyte solution with the same concentration. One side of

the membrane was exposed to atmospheric pressure and contained a pellet Ag/AgCl electrode
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submerged in the solution; this electrode served as the reference electrode. The other side of the
membrane was airtight, and hydrostatic pressure was applied by manually varying the height of
the liquid column via a system of plastic tubing. This side of the membrane also included a pellet
Ag/AgCl electrode, which served as the working electrode. An Axon Instruments Axopatch 200B
integrated patch clamp combined with a 1322A Digidata acquisition system (Molecular Devices)
was used to record Ist. The hardware was operated in the whole-cell model (f = 1) employing a 1
kHz, low-pass Bessel filter, and Isi- was sampled at a frequency of 1 kHz. The ion current at each

applied pressure was measured for 15 s, and the values were subsequently averaged over time.

In both the membrane and pipette measurements, ambient electrical noise was minimized by use
of a Faraday cage (Warner Instruments for the membranes and a home-built cage for the pipettes).
Vibrational noise was reduced with a vibration-cancellation table (TMC for the membranes and
Herzan for the pipettes). The ion current was recorded as a time series and was analyzed using

Clampfit (Molecular Devices) and Igor Pro (Wavemetrics, Lake Oswego, OR, USA).

6.3. Results and Discussion

6.3.1. VSFG characterization of the solid—liquid interfaces of quartz and racPC and (R)-PC

solutions of LiClO4

VSFG spectroscopy is especially well-suited to probe solid-liquid interfaces, because this
technique is sensitive to molecular arrangements at interfaces at which centrosymmetry is
broken.[*”l We used this approach previously to probe the molecular structure of an interface
created by quartz in contact with LiCIO4 solutions in acetonitrile (MeCN).["l We found that the

lipid-bilayer-like organization of MeCN at this interface is largely preserved in 1 M LiClO4.["8]
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Due to the spatial organization of MeCN at this interface, lithium ions were found first to
accumulate on the surface of the second sublayer to neutralize the partial negative charge on the
nitrogen atoms in the cyano groups. Only at a threshold concentration of ~1 mM LiClO4 could
anions begin to enter the bilayer, allowing lithium to accumulate at the silica and outer bilayer

surfaces to render this interface effectively positively charged.["@

PC also has a large dipole moment (~4.9 D), and the partial negative charge on the carbonyl oxygen
can attract Li* ions to fulfill electroneutrality if PC molecules create organized bilayers. Based on
the VVSFG data for neat racPC,*% as well as on molecular dynamics simulations of the organization
of racPC on a positively-biased graphite electrodel*® this solvent is expected to create a structure
on silica that is similar to those observed for MeCNI2 8 91 and propionitrile.>> 21 We hypothesized
that, as is the case for MeCN, the interfacial organization of PC molecules determines the ionic
distribution and the effective potential. Here we use VSFG to probe the solvent organization as a
function of electrolyte concentration at a quartz surface in contact with LiClO4 solutions in both

types of PC.

Figure 6.1 compares VSFG spectra recorded for LiClO4 solutions in racPC and (R)-PC. Due to
the limited signal-to-noise ratio in the (R)-PC solutions, we show Gaussian-fitted spectra of both
types of solutions to facilitate comparison; the raw data are presented in Figure S2. Reliable fitting
was not possible at the highest concentrations of LiClO4; thus we show fitted spectra only up to

10 mM and 0.1 mM LiClO4 for racPC and (R)-PC, respectively.
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Figure 6.1. Gaussian fits to VSFG spectra for LiClO4 prepared in (a) racPC, and (b) (R)-PC. The
raw spectra are presented in Figure S2. The spectra were normalized with respect to the highest
signal recorded at 10°® M LiClOs in (a) and with respect to the neat (R)-PC in (b).

The two broad peaks observed in the VSFG spectra in Figure 6.1 are attributed to symmetric C-H
stretches of the methyl, methylene, and methine groups (~2920 cm™) and asymmetric C-H
stretches of the methyl and methylene groups (~2980 c¢m™).l% The concentration-dependent
behavior of the spectra for the racemic solutions are similar to those for acetonitrile,l’d with the
asymmetric stretch intensity increasing up to a concentration of 10 M and the symmetric stretch
intensity increasing up to a concentration of 10° M of LiClO4 before decreasing at higher
concentrations. These data indicate that the lipid-bilayer-like organization of racPC causes cations
to partition to the outside of the bilayer until the effective charge of the carbonyl oxygens has been
neutralized. The partial negative charges on the carbonyl groups act as an electrostatic barrier that
prevents anions from entering the bilayer, and the bilayer itself is compact enough to make it
energetically unfavorable for cations to partition to the silica surface until anions can also enter the

bilayer. The increase in the VSFG intensity at low concentrations of LiClO4 indicates that the
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presence of Li* at the outside of the bilayer changes the orientational distribution of the racPC
molecules in the second sublayer. Raman non-coincidence effect studies have shown that the
carbonyl groups of PC molecules tend to dipole pair in the bulk liquid,?'! and it might therefore
be expected that the carbonyl groups of PC molecules in the second sublayer dipole pair with those
of adjacent molecules in the bulk liquid. The presence of cations should disrupt such ordering,
which may account for the change in preferred orientation that leads to the increase in the VSFG

intensity.

Once the outside of the surface bilayer of racPC has been neutralized, it becomes energetically
favorable for cations to partition to the surface and anions to partition into the bilayer, and the
VSFG intensity begins to decrease, reaching half of its peak value at an electrolyte concentration
of 10" M. In our previous studies of electrolyte solutions in MeCN,["® we noted that perchlorate
is a large anion with delocalized charge, and so can be considered to be relatively hydrophobic,
although some hydrogen bonding from surface silanol groups was also observed. However, the
carbonyl carbon in PC is bonded to three different electron-withdrawing atoms, and so carries
nearly a full positive charge.?? We therefore expect that there will be strong interactions between
the carbonyl carbons in each sublayer and any perchlorate ions that are inside of the bilayer. These
interactions will have a strong impact on the organization of the interfacial solvent, leading to the
observed decrease in the VFSG intensity at higher concentrations of LiClO4. Taken together, our
observations suggest that LiClIO4 in racPC can induce effective positive charge at a silica interface

at significantly lower concentrations than observed in solutions of LiClIO4 in MeCN.

The VSFG spectra for LiClO4 in (R)-PC solutions differ markedly from those recorded in racPC
solutions (Figure 6.1b). In (R)-PC, the signal decreases monotonically with increasing

concentration over the entire examined range of LiClO4 concentrations, reaching half of the peak
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value at
10 M. To rationalize this result, we note that manufacturer’s reported data suggest the density of
bulk (R)-PC at 25 °C (1.189 g/mL) is about 1 % less than that of racPC (1.204 g/mL).1%I This
difference can be a manifestation of possible packing constraints imposed on (R)-PC by only
having a single enantiomer. The free volume in bulk (R)-PC could therefore be substantially larger
than that in bulk racPC. These effects should be recapitulated in the surface bilayer of (R)-PC.
Although the organization of the first sublayer may be determined largely by the surface silanol
groups with which the (R)-PC molecules hydrogen bond, the second sublayer is expected to be
considerably more disordered than in the case of racPC, explaining why the VSFG signal for neat

(R)-PC at the silica interface is substantially larger than that for racPC.%

We hypothesize, a larger free volume in the surface bilayer of (R)-PC allows cations to partition
to the silica surface even at low concentrations of LiClO4, influencing the organization of the first
sublayer, and causing the VSFG signal to drop. The perchlorate anions are considerably larger
than the lithium cations, but likely can also enter the bilayer even at low concentrations, as the
electrostatic barrier of the second sublayer will be weaker than in racPC. The presence of lithium

ions at the silica surface will also create a driving force for anions to enter the bilayer.

VSFG measurements revealed that molecular organization at the quartz—PC interface is sensitive
to whether the solvent is racemic or enantiomerically pure. Below, we use electrochemical
approaches to probe the presence and magnitude of the interfacial surface potential as a function

of LiClO4 concentration in both types of PC. We first describe experiments using quartz pipettes,
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in which the surface chemistry at the walls of the pipette is chemically similar to that of the quartz

surfaces used for spectroscopic experiments.
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Figure 6.2. Current—voltage response of quartz nanopipettes filled with racPC and (R)-PC with LiCIO4
concentrations of (a) 5 mM, (b) 10 mM, and (c) 50 mM. Note the identical currents recorded at low
voltages for both types of solutions at each LiClO4 concentration, in agreement with nearly identical
ionic conductivities of racemic and enantiomeric PC solutions.™! (d) Calculated ion—current rectification
ratio at £3 V for different electrolyte concentrations.
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6.3.2. Electrochemical properties of nanopipettes in LiClO4 solutions in racPC and (R)-PC

Quartz pipettes pulled to small diameters provide a versatile platform for probing interfacial
charge. The asymmetric conical structure of the pipette tip, combined with a relatively small
opening diameter (<100 nm), results in transport properties that are dominated by the interplay
among the glass surface, the geometry of the pipette, and the electrolyte solution. The asymmetry
of the shape of the pipette, combined with the presence of the finite surface potential, results in
asymmetry in transport of ions at the pipette opening. These effects have been widely exploited in
sensing and imaging experiments.*l Here, we use nanopipettes to measure ion currents induced

by applied potentials and pressures.
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Figure 6.3. (a) Schematic for streaming-current measurements in quartz nanopipettes. (b) The
streaming current (Al) as a function of applied pressure for pipettes filled with racPC and (R)-PC
with 100 mM LiClO4, and with 100 mM KCI in water. (c) The streaming current as a function of
applied pressure for 50 mM and 100 mM LiCIlO4 solutions.

For the experiments described here, a symmetric ion concentration was employed on each side of
the nanopipette, providing a direct measurement of ion transport, analogous to typical current—
voltage measurements in nanopores. The combination of conical geometry and the presence of

surface charge results in a voltage-polarity-dependent number of charge carriers in the pore, and a
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voltage-polarity-dependent magnitude of the ion current, recorded as ion current rectification.*?®
24d, 25] [128] The measured current—voltage curves are therefore characterized by a ratio of currents
recorded at the same magnitudes of voltage but opposite polarities. In our electrode configuration,
pipettes in contact with aqueous salt solutions rectify such that negative currents are larger than
positive currents. This behavior is expected, based on the presence of silanol groups on the pipette
walls. On the other hand, if a pipette is chemically modified and positively charged, its I-V curves
will be inverted, such that currents at positive voltages will be higher.[*2¢ 244 Numerically, this
behavior can be quantified via the absolute value of the ratio of the ion currents at two equivalent
applied positive and negative potentials (here with a magnitude of 3 V), which is referred to as the

ion—current rectification ratio (ICRR):[?¢]

Lo (+3V)

ICRR = o)

Equation 1

For the experiments shown here, ICRR > 1 (ICRR < 1) indicates presence of positive (negative)

surface charges.

The current-voltage responses of nanopipettes in racPC and (R)-PC as a function of LiClO4
concentration are shown in Figure 6.2(a-c), and the calculated ICRR at +3 V is shown in Figure
6.2d. To minimize pipette-to-pipette variation, a single capillary was pulled into two nominally
identical pipettes, which we refer to as “sister” pipettes. One sister pipette was filled with a LiClO4
solution in racPC, and the second sister pipette was filled with a LiClO4 solution of identical
concentration in (R)-PC. The nominal inner diameter of the pipettes used to collect data was 72 +
2 nm, as characterized by SEM. For the lowest electrolyte concentration (5 mM), the results for

racPC and (R)-PC differed, with racPC exhibiting an ICRR > 1 and (R)-PC exhibiting an ICRR <
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1, which suggests a nominal positive charge in racPC and a nominal negative charge in (R)-PC.
At a 10 mM electrolyte concentration, both racPC and (R)-PC exhibit ICRR > 1, suggesting a
nominal positive charge. We note that the pipettes did not undergo any chemical modification,
implying that the positive charge results from the arrangement of solvent molecules and ions at
the interface. The magnitude of the ICRR in 10 mM LiClOg is, however, significantly higher in
racPC (~1.7) than in (R)-PC (~1.2). These observations are consistent with our earlier findings in
polymer and silicon nitride pores, in which a lower magnitude of the effective surface potential in
(R)-PC solutions was observed at similar concentrations.*® Finally, for even higher concentrations
(50 and 100 mM), the ICRR is close to 1 for both types of PC, suggesting that the pipettes either
become near neutral, or that the surface charges are screened by the high salt concentration. Linear
current-voltage curves for conically-shaped and charged pores are indeed recorded at
concentrations above a threshold salt concentration at which the ion concentrations in the pores
are no longer regulated by the presence of a surface potential.[*?® 2] |n such a case, the lack of
rectification is not indicative of a lack of finite surface charge, but rather points to effective
screening of the charges by ions in the solution. The results shown here are in qualitative agreement

with results from multiple sets of sister pipettes tested.

To probe the presence and magnitude of the surface charge at the higher concentrations of 50 mM
and 100 mM, we employed the electrokinetic approach of measuring the streaming current, which
is known to be dependent on the zeta potential at the surface.®¥ The zeta potential is the potential
at a shear plane that is located some distance from the surface, and is often assumed to be the
potential at the plane of the Stern layer. In the case of solid—liquid interfaces with a layered solvent,
we expect that the shear plane will be positioned beyond the first bilayer. The streaming-current

measurements entail placing a pipette in contact with the same solution on both sides, setting the
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transmembrane potential to 0 V, and recording ion current upon gradual increments of the pressure
difference across the pipette. The measured streaming current is carried by the counterions at the
interface. The streaming current is positive (negative) when the interface has an effective negative
(positive) potential.l*¥l The streaming current is dependent on the zeta potential of the interface,

providing a direct probe of the magnitude and sign of the zeta potential.

Streaming-current measurements for sister pipettes in racPC and (R)-PC were recorded for applied
pressures in the range of 0-200 mmHg, with a patch-clamp configuration typically used for
patching cell membranes (Figure 6.3a). In these measurements, differences between the current
at zero pressure and applied pressures (streaming currents) were at the limit of instrumental noise,
which only allowed for recording of the changes in current as a function of pressure for 50 mM

and 100 mM solutions of LiClOa.

Streaming-current measurements in a quartz nanopipette filled with 100 mM KCI are shown in
Figure 6.3b for reference. Glass surfaces are known to have a net negative charge at pH > 3,

resulting in a positive streaming current, in agreement with previous observations. %]

For racPC and (R)-PC solutions of LiCIO4, consistent trends are observed for each condition. In
accordance with expectation, over the range investigated, the streaming current increases as a
function of the applied pressure for both solutions in a monotonic manner. The streaming currents
for the 50 mM and 100 mM solutions are negative, providing evidence that the pipettes have an
effective positive surface charge at higher electrolyte concentrations. The streaming current is
slightly larger for the 100 mM concentration than for the 50 mM concentration, suggesting that
the zeta potential in the higher concentration might be higher. Finally, racPC has higher negative

streaming current values than does (R)-PC.
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To calculate the magnitude of the zeta potential from streaming currents, we would need to model
pressure-driven flow in glass pipettes together with local ionic concentrations at the solid—liquid
interface. A simpler approach to zeta potential in PC solutions utilizes literature values of zeta
potentials of glass in aqueous solutions. The zeta potential of glass in ~100 mM KCI is
approximately -30 mV.?°1 Thus, if the magnitude of the zeta potential in PC is similar to that in
water, the streaming current in PC would be ~3 times lower due to the higher dynamic viscosity
of the organic solvent. The data in Figure 3 indicate that the magnitude of streaming currents is at
least 5 times lower in PC than in water, so we estimate that the magnitude of the zeta potential is

+20 mV in racPC, and +15 mV in (R)-PC.

These electrokinetic measurements complement conclusions made based on -V curves. In
particular, the effective surface charge of glass pipettes in contact with 50 mM and 100 mM LiCIO4
solutions remains positive in both types of PC solutions. However, the magnitude of the surface
charge is higher in racPC. The measurements also allowed us to conclude that the differences in
the molecular arrangement at the interface in racPC and (R)-PC observed at low salt concentrations

through I-V curves (Figure 6.3) are preserved at high salt concentrations.

The measurements with quartz pipettes are also in agreement with the VSFG spectra of a quartz
surface in contact with PC electrolyte solutions (Figure 6.1). The racPC can create a more
organized layered structure at the interface, changing the ability of cations and anions to enter the

surface bilayer.
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Figure 6.4. Electrochemical data for single PET pores. (a) I-V curves for a 390-nm-diameter pore
when in contact with a 0.1 mM/1 mM concentration gradient of LiClIO4 prepared using either
racPC or (R)-PC. (b) Bar graph summarizing the ion-current anisotropy, A(2V), data for a range
of concentration gradients. (c) Bar graph summarizing A(2V) data for a single, 450-nm-diameter
PET pore.

Accumulation of anions within the bilayer, as indicated by the VSFG spectra, leads to a local
accumulation of lithium ions and formation of the effective positive surface charge in all probed
LiClO4 concentrations in racPC. The layered structure for (R)-PC-based solutions is less organized
and has greater free volume, such that the accumulation of lithium ions, and the resulting positive

charge, is weaker.

6.3.3. Single PET pores exhibit an effective surface potential that is dependent on the form of PC

The chirality-dependent interfacial potential was also tested in single pores in a polyethylene
terephthalate (PET) film exposed to LiClO4 solutions in 7acPC and (R)-PC. PET pores prepared
by the track-etching technique contain a high density of carboxylic acid groups.*”) We predict that
the carbonyl groups in PC will accept hydrogen bonds from the carboxylic acid groups, similar to
what is observed for silanol groups in silica.['” Consequently, PC is also expected to create a

layered structure near a PET surface.
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To test the presence and polarity of interfacial potential on PET pores, we used a different method
than the one applied for the glass pipettes. The approach used is applicable to pores of any
diameter, and enables detection of surface charge even in large pores and at high electrolyte
concentrations. Instead of conically-shaped nanopores, we prepared cylindrically-shaped pores
with an opening a few hundred nanometers in diameter.’! Such single-pore membranes were
placed between two electrolyte solutions with different concentrations, ciow and chigr. This situation
naturally leads to ion-current rectification when the interface exhibits a non-zero potential. By
construction, with the ground electrode placed in the chamber with cjow, it can be deduced that
when the interface carries an effective negative potential, the direction of electroosmosis will be
determined by the cations. For example, for positive applied voltages, the cations will
electroosmotically drag the solution with chigh into the pore, and for negative applied voltages, the
pore will be filled with the solution with ciow. Therefore, a pore with negative surface potential will
exhibit asymmetric current-voltage curves such that [I(+V)| > |I(-V)]. A pore with positive surface
charges, on the other hand, will lead to asymmetric I-V curves with [I(+V)| < |I(-V)|. A complete,
in-depth explanation of the influence of electroosmosis in the electrical setup has been given
previously.!*?! The polarity of the surface potential of pores can thus be easily deduced from the

characterization of |-V curves recorded under an electrolyte concentration gradient.
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Figure 6.5. (a) Streaming current through single PET pores with an opening diameter of ~700 nm
recorded in 50 mM LiClOs in racPC and (R)-PC. (b) Calculated zeta potentials as a function of
the concentration of LiClOa. Data for three single PET pores of different diameters (d) are reported.

All I-V curves were described by the ion current anisotropy, A(V), defined previously asl’® 0

I1(=V)+1(V)

A(V) = 1(=V)=1(V)

Equation 2

By the defined convention, a positive effective surface potential leads to a positive value of A(V),
and vice versa. The magnitude of A(V) is an indirect measure of the magnitude of the surface
potential, i.e. pores with larger surface potentials produce 1-V curves that are more asymmetric,

because pores with lower (higher) interfacial potential will be filled less (more) completely with a
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solution of either side, leading to lower (higher) A(V). Note that the origin of rectification and a
non-zero ion-current anisotropy value here is different from the origin of the ICRR observed with

nanopipettes (Figure 6.2).

Figure 6.4 a,b shows -V curves and A(2V) for a single PET pore with a diameter of 390 nm.
These measurements were performed with LiClO4 solutions prepared using either racPC or (R)-
PC. Under the lowest concentration gradient, 0.1 mM/1 mM, the 1-V curve for the racPC solutions
suggested that the pore exhibited a strong effective positive surface potential. However, when the
same concentration gradient was used with (R)-PC, the 1-V curves were effectively linear,
indicating that the effective surface potential was close to zero. As the concentrations on both sides
of the pore were increased, the pore began to rectify in the same direction in both racPC and (R)-
PC, until the largest concentration gradient, for which the 1-V curves and values of A(2V) for both
types of solutions became identical. These results agree well with our previous work.! Data for
another, independently prepared pore, are shown in Figure 6.4c; this pore had transport properties

in racPC and (R)-PC that were qualitatively similar to the pore in Figure 6.4 a,b.

Although the ion-current anisotropy allows us to draw comparisons of effective surface potentials
measured under different conditions, we cannot directly relate A(V) to the magnitude of the
effective surface potential. To quantify the surface potential, we again turn to the electrokinetic
method of measuring the zeta potential through recording streaming current.® 31 Here, we use
the relationship derived from combining the charge density distribution in the diffuse layer and the
pressure-driven flow of the electrolyte in a microfluidic system. In our measurements and analysis,
we use a relationship that was analytically determined for a cylindrical capillary using the Poisson-

Boltzmann and Navier-Stokes equations.®® 3% |n this case, the streaming current, lsr, is

87



proportional to the applied pressure, P, with a proportionality constant that depends on the zeta

potential, C:

Ioer = —ATO ; ¢ Equation 3

This formula is valid in cases when the electrical double layer, or, more generally, the interfacial
region with modified concentrations, is thin compared to the pore radius, which holds for our ~400-
nm-diameter pores. Because we measured the streaming current as the pressure was slowly varied,
we can use the slope of a linear fit to the current vs. pressure curve, Alst/AP, when calculating ¢
for each ionic concentration. A representative current vs. pressure curve, including a linear fit for
extracting Alsw/AP, for 50 mM LiCIO4 in racPC and (R)-PC is shown in Figure 6.5a. This
approach has the advantage of being insensitive to a current offset, and being more precise than a
measurement using a single pressure only. The diameter of each pore was measured
electrochemically and used to calculate the cross-sectional pore area A. The channel length (L =
12 um), as reported by the manufacturer, and tabulated values of the permittivity (& = 64 at 25 °C,
g0 = 8.85 x 102 F/m)B? and the dynamic viscosity (n = 2.4 mPa-s at 25 °C)[*¥ were used to

calculate values of C .

Figure 6.5 shows example streaming-currents and the cumulative zeta potential measurements for
three different, single, PET pores of varying diameter at different concentrations of LiClOg,
prepared using racPC and (R)-PC. When the membranes were in contact with solutions prepared
using racPC, the zeta potential at all concentrations was positive. When a membrane was in contact
with solutions prepared using (R)-PC, the zeta potential for concentrations greater than 5 mM was

also positive and followed a similar dependence on ionic concentration to that for racPC, but with
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a significantly lower magnitude. This behavior agrees with our electroosmosis results (Figure 6.4).
Specifically, at the lowest concentration gradient studied, 0.1 mM/1 mM LiClO4, the magnitude
of A(2V) was nearly an order of magnitude smaller for (R)-PC than for racPC. We also note that
there is a visible dependence of the zeta potential on ionic concentration for both types of PC,
which was not previously detected by our electroosmaosis technique. Specifically, at 5 mM LiClOa,

(R)-PC has a zeta potential that is close to zero, and at 1 mM LiClO4 the zeta potential is negative.

We return to our VSFG results (Figure 6.1) to gain further insights into the origin of the
electrolyte- concentration-dependent zeta potential in both types of PC. We hypothesize that PC
molecules create organized bilayers, similar to what has been observed for MeCN, and the partial
negative charge on the carbonyl oxygen creates an inherently negative effective surface charge in
the neat solvent.l’* 1% Our VSFG data indicate that at low and moderate concentrations of LiCIO4
in racPC, cations can partition to the exterior of the bilayer and neutralize the partial negative
charge on the carbonyl oxygens in the second sublayer. At higher concentrations, the interface
becomes positively charged due to anions partitioning into the bilayer and lithium ions
accumulating at the exterior and at the silica surfaces. The zeta potential measurements for racPC
in Figure 6.5 were obtained at concentrations well above the regime in which the VSFG data
indicate that neutralization is achieved, and so the zeta potential is positive. We expect that if we
were able to measure the zeta potential at a low enough concentration of LiClO4 in racPC, we

would observe negative values.

Our VSFG results suggest that the surface bilayer in (R)-PC can be porous to ions even at the
lowest concentrations measured, likely due to a larger free volume introduced by packing
constraints. Accordingly, ions can partition into the bilayer even well before concentrations at

which the charge on the exterior of the bilayer has been neutralized. The ability of anions to
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partition into the bilayer even at low electrolyte concentrations allows the effective surface charge
to remain negative up to a considerably larger electrolyte concentration than for racPC. The zeta
potential measurements for (R)-PC indicate that the negative surface charge persists up to a LiClO4

concentration of approximately 5 mM.

The electrochemical properties of PC solutions in PET pores as studied using electroosmosis and
ion-concentration gradients, as well as pressure differences and symmetric salt conditions, point
to the same conclusion: the effective surface potential is dependent on whether racPC or (R)-PC
is used. There are, however, visible differences in the behavior of PC in PET pores probed with
the two methods. Notably, at small concentrations, the zeta potential in (R)-PC is negative (Figure
6.5), in contrast to what is seen with the electroosmosis method (Figure 6.4). Additionally, there
is a significant difference in magnitude of the positive zeta potential between racPC and (R)-PC,
which is not seen in the higher concentrations with the electroosmosis method. We propose that
the nuances in the exact magnitudes of the effective surface charge may not have appeared in our
electroosmosis experiments because these experiments are performed under a concentration
gradient rather than at a uniform concentration. In addition, in the case of our symmetric pores,
there might be a threshold effective surface potential that leads to complete filling of the pore
volume with the solution from one side of the pore for one voltage polarity, and with the solution
from the other side for the opposite voltage polarity. As a result, the ion-current anisotropy could

reach its maximum value and stay constant even if the effective potential increased.

Quialitatively similar findings of a higher positive potential present on silica and polymer surfaces

in contact with racPC point to the universal character of our findings. Our results indicate that
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electrochemical properties of solid-liquid interfaces are sensitive to the chiral state of the solvent

even for surfaces that are not atomically flat.

6.4. Conclusions

Here we used nonlinear spectroscopic, electrochemical, and electrokinetic methods to probe and
quantify the effective surface potential applicable to electrolyte solutions in PC. Two types of
pores were used in the experiments, glass pipettes and polymer pores that were subjected to LiClO4
solutions prepared in (R)-PC and racPC. Current-voltage curves and streaming-current
measurements pointed to the existence of finite effective surface charges in both types of pores
that are dependent on the chiral form of the solvent and the electrolyte concentrations. The
accompanying spectroscopic measurements revealed that the effective surface potential is
determined by a bilayer-like structure of the solvent that dictates the position of ions, and that the
possible additional free volume in (R)-PC in comparison to racPC enables ions to penetrate the

surface bilayer in the former liquid at all electrolyte concentrations studied here.

We typically think of the non-chirality-dependent physical properties of racemic and
enantiomerically-pure versions of the same material as being identical. The work presented here
shows that that viewpoint might not be correct. Our experiments indicate that differences in the
packing density of racPC and (R)-PC are reflected in strikingly different electrochemical and
electrokinetic behavior at a polar interface. This work underscores the need to develop a deeper
understanding of the role of chirality at solid—liquid interfaces and suggests new approaches for

improving ion transport in applications that involve interfaces in polar, aprotic organic solvents.
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Chapter 7: Conclusions and future directions

It is vital to understand chemical processes occurring at liquid—solid interfaces, which are
fundamental to countless applications, such as in the fields of energy storage, nanofluidic transport,
and biological processes, including protein aggregation. Throughout this dissertation | have
demonstrated that the electrical double-layer (EDL) model is insufficient for describing many
systems involving polar, aprotic organic solvents. In particular, 1 have shown that an inherent
limitation of the EDL model lies in this model’s treatment of a solvent as a homogenous continuum
and ions as point charges. Using VSFG spectroscopy to analyze the properties of polar, aprotic
organic solvents near silica interfaces, | have extended the scope of previous results from our group
that showed that solvent organization plays a significant role in the ordering of ions in MeCN.
Through my studies with different polar, aprotic organic solvents that undergo strong ordering
near a silica interface, | have been demonstrated how changes in solvent structure, mixing of
solvents, and solvent chirality can affect both the organization of a solvent and its interaction with
ions. In Chapter 3 | showed how EtCN, which is chemically very similar to MeCN with just a
single extra methylene group forms a differently packed surface bilayer to MeCN at the silica
interface. The VSFG results indicate that ions can enter the bilayer at roughly an order of
magnitude less concentration in EtCN compared to MeCN. We attribute this result to the greater
compactness of the EtCN bilayer which allows it to expand more and let in more anions compared
to MeCN.

In Chapter 4 | explored the organization of a solvent mixture at the liquid—solid interface. |
demonstrated that in mixtures of EtCN and MeCN-ds, each liquid preferentially partitions to a

different sublayer of the surface bilayer. This discovery may help to shed light on the behavior of

98



interfacial systems with mixed solvents, such as lithium-ion batteries, potentially leading to
strategies to improve performance.

In Chapter 5 | combined VSFG studies with electrokinetic measurements from our collaborators
to reveal that propylene carbonate (PC) takes on an interfacial structure that is sensitive to the
chirality of the solvent. At the silica interface, racemic PC creates a layered structure that is more
ordered than that of enantiomerically pure PC. Results for both types of PC are also in strong
contrast to the classic EDL picture, in which the solvent is treated as a homogeneous continuum.
Our results also point to the potential for tuning ionic and fluidic transport with solvent chirality

or using solvents that have other packing constraints.

In Chapter 6 | presented the results of experiments on electrolytes in chiral and racemic PC at a
silica interface. VSFG measurements revealed that, as in MeCN, the bilayer-like interfacial
structure of PC dictates the favored positions of ions. Our VSFG results, combined with the results
of electrochemical and electrokinetic experiments performed by our collaborators, suggest that the
additional free volume in (R)-PC in comparison to racemic PC enables ions to penetrate the surface
bilayer in the pure enantiomer at all electrolyte concentrations. In contrast, racemic PC follows a
pattern similar to those of the other solvents discussed in this thesis. These results challenge how
we typically think of the non-chirality-dependent physical properties of racemic and

enantiomerically pure versions of the same material as being identical.

Taken together, the results presented in this dissertation underscore the need to improve upon the
existing models of interfacial electrolyte solutions. This dissertation provides clear evidence that
a more realistic and predictive model of interfacial electrolyte systems based on polar, aprotic

organic liquids needs to include solvent structure and ionic volume.
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Some of the immediate future directions for this project include performing electrolyte
experiments for the EtCN/MeCN system, to help confirm the preferential partitioning of the
solvents at the surface bilayer predicted by the molecular dynamics simulations. The simulations
will also be extended to include different salts to study ion partitioning. It will also be important
to study additional polar, aprotic organic solvents at the liquid—solid interface to develop a
predictive understanding of the organization and ion partitioning in these systems. These
experiments also demonstrate how ions can be used to probe liquid at interfaces. We intend to
conduct experiments by change the cation and anions of the electrolyte to see how the bilayer

responds to these changes.
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