Adsorption of Small Molecules in Advanced Material Systems

Fei Zhang

Dissertation submitted to the faculty of the Virginia Polytechnic Institute and State
University in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
In
Mechanical Engineering

Rui Qiao, Chair
Mark R. Paul
Jiangtao Cheng
Shengfeng Cheng
Jonathan Boreyko

05/07/2018
Blacksburg, VA

Keywords: adsorption, ionic liquids, porous liquids, molecularly sharp electrodes,
molecular dynamics simulations

Copyright 2019, Fei Zhang



Adsorption of Small Molecules in Advanced Material Systems
Fei Zhang

ABSTRACT

Adsorption is an omnipresent phenomenon and plays an essential role in numerous
applications including molecule separation, energy storage, catalysis, and lubrications.
Developing a molecular scale understanding of adsorption is essential for the development
and application of many new materials. In this dissertation, adsorption is considered for
three emerging materials systems: porous liquids, room-temperature ionic liquids, and
atomically sharp electrodes immersed in aqueous electrolytes. Molecular dynamics

simulations are used to gain molecular insights.

First, thermodynamics and kinetics in adsorption of small gas molecules in recently
synthesized porous liquids featuring crown-ether-substituted cage molecules was studied.
Capacity of gas storage in cage molecules was found to be governed by the non-
electrostatic (dispersive) intermolecular interactions between gas and cage molecule and
size/shape of gas molecules. The cage molecule shows selectivity of CO2 over CH4/Na,
which revealed the potential of porous liquids in molecule separation. All gas molecules
considered can enter the cage essentially without energy barriers and leave the cage rapidly

by overcoming modest energy penalties.

Second, the effect of water adsorption on three-dimensional structure of mica-ionic
liquid interfaces were studied. It was shown that the adsorbed water alters not only the
layering of ions near mica surface but also their lateral and orientation ordering. The

multifaceted impact of water on the interfacial structure of ionic liquids can be traced back



to the fact water is both a dielectric solvent and a molecular liquid. Based on additional
observations that adsorption of water at mica—ionic liquid interfaces is enhanced by ionic
liquids and surface charge, it was suggested that the structure of ionic liquids near solid
surfaces is governed by the three-way coupling between self-organization of ions,

adsorption of interfacial water, and electrification of the solid surfaces.

Finally, the adsorption of dissolved N> in EDLs near planar and atomically sharp
electrodes was investigated. The adsorption of N> was found to be enriched near neutral
electrode. In comparison, the adsorption of N> in the EDL near negatively charged
electrodes was found to increase under moderate surface charge density, but decrease under
high surface charge density. By analyzing PMF for N> molecule, the solvent-induced
effects were found to play important roles in influencing adsorption of N>. The adsorption
of Na, especially their dependence on the surface charge and curvature, was rationalized
by examining the structure of interfacial water, their interference with the hydration shell

of N2, and their modification by electrification of the electrodes.
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GENERAL AUDIENCE ABSTRACT

Adsorption is a ubiquitous phenomenon that plays key roles in numerous applications
including molecule separation, energy storage, catalysis, and lubrications. Since adsorption
is sensitive to molecular details of adsorbate molecule and adsorbent materials, it is often
difficult to describe theoretically. Molecular modeling capable of resolving physical
processes at atomistic scales is an effective method for studying adsorption. In this
dissertation, the adsorption of small molecules in three emerging materials systems: porous
liquids, room-temperature ionic liquids, and atomically sharp electrodes immersed in
aqueous electrolytes, are investigated to understand the physics of adsorption as well as to

help design and optimize these materials systems.

Thermodynamics and kinetics of gas storage in the recently synthesized porous liquids
(crown-ether-substituted cage molecules dispersed in an organic solvent) were studied. Gas
molecules were found to store differently in cage molecules with gas storage capacity per
cage in the following order: CO>>CH4>N>. The cage molecules show selectivity of CO:
over CH4/N> and demonstrate capability in gas separation. These studies suggest that
porous liquids can be useful for CO: capture from power plants and CH4 separation from

shale gas.

The effect of adsorbed water on the three-dimensional structure of ionic liquids
[BMIM][Tf;2N] near mica surfaces was investigated. It was shown that water, as a dielectric

solvent and a molecular liquid, can alter layering and ordering of ions near mica surfaces.



A three-way coupling between the self-organization of ions, the adsorption of interfacial
water, and the electrification of the solid surfaces was suggested to govern the structure of

ionic liquid near solid surfaces.

The effects of electrode charge and surface curvature on adsorption of N> molecules
near electrodes immersed in water were studied. N> molecules are enriched near neutral
electrodes. Their enrichment is enhanced as the electrode becomes moderately charged but
is reduced when the electrode becomes highly charged. Near highly charged electrodes,
the amount of N> molecules available for electrochemical reduction is an order of
magnitude higher near spherical electrodes with radius ~1nm than near planar electrodes.
The underlying molecular mechanisms are elucidated and their implications for

development of electrodes for electrochemical reduction of N are discussed.
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Chapter 1: Introduction

1.1 Concept and Applications of Adsorption

1.1.1 Basic concept

Adsorption generally refers to the enrichment of one material (termed adsorbate) near
the surface of another material (termed adsorbent). Adsorption occurs, almost inevitably,
when an adsorbent (often with a continuous surface) is exposed to atoms, ions, molecules,
or cluster of particles, either in the gas or the liquid phase.! A concept closely related to
adsorption is absorption. The key difference is that adsorption is a surface phenomenon
when adsorbates come into contact with adsorbents, but absorption is a bulk phenomenon
when one material is dispersed into another material (see Figure 1-1). While adsorption
almost always occurs in practical material systems, the extent of adsorption in a specific
system depends on adsorbents’ surface characteristics, adsorbates’ properties, and external

conditions such as temperature and adsorbate concentration.

adsorption absorption

Figure 1-1. Difference between adsorption and absorption. The thick black lines denote
surface of the absorbent.
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Understanding the mechanism of adsorption is essential for numerous applications,
e.g., gas separation and storage, purification, and catalysis,!* to name just a few.
Fundamentally, adsorption is largely driven by the interactions between adsorbates and
adsorbents. Their interactions can involve physical and chemical forces.!! Examples of the
physical forces include the van der Waals force and the electrostatic force. The latter can
arise between charges, between charges and dipoles, between dipoles, or between other
charged entities, e.g., an ion and a CO; molecule can interact through the charge-
quadrupole interactions. Chemical forces include covalent bonding, n-rt stacking, etc, and
usually involves quantum effects. Some interactions between molecules, e.g., the hydrogen
bonding between water molecules, can involve both physical and chemical origins.
Generally speaking, physical forces are weaker than chemical forces. Depending on which
type of these forces dominate the adsorbate-adsorbent interactions, adsorption can be

classified as the physisorption and the chemisorption.
1.1.2 Applications

Adsorption, an omnipresent process, is of great technological importance. Similar to
absorption, the applications of adsorption can involve either the removal of some molecules

(‘foe’) or the enrichment of certain molecules (‘friends’).

The applications of adsorption in the removal of target substances from liquid phase
can be traced back to at least 2000 years ago, when ancient Hindus and Phoenicians used
charcoal, a highly porous material with large specific surface area, to purify water. Today,
adsorption is still considered a superior method for water purification in some wastewater

treatment situations. The applications for adsorption, however, have expanded far beyond



liquid purification, e.g., adsorption is now widely used in gas separation for applications

such as odor removal and flue gas treatment in traditional fuel power plant.

Adsorption is also widely used to enrich target substances on the surface of adsorbents.
For example, it was proposed to use COx> to displace shale gas/oil from shale formations so
that gas/oil is extracted while CO: is sequestered into the shale formation.'? Such a concept
makes use of the strong adsorption of CO2 on shale’s interior surfaces and simultaneously
reduces CO» release and enhances hydrocarbon extraction. Another example of application
of adsorption in the form of enriching target molecules is the hydrogen storage. One of the
keys to popularize the use of hydrogen as a clean energy carrier is the development of safe,
efficient, and low-cost hydrogen storage systems. Among the materials developed in the
past decades, metal-organic frameworks (MOFs)!*1¢ (see Figure 1-2) have shown

significant promise due to their large surface area and high specific adsorption capacity.

MOF-2: 2n,(BDC), IRMOF-11: Zn ,O(HPDC), MOF-505: Cu,(BPTC) IRMOF-3: Zn,O(NH,BDC), 1,17A
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Figure 1-2. Crystal structures of MOFs examined for CO2 storage capacity at room
temperature. For each MOF, the framework formula, pore size, and surface area are given. This
figure is reproduced from Ref. !’

In addition to the above two classes of applications, adsorption also plays a key role
in numerous other applications. For example, in heterogeneous catalysis, the reaction of
the reactant molecules takes place at solid-liquid or solid-gas interfaces. Adsorption of
reactant molecules at these interfaces, the first step in a catalytic cycle, often dictates the
efficacy of the catalyst.!® When molecules are adsorbed onto surface, they can form mono-

layer or even multi-layer structures, which can significantly modify the structure of the



adsorbent’s surface. Therefore, adsorption can also be leveraged for surface modification.
For example, the adsorption of water molecules on beta-alumina solid electrolyte’s surface
and their subsequent penetration into the electrolyte are known to reduce their ion

conductivity.!”

1.2 Theoretical studies of adsorption

Because of its ubiquity and technological importance, adsorption has been studied for
centuries. Here, some of the key advances in the theoretical studies of adsorption research

are surveyed and their limitations discussed.
1.2.1 Theoretical models of adsorption

The early study of adsorption mainly focuses on developing analytical models. In
1909, Herbert Freundlich proposed an empirical equation, known as the Freundlich
equation to relate the amount of adsorption on an adsorbent surface to the concentration of
adsorbates in the contacting fluid phase.?’ In 1916, Polanyi published the Polanyi
adsorption potential theory. His theory assumes that the attraction between gas and surface
is due to the van der Waals forces and gas behaves as ideal gas before condensation. The
adsorption isotherm is then worked out based on the chemical potential difference between
the gas on the surface and far away from the surface.?! Polanyi’s theory has been
recognized as a powerful model for vapor adsorption on energetically heterogeneous solid
surfaces. Quite recently, Manes and co-workers related liquid-phase and vapor-phase
adsorption and extended the Polanyi theory from the vapor-phase to the liquid-phase

(Polanyi-Manes model).?*23



Parallel to the Polanyi theory, in 1918, Langmuir considered the adsorption of gases
or vapors on a planar surface with a fixed number of identical active (adsorption) sites and
proposed a model for monolayer and sub-monolayer adsorption on energetically homo-
geneous surface, which is later known as the Langmuir model. In his model, the adsorbate
molecules are assumed to behave as ideal gas and the net adsorption is determined by the
competition between the adsorption and desorption under isothermal conditions.?* Aiming
to elucidate the physical adsorption of gas molecules on a solid surfaces, in 1938, Brunauer,
Emmett, and Teller proposed the Brunauer—Emmett—Teller (BET) theory?, which extends
Langmuir’s theory from monolayer adsorption to multilayer adsorption based on statistical
analysis on the adsorption sites. To date, the BET theory remains the standard approach for

surface area calculation of porous solids.

The kinetics of adsorption is another key topic in adsorption research. Many models
have been developed to delineate the reaction and diffusion process in adsorption.?® In
1898, Lagergren presented a first-order rate equation to describe the kinetics of liquid-solid
phase adsorption, which is one of the earliest works to relate the adsorption rate to the

adsorption capacity.?’

In 1934, Zeldowitsch established a kinetic equation of
chemisorption, Elovich’s equation, and it was later applied to describe adsorption of carbon
monoxide on manganese dioxide, where an exponential decrease of gas adsorption was
observed with increasing in the adsorbate.?® As an extension of first-order rate equation,
Ho et al. assumed that the adsorption may be a second-order kinetic process, which was
later widely applied in soil reactions.?-3° For the kinetics of physical adsorption, model

was developed to illustrate the process of film and/or intraparticle diffusion. In 1947, Boyd

et al. experimentally revealed two processes governing the adsorption rate: at high



adsorbate concentration, adsorption is controlled by diffusion in and through adsorbent
particles; at low adsorbate concentration, adsorption is controlled by diffusion through a
liquid film at the periphery of particles.’! They also presented equations to describe the
film diffusion rate and successfully modeled several liquid/solid adsorption systems.
Another film diffusion model is the linear driving force-rate law, which is based on the
mass balance law and equates the rate of solute accumulation at solid surface to solute
transfer across the liquid film.*>? In addition to the film diffusion models, intraparticle
diffusion model, which deals with diffusion-adsorption inside particles, have also been
developed. Typical intraparticle diffusion model includes homogeneous solid diffusion
model, Web-Morris model, and Dumwald-Wagner model. Details of the intraparticle

diffusion models can be found in the review of Ref. 2.
1.2.2 Limitations of theoretical adsorption models

Although many models and theories have been developed to describe and explain
adsorption process, it remains a challenging task to predict adsorption from first principles,
especially when new materials are involved. As an example, consider the adsorption of
small molecules in microporous materials. The large amounts of molecule-sized pores
make them perfect candidate for applications in adsorption storage, molecule separation,
and chemical catalysis. The confined space in these pores leads to complicated physical
and chemical mechanisms governing the adsorption of molecules, which is exceedingly
difficult to describe using existing analytical theories. This is especially true when the
adsorbate has complex structures and when multi-component adsorption is involved. To
further compound the difficulty in predicting the adsorption behavior, there are numerous

classes of microporous materials and each class further has many, sometimes almost



unlimited varieties. For example, MOFs, as a new class of porous materials, has attracted
much attention in the past 30 years.>3 Consisted of metal ions or clusters coordinated to
organic ligands, MOFs can have numerous variations in their structure, and consequently
different adsorption behavior. Exploring the adsorption behavior of all the existing MOFs
experimentally is a mission that can hardly be accomplished, and predicting the adsorption

in these materials using a single or several theories is equally challenging.

A key reason that many theories are not highly effective for predicting the adsorption
is that the molecular level details of the adsorbent and adsorbate are not easily incorporated
into these theories, despite that these details largely govern the adsorption. While these
details are naturally considered in experimental studies, these studies do not directly reveal
the molecular mechanisms behind the observed adsorption behavior, thus may not offer the

insight needed for the rational design and optimization of new materials.

1.3 Molecular simulations for adsorption

The limitations of experimental and theoretical methods on adsorption call for new
methods for studying adsorption. In the past decades, molecular simulations have emerged
as a powerful tool for studying adsorption. Molecular simulations can be considered as
computer “experiments” in which the chemical structure of molecules and the interactions
between molecules are explicitly described (often in the form of pair interactions). The two
most important class of molecular simulations are the Monte Carlo (MC) simulations and
the molecular dynamics (MD) simulations.** In this section, previous MC and MD research

on adsorption is briefly reviewed to highlight their power for understanding adsorption.

1.3.1 Monte Carlo molecular simulations



MC simulations sample the equilibrium states (configurations) of molecular systems.**
An MC move is formulated in each step and the energy of system is computed. The move
is then accepted or rejected according to the Boltzmann distribution. Thermodynamic
properties of the molecular system (e.g., adsorption) can then be derived from the collected
configurations. Among all ensembles in MC simulations, the grand-canonical ensemble?’
is the most frequently used one for studying adsorption. In such simulations, usually termed
GCMC simulations, the number of adsorbate molecules in the adsorbent can be directly
computed by specifying the chemical potential of the adsorbate molecules, temperature,

etc.

In early years, MC simulations were used to predict the conformation of polymers
adsorbed on solid surfaces. McCrackin simulated the configurations of adsorbed polymer
molecules with excluded volume on a four-choice simple cubic lattice and found the critical
adsorption energy for polymer to lie on the surface to be 0.25kgT.*¢ Eisenriegler et al.
studied the effect of hard wall on the configurations of long polymer chains in the presence
of short-range attractive forces. They developed a new sampling technique with a bias in
favor of adsorbed polymer configurations.’” Their result from MC studies of self-avoiding
walks on tetrahedral lattices with a free surface confirmed the scaling theory of polymer

statistics.

Later, MC simulations found broader applications in adsorption research. In 1981,
Soto reported a GCMC simulation of adsorption in zeolite molecular sieves.’® By taking
both dispersion and electrostatic energies in zeolite cavities into consideration, their work
highlighted the importance of heterogeneity in zeolite and intermolecular forces between

adsorbate molecules in controlling the adsorption. In 1989, Finn used an isobaric-



isothermal MC simulation method to investigate the wetting process of fluid Ar near solid
CO,.*° They presented the first conclusive evidence for prewetting in a continuum system
and the results are in qualitative agreement with the predictions of density-functional and
related theories of wetting phenomena. In 1994, Delville simulated the adsorption of vapor
on the clay surfaces using MC, where strong hydration force exists.*’ It was found that the
wettability of the clay minerals is related to their surface charge and chemical compositions
and a moderate decrease in the clay-water interactions can lead to remarkable difference in
the clay’s wetting performance. In some applications, the adsorbents and adsorbates can
carry charges and strong electrostatic interactions control the adsorption behavior. For
example, Yamakov et al. studied the adsorption of charged polymer chain on an oppositely
charged surface using off-lattice MC simulations in 1999.#! Their simulations provided the
first verification of the scaling laws of the polyelectrolyte adsorption with various chain

1onization and salt contents.

While early MC simulations generally predict the qualitative features of adsorption
and scaling laws, MC simulations have matured greatly since the early 80’s and can now
be used to guide the design of molecular materials for adsorption. In particular, the

42-45

adsorption of hydrogen and other small molecules in carbon nanomaterials, zeolites,*-

0 and MOFs has been extensively studies in recent years.!> >!52 For example, Yang
performed GCMC simulations in combination with density function theory calculations to
study the adsorption of hydrogen in MOF-505.>* The simulations revealed that hydrogen
molecules prefer sites with metal-oxygen clusters and provided evidence for the favorable

impact of open metal sites on hydrogen adsorption. Dubbeldam et al. explored MOFs for

separation of alkanes using GCMC simulations.>* Using a general tunable pore structure,



they demonstrated the possibility of “molecular traffic control”, where different molecular
species in a mixture diffuse preferentially along different directions based on their
properties. More recently, Li et al. reported an uncommon carboxyl-decorated MOF for
selective gas adsorption and catalytic conversion of CO> and confirmed multiple CO- and

C>He-phillic sites in the newly synthesized MOF using GCMC simulations.>
1.3.2 Molecular dynamics simulations

MD generate configurations (or trajectories) of a molecular system using determining
laws (e.g., Newton’s law).>* Usually, the interactions between molecules are described by
empirical force fields and the trajectories are propagated in time. Therefore, different from
the MC simulations, MD simulation can provide information on the dynamic evolution of
the molecule systems investigated. MD simulations were first reported in the 70’s and have
since become a major tool in understanding molecular and interfacial phenomena. Below

their application in adsorption research is briefly reviewed.

In 1980, Severin and Tildesley simulated a single methane molecule adsorbed on a
graphite surface.’® Their work extended the use of MD simulations from homogeneous
bulk phase to the modeling of interfaces between phases. The height of the monolayer
above the surface were predicted by an effective pairwise potential, and both translational
and rotational dynamics of the methane molecules were described. Later in 1985, Tildesley
and Talbot continued their work to perform a series of simulations of fluid N> on graphite
in the microcanonical ensemble. Their simulations revealed the translational structure of
N: fluid with respect to the graphite surface and reproduced the isosteric enthalpy measured

in experiments.>’

10



Since then, MD simulations found many applications in adsorption related researches.
In 1987, Sikkenk et al. studied wetting and drying at solid-fluid interfaces for Lennard-
Jones fluids and identified both wetting and drying phase transition for the first time in
simulations.® In 1995, Langel and Parrinello presented their ab initio MD simulation of
water adsorption on MgO slabs,*® which made it a popular method for studying adsorbed

molecules.®0-62

. Their simulations showed that, under comparable conditions, physisorption
is only observed on the (001) plane of solid MgO, which verified that disordered surfaces

are more active in the dissociation of water molecules.

While early MD simulations focused on adsorption on planar surfaces, they soon
found applications in microporous materials. Magda et al. studied narrow, liquid-filled
pores in 1988.% The multi-layer adsorption structure was indicated by the density profile,
and solvation forces and self-diffusion coefficient were computed. In 1990, Grofalini
studied water adsorption on silicate glasses, which demonstrated the power of probing
surface property changes through MD simulations.®* In 1991, Yashonath et al. studied the
temperature and concentration dependence of adsorption properties of methane in NaY
zeolite using MD simulations.®> Methane molecules was found to preferentially occupy the
region near the inner surface of the a-cage, which is a general characteristic of adsorption
in faujasites irrespective of methane molecules. Later, Sarkisov and Monson modeled the
adsorption-desorption process in mesoporous materials, in which the pore geometries were
chosen to test the classical theories of hysteresis in adsorption.®® It was shown that MD
simulations can be used to test many classical concepts of adsorption and desorption in
simple pore geometries. It was shown that the adsorption computed by MD simulations

matched that computed in GCMC simulations in all the pore geometries examined.

11



Most recently, as MOFs becomes one of the most popular porous material platforms,
adsorption in them has been extensively studied by MD simulations. In 2004, Skoulidas
first studied the diffusion of Argon adsorbed in CuBTC and reported that the structural
similarity of CuBTC and silica zeolites leads to similar gas diffusion behavior in terms of
their strength-, concentration-, and temperature-dependence.®” MD simulations are often
used to investigate self-diffusion and transport diffusion of molecules adsorbed in MOFs. %%
70 In addition to classical MD simulations, ab initio MD simulations are also being used to
probe the adsorption in MOFs. For example, Cheng et al. used such type of simulations to
provide a molecular picture of the breathing behavior of MIL-53(Sc), which combines
“regularity” with “softness” by exhibiting reversible deformations in response to external
stimuli.”! The nature of structural responses of MIL-53(Sc) was revealed and the energetic

behind the structure response was clarified.

In all the adsorption simulations surveyed above, the adsorption of molecules occurs
in a “gas” phase in the sense that there are no solvent molecules to compete with the
adsorbate molecules for adsorption. In practice, the adsorption of molecules on a surface
immersed in liquids is also widely encountered and plays important role in problems such
as bubble nucleation. An important case of this type of adsorption phenomenon that has
been studied extensively is the ion adsorption near electrified surfaces. When an electrified
surface is brought into contact with an electrolyte, the counter-ions (co-ions) are attracted
to (repelled from) the surface and an electrical double layer (EDL), in which charge
neutrality is broken, appears (see Figure 1-3). The ion adsorption in the EDL plays a
foundational role in a host of electrochemical problems, e.g., electrochemical reactions,

capacitive energy storage, to name just two.
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Figure 1-3. A schematic representation of the electrical double layer (EDL) near an electrode.

72-73 and

After earlier investigations of water adsorption on neutral platinum electrodes
between charged mica and lecithin layers,’*7° Glosli and Philpott studied the ion adsorption
near charged surface using a simple model in 1992.7¢ Their work gave microscopic insight
on how ions and water molecules distribute (and orient, in the case of water molecules) in
presence of an electric field and demonstrated the capability of MD simulation in revealing
many aspects of EDLs. Later in 1995, Philpott ef al. examined the structure and dynamics

of EDLs in aqueous electrolytes near electrode and further showed MD simulations to be

a powerful tool to qualitatively reproduce many aspects of electrochemical interfaces.”’

After the pioneering works in the 1990s, MD simulations of the ion adsorption near
electrified interfaces received relatively less attention compared to simulation of adsorption
in other systems. However, research on adsorption near electrified interfaces experienced
a resurgence since the 2009, largely because of the surging interest in supercapacitors,
especially those based on room-temperature ionic liquids (RTILs). In particular, the work
by Fedorov and Kornyshev ushered a decade of intensive research on the EDLs in RTILs.
In their pioneering work, they probed the effects of ion size asymmetry on the structure

and capacitance of the EDLs in RTILs by performing MD simulation of a model RTIL
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confined between two electrodes.”® Their simulations qualitatively reproduced the
asymmetric “bell-shape” character of capacitance-voltage curve reported experimentally
and provided a basis for rationalizing the capacitance behavior in EDLs formed by more
sophisticated, realistic RTILs. Shortly after, Feng ef al. simulated the EDLs at the interface
of an RTIL [BMIM][NO3s] and planar electrodes. They characterized the interfacial ion
structure and capacitance at various surface charge density, and qualitatively reproduced
the concave capacitance-voltage curve reported in many experimental studies.” Their
simulations revealed a Helmholtz-like interfacial counterion layer in addition to the
alternating layering of counter-ions and co-ions near the electrode. It was found that the
smaller [NOs]™ ions dominate the response of the EDL structure to the change of surface
charge density, both near the positive and negative electrodes. The above papers were
followed by an explosive growth of research on the EDLs in RTILs and a comprehensive

review of the related progress can be found in several review papers.3°-32

1.4 Emerging material systems and issues related to adsorption

The ever increasing demand from engineering applications drives the development of
new materials. Many applications of the newly emerged materials are related to adsorption
of small molecules in them. In this dissertation, the adsorption of small molecules in several
advanced materials (porous liquids, ionic liquids, and atomically sharp electrodes) has been
investigated using molecular dynamics simulations to elucidate the mechanisms behind the

adsorption behavior in these materials.

1.4.1 Gas storage in porous liquids
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Figure 1-4. a. Synthesis of the crown-ether cage. b. The empty, highly soluble cage molecule
(left) defines the pore space; the 15-crown-5 solvent (middle) provides fluidity but cannot enter
the cage cavities. The concentrated solution (porous liquid) flows at room temperature (right).
The figure is reproduced from Ref. %.

Porous materials are indispensable in applications such as molecular separation,
energy storage, and catalysis.?*% However, the solid nature of most of the porous materials
could sometimes, especially at large scales, limits their applications by imposing
constraints in their processing and transport. The long-standing interest in developing
liquids with permanent, nanoscale porosity to prevent the restrictions in processing and
transport of existing porous solids has led to several breakthroughs in recent years.®’! For
example, the synthesis of rigid organic cage molecules®” marked “a new branch in the
evolutionary tree of porous materials” beyond zeolites and MOFs.?? The intensive research
on developing porous liquids culminated in the successful synthesis of the first porous
liquid in 2015.83 Figure 1-4 shows the preparation of the porous liquids. Specifically,
crown-ether functionalized diamines are coupled with 1,3,5-triformylbeznenes, resulting
in hollow organic cage molecules. The porous liquid was then produced by dissolving the
organic cage molecules (i.e., the porosity units) at high concentration into a 15-crown-5
solvent. Neither the crown-ether side groups nor the solvent molecules can enter the

organic cage molecule due to steric restrictions, which makes it possible for such liquids

15



to contain permanent cavities. It was demonstrated that the permanent cavities in these
liquids afford an eight-fold increase of the solubility of methane molecules compared to

that of the neat solvents.

Exciting new avenues for gas capture, storage, and separation are opened up by the
successful synthesis of the above porous liquids. Nevertheless, there is still significant
room to improve the performance of existing porous liquids and it is desirable to develop
new porous liquids with improved gas storage capacity and superior selectivity toward
different molecules. To these ends, it is crucial to understand the molecular mechanisms of
gas storage in porous liquids. Previous studies have provided valuable insights into some
of these issues, e.g., the distribution of nanoscale cavities in the porous liquids has been
clarified by MD simulations (Figure 1-5).%* However, many important issues, in particular,
the fundamental thermodynamics and kinetics of gas storage in the porous organic cage
molecules, remain to be clarified. In addition to single gas storage inside individual cage
molecules, it is also critical to understand how the presence of multiple gas species affects
the adsorption of gas molecules inside individual cage molecules, i.e., how different gas
molecules compete each other for adsorption inside a cage molecule, and how a cage
molecule accommodates more than one molecule inside it. The former aspect is relevant
to the application of porous liquids for gas adsorption and separation. The latter aspect is
potentially relevant to applications in which the organic cage molecules in the porous
liquids are used as a medium for confining small molecules to study their fundamental

properties or as a nanoscale reactor.
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Figure 1-5. a. Some representative configurations of a porous liquid at 350 K. The red and

yellow volumes indicate empty pores inside or outside the cages, respectively. B. Relative

porosity, V.a(R), of the porous liquid at 350 K and 400 K. Inset, a zoom-in view of the data at

400 K. At 350K, the porous liquid has around 1,900 times as many methane-sized cavities

(probe radius ~0.24 nm) than does the pure solvent. The figure is reproduced from Ref. %

1.4.2 Water adsorption at mica-ionic liquid interfaces

(b)
Lubrication
Common Cations Common Anions

Figure 1-6. (a) The structure of some popular room-temperature ionic liquids (RTILs). (b)
Some potential applications of room-temperature ionic liquids.

Pure room-temperature ionic liquids (RTILs) are a new class of materials consist of
only ions but remain in the liquid state at temperature below 100°C (Figure 1-6a).”3-%4
Because RTILs offer properties such as wide electrochemical window, low vapor pressure,
excellent thermal stability, and flexibility in design, they have shown great promise in
applications such as capacitive energy storage and lubrication (Figure 1-6b).>° The

performance of RTILs in many of these applications depends greatly on the interfacial
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structures of RTILs adsorbed on solid surfaces.”> Therefore, it is crucial to gain a

fundamental understanding of these interfacial structures.

The interfacial structures of RTILs near solid surfaces have been investigated
extensively using experimental,® 319 theoretical 3! 193-1% and simulation methods.® 787
107-117 Few of these studies, however, paid attention to the possible existence of water in
RTILs and how the interfacial structures of RTILs can be affected by water. In reality, most
RTILs are hygroscopic and can absorb noticeable amount of water from the
environment.!'® Since 2014, these issues have received significant attention,!0!-102, 105, 119-
125 The impact of water on the interfacial structure of RTILs reported in these studies has

123-124, 126 and it has been further shown that water also

been observed in recent studies,
greatly modifies other macroscopic observables such as the capacitance of the EDLs near
electrodes.!® While the importance of water on interfacial structure of RTILs is generally
recognized, difference in opinion does exist. For example, based on a study of mica-
propylammonium nitrate (PAN) interfaces using amplitude modulated atomic force
microscopy, McDonald et al. suggested that the adsorption of water at mica-RTIL

interfaces is not essential for the electrification of mica surfaces in contact with some

RTILs.!?’

The above experimental and simulation studies triggered many simulation studies of
the solid-RTIL interfaces in presence of water. Among all solids, mica offers an ideal
model surface and muscovite mica surface is one of the most studied surfaces. Previous
work suggested that water alter the RTIL structure at mica surfaces.!?!-19% 128 However,
directly visualizing the change of interfacial RTIL structure experimentally is difficult, and

the available experimental insight on such structure change is mostly inferred indirectly
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from other macroscopic observables such as the force vs. distance curves. Such a limitation
can be addressed using MD simulations. At present, such simulations are rather limited '2!:
125 and focused mostly on the distribution of ion and water molecules normal to the mica
surface. Limited attention has been paid to the 3D structure of RTILs and water near open
mica surfaces. Understanding the 3D structure of RTILs and how it is affected by the water
is important because recent experimental and simulation studies revealed that RTILs can

exhibit rich 3D structures near solid surfaces.3: 93-129-133

1.4.3 N; adsorption near atomically sharp electrodes

A recent report of electrochemical synthesis of NH3 from N»!** by Song ef al. showed
that the N> gas dissolved in aqueous electrolytes can be electrochemically reduced on the
surface of N-doped carbon electrode materials that exist in the form of carbon nanospikes
with tip sizes as small as ~1 nm (as shown in Figure 1-7). It was shown that NH3 can be
synthesized electrochemically with a Faradaic efficiency of 11.5% and a production rate
of 97.2 ug hr=! cm~2 under ambient conditions.'** It was found that the reaction occurs
only on the sharp tips of the carbon nanospikes, e.g., etching the sharp carbon nanospikes
away results in a dramatic decrease in N electrochemical reduction process. MD
simulations in combination with ab initio calculations showed that electrical fields near the
nanospikes are strongly enhanced and may be responsible for the observed reactivity of the
otherwise inert N> molecules.!** Regardless of the chemical details of the electrochemical
reduction of N2 near the carbon nanospikes, the adsorption of N> at the interface of carbon
nanospikes and electrolyte solutions is an essential step of the electrochemical reactions.
Understanding this phenomenon would thus help us better understand the electrochemical

N> reduction on the carbon nanospikes.
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Figure 1-7. Representative TEM images of the carbon nanospikes electrode. The inset shows
an HR-TEM image of an individual spike. This figure is reproduced from Ref. %,

Prior works on the gas adsorption at solid-liquid interfaces can lend some help toward
understanding of the adsorption of N> on/near carbon nanospikes. For instance, based on
the prior simulations of dissolved N> and other similar gas molecules,'*>13¢ it is expected
that N> molecules are locally enriched near carbon nanospikes compared to their
distribution in bulk electrolytes. However, the adsorption of N> on carbon nanospikes in
the experiments by Song et al. exhibits several features not explored in previous studies of
gas adsorption at solid-liquid interfaces, and therefore some important questions remain
open. First, during the electrochemical reduction of N, the carbon nanospikes are
electrified and thus EDLs are established at the electrode-electrolyte interfaces. Within the
EDLs, the structure of the solvent (water in the study by Song et al.), which can affect the
gas adsorption based on prior research,'*’ can deviate strongly from that near neutral solid
surfaces and in bulk electrolytes. However, to our best knowledge, the adsorption of gas
molecules near electrified electrodes, or equivalently in EDLs at the electrode-electrolyte
interfaces, has not been studied. Second, the carbon nanospikes have tip sizes as small as
~1 nm. How gas adsorption is affected by the large curvature of these surfaces is not clear

because most prior studies focused on gas adsorption near planar walls. The advent of
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electrochemical catalysts with nanotextures has thus opened new opportunities for

applications along with challenges for understandings.

1.5 Outline of the dissertation work

In this dissertation, the molecular adsorption in three novel material systems was
explored using MD simulations. These works share the commonalities that they all feature
small molecule adsorption in presence of a molecular liquid. The central line of the
dissertation is to understand the molecular mechanisms underlying the adsorption behavior
in these systems, with a focus on the issues raised in Sections 1.3. The goal of the work is
that, by understanding the adsorption at the atomistic scale, to provide theoretical guidance
on how to tailor these materials through rational material design to optimize their

performance in target applications. The rest of the dissertation is organized as follows.

In Chapter 2, the thermodynamics and kinetics for the storage of three prototypical
small molecules, CHs, CO>, and N>, in porous liquids consisting of crown-ether substituted
cage molecules in a 15-crown-5 solvent was studied. Different gas molecules were found
to store inside the cage differently. All gas molecules considered can enter the cage
essentially without energy barriers and leave the cage on nanosecond time scale by
overcoming a modest energy penalty. The molecular mechanisms of these observations are

clarified.

In Chapter 3, we extended our work in Chapter 2 and examined the multi-component
gas storage in the same porous liquids. Storage of CO», CHa, and N> molecules, and their
binary mixtures in individual cage molecules was computed. A molecular picture of how

gas molecules are stored in the cage molecule and how the storage of one type of gas
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molecule is affected by other types of gas molecules was provided. The results clarify the
molecular mechanisms behind the selectivity of such cage molecules toward different

gases.

In Chapter 4, how water affects the three-dimensional structure of an RTIL
[BMIM][Tf;2N] near mica surfaces with two different charge densities was investigated.
The results indicate that water not only can alter the layering of ions near the mica surface,
but also their lateral and orientation ordering and the aggregation of cations’ hydrophobic
tails. The structure of ionic liquids near solid surfaces was suggested to be governed by the
three-way coupling between the self-organization of ions, the adsorption of interfacial

water, and the electrification of the solid surfaces.

In Chapter 5, the adsorption of dissolved N in the electrical double layers (EDLs) of
an aqueous electrolyte near planar and 1-nm-radius spherical carbon electrodes was
studied. The adsorption behavior of N> molecules, especially their dependence on the
surface charge and curvature of electrodes, was rationalized by examining the structure of
interfacial water molecules, their interference with the hydration shell of Ny, and their

modification by the electrification of electrodes

In Chapter 6, the major contributions of this dissertation are summarized.
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Chapter 2: Thermodynamics and Kinetics of Gas

Storage in Porous Liquids

Disclosure

This work has been published by the American Chemical Society: F. Zhang, F. Yang, J.
Huang, B. G. Sumpter, and R. Qiao, “Thermodynamics and kinetics of gas storage in

porous liquids”, The Journal of Physical Chemistry B, 120, 29, 2016.

2.1 Introduction

Porous materials are indispensable in numerous applications such as molecular
se I d lysis.?-8 H ials with
paration, energy storage, and catalysis. owever, most porous materials wit

$ and metal-organic frameworks (MOFs),!? exist as

permanent porosity, e.g., zeolites!'?
solids. The solid nature of these materials poses certain degrees of restrictions on their
processing, transport, and integration into engineering systems, especially at large scales.
In comparison, porous liquids can potentially circumvent many of these restrictions
because they are relatively easy to transport and process. There has been a long-standing
interest in developing liquids with permanent, nanoscale porosity, and related research has
led to many breakthroughs in recent years.®’-! For example, the synthesis of rigid organic
cage molecules®” was considered to have initiated “a new branch in the evolutionary tree
of porous materials” that is beyond zeolites and MOFs.”? The intensive research on
developing porous liquids culminated in the synthesis of the first liquids with permanent

porosity in 2015.83 Specifically, crown-ether functionalized diamines are coupled with

1,3,5-triformylbeznenes, giving hollow organic cage molecules. The resulting molecules
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(i.e., the porosity units) were dissolved at high concentration into a 15-crown-5 solvent to
produce porous liquids. Such liquids contain permanent cavities because neither the crown-
ether side groups nor the solvent molecules can enter the organic cage molecule due to
steric restrictions. It was demonstrated that the permanent cavities in these liquids afford
an eight-fold increase of the solubility of methane molecules compared to that of the neat

solvents.

The successful synthesis of permanently porous liquids opens up exciting new avenues
for gas capture, storage, and separation. Nevertheless, there remains significant room to
improve the performance of porous liquids, e.g., it is desirable to develop new porous
liquids with improved gas storage capacity and superior selectivity toward different gas
molecules. To help rationally design these materials, it is crucial to understand the
molecular mechanisms of gas storage in porous liquids. Previous studies have provided
valuable insights into some of these issues, e.g., using molecular dynamics (MD)
simulations, the distribution of nanoscale cavities in the porous liquids has been clarified.®?
However, many important issues, in particular, the fundamental thermodynamics and
kinetics of gas storage in the porous organic cage molecules, remain to be clarified. In this
work, we studied the storage of different gas molecules including CHs, CO», and N in
porous liquids made of crown-ether substituted cage molecules dissolved in a 15-crown-5
solvent. Using MD simulations, we investigated the capacity and kinetics of the gas storage
in the molecular cages. To elucidate the physics behind these macroscale characteristics,
we also examined how gas molecules are stored inside the cage, the free energy landscape
for gas molecules entering and leaving the cage, and the dynamic exchange between gas

molecules inside and outside the cage.
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2.2 Simulation System and Methods

Figure 2-1a shows the molecular structure of the crown-ether substituted cage and Fig.
2-1b highlights the functional motif of the cage for gas storage. Briefly, the cage has
approximately an octahedral structure (marked with black lines in Fig. 2-1b), which
consists of a non-spherical cavity and four access windows (one of them is marked by a
shaded triangle in Fig. 2-1b) that allow gas molecules to enter/leave the cage. To facilitate
discussions later, we define the entrance vectors of a cage as the vectors pointing from the
center of the cage to the center of each of the four access windows (see Fig. 2-1b). Figure
2-1c shows the molecular structure of the solvent and the gas molecules studied. Figure 2-
1d shows the partial atomic charges on the cage molecule as given by the force fields

adopted here.

To study gas storage in the cage, we adopt a setup similar to the simulation system
used by Giri et al.®* Specifically, 20 cage molecules and 400 15-crown-5 solvents were
mixed inside a periodical simulation box at a solvent-cage ratio of 20:1. Sixty gas
molecules were dispersed into the cage-solvent mixture at a gas-cage ratio of 3:1, which
creates an excess of gas molecules in the solvents. Compared to systems in which the
porous liquids are in equilibrium with a gas reservoir, the present setup allows us to focus
on studying the intrinsic gas storage capacity of molecular cages. The molecular structure
of the solvent and three types of gases studied are shown in Fig. 2-1c. The CH4 molecule
is roughly spherical with a diameter of ~0.40 nm. The CO; molecule is rod-like, with a
length and diameter of 0.53 nm and 0.34 nm, respectively. The N> molecule, also rod-like,
is the smallest gas molecule considered here, with a length and diameter of 0.4 nm and 0.28

nm, respectively.
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(a) (b)
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15-crown-5 CH, co, N,

Figure 2-1. (a) The molecular structure of the cage molecule. (b) A schematic of the functional
part of the cage molecule for gas storage. The yellow dot denotes the center of the cage cavity.
The red arrow denotes the entrance vector of the cage molecule. (¢) Molecular structure of the
solvent molecule and the gas molecules. For clarity, hydrogen atoms of the cage molecule and
the solvent molecule are not shown. (d) Partial atomic charge on the cage molecule (a list of
the partial charge can be found in Reference 3*). The yellow circle highlights an imine atom
with the largest partial charge, which is located near the vertex of the cage molecule.

The OPLS-AA force fields'® were used to describe the cage, solvent, and CHa
molecules. CO, and N> molecules were modeled using the EPM2 and TraPPE force fields,
respectively.!4%-14! Of these force fields, those for CHs, CO2, and N2 molecules are well

established in prior studies of gas adsorption in MOFs.!42

The force fields for the cage
molecules and the 15-crown-5 solvent are the same as those used in Ref. 8. To validate the
force fields for the solvent, we simulated a pure 15-crown-5 solvent at 293.15 K and 1 atm.
The solvent density was found to be 1.108 g/cm’, in good agreement with the experimental
value of 1.113 g/cm’. In addition, simulations with the force fields used here for cage
molecules reproduced the solubility of CHy gas in porous liquids.®} Hence the force fields
adopted in this study are adequate for the simulation of gas storage in porous liquids. We

note that the flexibility of the cage molecules was taken into account in the force fields

adopted here. However, simulations indicated that the cage molecule is rather rigid. Its

26



shape fluctuation is minor when dispersed in the solvents (see Figure A-1 in Appendix A)

and thus does not play a significant role in the gas storage.

MD simulations were performed in the isobaric-isothermal ensemble (T=400K and
P=latm) using the Gromacs code.'*® The PME method was used to calculate the
electrostatic interactions with a real space cutoff of 1.4 nm and an FFT spacing of 0.12 nm.
Non-electrostatic interactions were computed with a cutoff length of 1.4 nm. Only the C-
H bonds were constrained using the LINCS algorithm.!** Simulations were performed
using a time step of 1 fs, and neighbor list was updated every step. To build the MD system,
the cage and solvent molecules were first packed into the simulation box using the Packmol
code.!* The system was equilibrated for 5 ns before gas molecules were randomly inserted
into the simulation box. An equilibrium run of 5 ns was then performed. To ensure that the
system was sufficiently equilibrated, we examined the mean-square-displacement of the
solvent and cage molecules, which diffuse much slower than the gas molecules and are
thus more difficult to equilibrate. The results (see Figure A-2 in Appendix A) showed that,
over a time period of 2 ns, a solvent molecule already diffuses ~1 nm on average, which is
larger than its size. Hence the solvent molecules are well equilibrated in the system. Over
the same time period, a cage molecule diffused only several angstroms. However, since
cage-cage separation is large in our system (thus the gas storage depends mostly on the
solvent and gas structure near the cage molecules), the limited center-of-mass movement
of a cage molecule does not affect the evaluation of its gas storage capacity as long as
solvents and gas in the system are sufficiently equilibrated. The equilibration run was
followed by a 20 ns production run. For each gas studied, the simulation was repeated five

times with different initial configurations to obtain reliable statistics.
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2.3 Results and Discussion

2.3.1 Capacity and mode of gas storage.

Figure 2-2 shows the accumulative count of gas molecules as a function of the distance
from the center of the cage. Although the octahedral cage spans a maximum of ~0.8 nm
radially, the accumulative gas count increases very slowly at radial distances larger than
~0.5 nm, indicating that few gas molecules are stored in this space. Examination of the
structure of the cage (see Fig. 2-1b) shows that this space is either occupied by the cage
atoms or outside of the cage cavity. Hence, gas molecules located within a distance of 0.5
nm from the cage center are defined as being stored inside the cage. Using this definition
and the data shown in Fig. 2-2, the storage capacity of the cage was determined to be 1.47,
1.30 and 1.14 molecules for CHs4, CO; and N, respectively. These capacities are specific
to the system studied here because they are affected by the overall density of the gas
molecules in the c/osed MD system. Nevertheless, they provide an indication of the relative
storage capability of the cage molecule for different gases and analysis of the gas
distribution and energetics inside the cage molecule can provide insights into gas storage
under practical conditions. Interestingly, the storage capacity does not correlate simply
with the gas molecule’s size: despite CH4 being larger than N> molecule, the cage hosts
more CH4 molecules than N> molecules. To understand the mechanism behind this peculiar
observation and more generally the net storage capacity of the molecular cages, we further

studied the molecular details of gas storage inside the cage.
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Figure 2-2. Accumulative gas molecule count as a function of the radial distance from the
center of the cage. The position of a gas molecule is based on its center-of-mass.

Since the cavity inside a cage molecule is not spherical, how gas molecules are
distributed inside a cage can greatly affect their storage. Hence, we examine the three-
dimensional (3D) distribution of gas molecules inside the cage to delineate how they are
stored. Figure 2-3 shows the isosurfaces of the number density of CH4 and CO2 molecules
inside the cage (the distributions of the N> molecules exhibit a behavior intermediate to
that of the CHs and CO> molecules and are thus not shown). To illustrate which region
within the cage the gas molecules can access, the isosurface is set to a number density of
2.8 nm~3 in Fig. 2-3a, which is about 20 times of the gas density in bulk solvents, but
nevertheless small compared to the high gas density in some parts of the cage. Compared
to the CH4 molecules, CO> molecules access more (less) space in the central (peripheral)
portion of the cage. To illustrate which region within the cage a given gas prefers, the
isosurface is set to a number density of 35.0 nm~3 in Fig. 2-3b. Figure 2-3b shows that
CO> molecules favor the central part of the cage, whereas CHs molecules have similar
preference to the central and peripheral parts of the cage. These observations suggest

partition the space inside the cage into two types of regions: (1) a “core” region at the center
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of the cage and (2) four rod-like “branch” regions close to the cage’s four access windows
(cf. Fig. 2-1b). Based on the results in Fig. 2-3, the boundary between these two types of
regions can roughly be set at a distance of 0.28 nm from the cage’s center (marked by the
black dashed lines in Figs. 2-2 and 2-3). With this partition, the storage capacity of a single
cage for CH4, CO> and N> molecules was found to be 1.0, 1.12 and 0.87 in its core region

and 0.47, 0.18 and 0.27 in its branch regions.

(b)

Figure 2-3. Isosurfaces of CO, (blue) and CH4 (red) gas density inside the organic cage
molecule. (a) Isosurfaces for gas density of 2.8 nm™3. (b) Isosurfaces for gas density of 35
nm~3. The black dashed line (radius: 0.28 nm) marks the boundary between the cage’s core
region and branch regions.

The different storage capacity of the various gas molecules inside the cage’s core
region depends on the different gas-cage interactions. Specifically, the potential of a CO»
molecule in the cage’s core region due to its non-electrostatic interactions (its attractive
component represents the van der Waals interactions) with the cage was found to be -21.8
kJ/mol, which is stronger than that of a CH4 molecule (-17.02 kJ/mol) and N> molecule (-
12.95 kJ/mol). Therefore, gas molecules are energetically favored in the cage’s core region
in the order of CO2> CH4> N». Since both CO2 and N2 molecules have notable quadrupole
moments and charge-quadrupolar interactions play an important role in gas storage in

porous materials such as zeolites,!*® we examine the distribution of the partial charges on
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the cage atoms and the electrostatic gas-cage interaction energy for the gas molecules in
the cage’s core region. We found that, while some atoms of the cage molecule carry notable
charge (up to -0.6e, see the Fig. 2-1d), the electrostatic gas-cage interactions are rather
weak (-2.7 kJ/mol for the CO> molecules and -0.3 kJ/mol for the N, molecules) and thus
play a very limited role in controlling gas storage in the cage. The weak electrostatic
interactions are caused by two effects. First, gas molecules cannot approach closely the
cage atoms carrying notable partial charges (mostly located near the vertices of the cage
molecule, as highlighted by the yellow circle in Fig. 2-1d) due to the obstruction by other
atoms. Second, the electrostatic interactions between quadrupolar gas molecules CO, (or

N,) and charged cage atoms decay rapidly with charge-gas separation r (i.e., ~1/7°).14¢

The storage capacity of different gas in the cage’s branch region is affected by both
the steric and the van der Waals interactions. For the CO; molecules, which are
considerably longer than the N> molecules, because of their steric interactions with the cage
atoms in the branch region, they mostly align with the cage’s entrance vector upon entering
the narrow branch regions (see Fig. 2-4). This restricts the CO, molecule’s rotation and
thus incurs an entropic penalty. Consequently, few CO> molecules are stored in the branch
regions. For the nearly spherical CH4 molecule, such an entropic penalty is minor. For the
N2 molecules, which are nearly randomly oriented with respect to the cage’s entrance
vector (see Fig. 2-4), such an entropic penalty is likewise minor. However, the CH4
molecules interact with the cage atoms in the branch region through van der Waals forces
more strongly than the N> molecules. This, along with the fact that the electrostatic

interactions between the cage and gas molecules (N2, CHs, and CO) in the branch region
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are very weak, makes the storage capacity of CHs molecules higher than that of the N>
molecules in the branch regions.
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Figure 2-4. The distribution of the angle 6 formed between a gas molecule’s axis (O-C-O for
CO; and N-N for N») and the cage molecule’s entrance vector when the gas molecule resides
in the branch region of the cage molecule.

Because gas molecules can distribute in different parts of a cage, it is possible that
several gas molecules occupy the cage simultaneously. Figure 2-5 shows the probability
distribution of the cage being occupied by different number of gas molecules. Overall, the
probability of finding multiple molecules within a single cage is the highest for the CHs4
molecules. This can be attributed to the facts that (1) CHs molecules favor both the cage’s
core and branch regions (2) CHs molecules are small enough that a cage can accommodate
one CH4 molecule in its core and a few more CH4 molecules in its branch regions. For the
CO; molecules, since they rarely reside in the cage’s branch regions due to the large
entropic penalty, storing two CO2 molecules simultaneously inside the cage requires both
molecules to be packed into the cage’s core region, which is rather difficult. Consequently,
finding multiple CO; molecules simultaneously inside one cage is more difficult than the

case of CHs molecules. Although N> molecules are small enough for a cage to
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accommodate one N> molecule in its core and several other N> molecules in its branches,
multiple occupancy is rare because they are attracted to the cage rather weakly. Also due
to the weak interaction, N> has the highest probability of leaving a cage molecule.
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Figure 2-5. The probability distribution of the number of gas molecules inside a cage. The
probability that four gas molecules occupy the same cage is <0.1% in the present system and
is thus not shown.

Based on these results, we suggest that the storage of simple gas molecules in a given
cage is controlled mainly by two factors: molecular gas-cage interactions that determine
how strongly gas molecules are favored energetically inside the cage and the size/shape of
the gas molecules which determine to what extent different storage spaces inside a given
cage (i.e., the core and the branch regions) can be used simultaneously. The storage
capacity is the highest for the CH4 molecules because both factors are favorable for them.
The storage capacity is lower for the CO> molecules because they cannot effectively make
use of the cage’s storage space in the narrow branch regions due to large entropic penalty.
The storage capacity is the lowest for the N> molecules because their molecular interactions
with the cage are weak, hence providing limited energetic benefit for N> molecules to be

stored inside the cage.
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2.3.2 Kinetics of gas storage.

For practical application of porous liquids, one must understand not only the capacity
of gas storage, but also the kinetics of gas storage, i.e., how easy/difficult gas molecules
enter/leave the cage. To answer this question, we calculated the potential of mean force
(PMF) of gas molecules near and inside a cage molecule. Specifically, the PMF of gas
molecules in and near the cage was computed using PMF(x, y) = kgT x In(pg/pn(x,¥))
where (x,y) is the position of the gas molecule with respect to the cage’s entrance vector
(see Fig. 2-1b for definition), kpT is the thermal energy, p;, is the number density of gas
molecules in bulk solvents and p, (x,y) is the gas density at a position (x,y). Note here
the PMF in the bulk solvents is taken as zero. In the present system, the free energy
landscape is relatively smooth (this is evident from the facile exchange between gas inside
and outside the cage, see below). Hence, very good statistics of gas density and PMF can

be obtained from long simulations without the need of steering.

Figure 2-6a shows the PMF of different gas molecules along the cage’s entrance
vector. When the gas molecule is outside of the cage (i.e., located at distance larger than
0.5 nm from the cage center), the PMFs of the three gases show very little difference. A
distinct peak of the PMF exists at a distance of 0.85 nm from the cage center, indicating
that an energy barrier exists for the gas molecule entering the cage along its entrance vector.
This energy barrier originates from the dense packing of solvent molecules outside the
cage’s access window, which hinders gas from entering into the cage (see Fig. A-3 in the
Appendix A). Inside the cage, the PMFs show a kink/shoulder in the cage’s branch regions.

For the long CO2 molecules, this kink originates largely from the entropic penalty of
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confining it in the narrow rod-like branch regions. For the shorter N> and CH4 molecules,

the shoulder is likely caused by the reduced van der Waals attractions with the cage atoms.
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Figure 2-6. The PMF of gas molecules inside and near a cage molecule. (a) The one-
dimensional PMF along the cage’s entrance vector defined in Fig. 2-1b. (b) The two-
dimensional PMF for the CO, molecule as a function of the distance along and normal to the
cage’s entrance vector (x- is along the entrance vector and y- is normal to the entrance vector,
see Fig. 2-1b). The red line denotes a likely pathway for a CO> molecule to enter the cage. The
black dashed line denotes the PMF along the cage’s entrance vector, which was also shown in
panel (a) (blue line). The PMF in (a) has an error bar of ~0.2-1.2 kJ/mol, with the largest error
occurring at a distance of ~0.8 nm from the cage center.

The PMF shown in Fig. 2-6a indicates that gas molecules entering in the cage along
the cage’s entrance vector must overcome an energy barrier of ~7 kJ/mol. However, there
may exist other pathways with weaker or no energy barrier. To delineate these other
possible pathways, we calculated the two-dimensional (2D) PMFs for gas molecules as a
function of their distance along and normal to the cage’s entrance vector (shown as the x-
and y-directions in Fig. 2-1b). It is found that these PMFs are qualitatively similar for all
three gases. Hence only the 2D PMF for the CO; molecule is shown in Fig. 2-6b. It can be
seen that there indeed exists an energy barrier-free pathway (marked using a red line) for
CO; gas molecules to enter the cage. Overall, the PMFs shown in Fig. 2-6 indicates that,
for all gases studied here, gas molecules can enter the cage essentially without an energy

barrier. However, for gas molecules to leave the cage, they must overcome an energy
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penalty. This energy penalty depends on the position of the gas molecules inside the cage

and can be up to ~16 kJ/mol for each of the gas considered here.

The modest energy penalty for gas molecules to leave a cage suggests that the cage
molecule can indeed trap gas molecules. For applications in gas storage, one often needs
to know the time scale that a gas molecule can be trapped inside in a cage. To find this time
scale, we computed the occupancy autocorrelation function of gas molecules C,(t) =
(p(0)p(t)), where the bracket (--- ) denotes the ensemble average, p(t) is defined as 1.0 if
the gas molecule inside a cage at =0 continuously resides in the cage until time t. Figure
2-7 shows that, for all gases, C(t) decays to ~0.1 within ~1 ns. Hence the mean residence
time of a gas molecule inside a cage is on the order of nanoseconds, which suggests that

the exchange of the gas molecules inside and outside of the cage is rather rapid.
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Figure 2-7. The cage occupancy autocorrelation function for three different gases.

2.4 Conclusions

In summary, we have studied the storage of three different gas molecules in a class of

porous liquids (crown-ether substituted cage molecules in a 15-crown-5 solvent) using MD
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simulations. We have found that the capacity of gas storage in a cage molecule is governed
by the non-electrostatic (dispersive) intermolecular interactions between the gas and the
cage and the size/shape of the gas molecules. The former controls the affinity of gas
molecules to the cage; the latter mainly controls whether the space inside the cage can be
utilized effectively (e.g., whether one can store, simultaneously, one gas molecule in the
cage’s core and a few others in the cage’s branch regions). Due to the competition between
these two factors, the cage’s gas storage capacity does not correlate simply with the gas
molecule’s size. All gas molecules studied here can enter the cage without noticeable
energy barrier. However, gas molecules inside a cage must overcome a modest energy
penalty before leaving the cage. Despite this, gas molecules inside the cage can exchange
rather rapidly with those in the bulk solvent. The insight gained here on the gas storage in
organic cages, along with the knowledge on solubility of gas in the solvents, may help
formulate rational design rules for porous liquids for specific applications. For example,
for applications targeting N»/COz separation, our results suggest that increasing the size of
the cage molecule’s core is desirable. Since the storage of CO> molecules inside a cage is
limited mainly by the difficulty in packing multiple CO2 molecules into the cage’s core but
the storage of N is limited mainly by the weak N»>-cage interactions, this modification of
the cage should enhance the storage capacity for CO2 molecules more greatly than that for

the N> molecules.

Supporting Information Available in Appendix A: The structural fluctuations of the
cage molecules in the porous liquids, the diffusion of solvent molecules in the porous

liquids, and the density distribution of solvent molecules along the cage’s entrance vector.
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Chapter 3: Multi-Component Gas Storage in

Organic Cage Molecules

Disclosure

This work has been published by the American Chemical Society: F. Zhang, Y. He, J.
Huang, B. G. Sumpter, and R. Qiao, “Multicomponent Gas Storage in Organic Cage

Molecules”, The Journal of Physical Chemistry C, 121, 22, 2017.

3.1 Introduction

New types of porous materials, ranging from zeolites to metal-organic frameworks
(MOFs),!3 138 have been continuously proposed and synthesized over the past few decades.
Owing to their high porosity and large surface area, these materials have found applications
in a broad range of fields such as molecular separation, energy storage, and heterogeneous
catalysis.? #+%5 However, these porous materials including zeolites and MOFs mainly exist
as solids, making it more difficult to implement them in a typical flow process than liquids.
Due to the challenges toward practical applications posed by the solid nature of these
materials, especially at large scales, developing liquid state porous materials has been
actively pursued in the past.?% 87,9091 147151 [ thig regard, the synthesis of organic cage-
like molecules in 2009%7 is a critical step towards developing such materials'>>-1>* since it
has been considered by some experts in the community as introducing “a new branch in
the evolutionary tree of porous materials” beyond zeolites and MOFs.”? Such cage

molecules provide a porous unit that can be dissolved into liquids without breaking any

chemical bonds. Since then, rapid progress has been made toward making porous liquids
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using organic cage molecules.?¥°!- 150 While the initial attempts made by attaching long
hydrocarbon chains to the organic cage-like molecules led to a lower melting point, the
porosity was easily destroyed in liquid state due to the penetration of hydrocarbon chains
into the cage cavities.”! Most recently, with ingenuity in chemical design and aid of
computational tools, Giri and colleagues successfully prepared and characterized the first
organic molecular porous liquids.®* Specifically, they coupled crown ether functionalized
diamines with 1,3,5-triformylbeznenes and dissolved the resultant cage molecules at high
concentration into a 15-crown-5 solvent. They also reported a porous liquid system with
scrambled cage molecule dissolved in hexachloropropene solvents.®* These porous liquids
thus prepared are potentially effective gas absorbents, which can be transported and

implemented relatively easily in industrial systems.

The currently available porous liquids have already shown promise in some areas
including gas storage and separation.®? Nevertheless, as with many other revolutionary and
novel materials, the best applications of porous liquids may not have been identified, and
the development of porous liquids for intended applications is still at an early stage. Despite
this, it is safe to expect that the adsorption of small molecules inside the organic cage
molecules will play a critical role in most, if not all, applications of porous liquids.
Therefore, there is a great need to develop a fundamental understanding for the adsorption
of gas molecules in the organic cage molecules dispersed in liquid solvents.!>> Molecular
dynamics (MD) simulations can be a powerful tool for this purpose, e.g., MD has been
used to show that solvent molecules in the porous liquids synthesized recently must pay a
very high free energy cost to enter the organic cage and thus the intrinsic cavity of the

organic cage molecules is maintained in the porous liquids.’* ¢ We previously studied the
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thermodynamics as well as kinetics for the storage of pure CO,, CH4, and N> molecules in
crown-ether-substituted cage molecules dissolved in a 15-crown-5 solvent using MD
simulations.!>” We showed that the storage capacity of gas in a cage molecule is governed
by the nonelectrostatic (dispersive) intermolecular interactions between the gas and the
cage and by the size/shape of the gas molecules. The gas molecules considered can enter

the cage molecule without a notable barrier and exit the cage on a nanosecond time scale.

In this work, we study the adsorption of prototypical small gas molecules including
CO2, CH4 and Nz in porous liquids that are in equilibrium with gas-phase reservoirs
containing either pure gas or binary mixtures of different gases. We seek to understand
how the presence of multiple gas species affects the adsorption of gas molecules inside
individual cage molecules, in particular, how different gas molecules compete each other
for adsorption inside a cage molecule, and how a cage molecule accommodates more than
one molecule inside it. The former aspect is relevant to the application of porous liquids
for gas adsorption and separation. The latter aspect is potentially relevant to applications
in which the organic cage molecules in the porous liquids are used as a medium for
confining small molecules to study their fundamental properties or as a nanoscale reactor.
The rest of the manuscript is organized as follows. Section 3.2 describes the simulation
system and methods. Section 3.3 presents the results for storage of pure gas and binary
mixture in individual cage molecules and the underlying molecular mechanisms. Finally,

conclusions are drawn in Section 3.4.
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3.2 Simulation System and Methods

We use MD simulations to study the storage of gas molecules in the organic cage
molecules dissolved in molecular solvents. Figure 3-1 shows the molecular structures of
the cage molecule, the 15-crown-5 solvent molecule, and the CO,, CHs, and N> gas
molecules. The crown-ether-substituted cage molecule (porous unit) consists of an organic
cage-like octahedron and 6 looped crown ether tails (see Fig. 3-la). The cage-like
octahedron provides a nonspherical cavity and four access windows allowing gas
molecules to get in/out of the cage cavity. Because both the crown ether tails of the cage
molecules and the solvent molecules (Fig. 3-1b) have a circular structure that limits their
access to the cage’s cavity, the liquid mixture of the cage molecules and the solvents
together form a porous liquid. The gas molecules considered here (see Fig. 3-1c) are
relatively small and thus can be stored inside the cage molecule. These gas molecules differ
in both shape and size: the CH4 molecule, although explicitly modeled by one C atom and
four H atoms as a tetrahedron shape, has a rather spherical shape with an effective diameter
of 0.42 nm,'>81>% while CO and N> molecules are both rod-like. The long and short axes
of the CO; molecule (0.52 nm and 0.34 nm, respectively) are slightly longer than those of
the N> molecule (0.41 nm and 0.30 nm, respectively).!®® As shown below, the shape and
size of gas molecules play an important role in determining their storage capacity inside

the cage molecules and the selectivity of cage molecules toward different gas molecules.

Figure 3-1d shows a snapshot of the MD system used for the simulations. The system
consists of a gas bath (the lower gas reservoir and upper gas reservoir are connected
because of the periodic boundary condition) and a slab of porous liquids positioned in the

middle of the fully periodical simulation box. The porous liquid is made by dissolving one
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crown-ether-substituted cage molecule into 170 solvent molecules. Since gas molecules
can exchange freely between the liquid phase and gas phase, this setup allows us to study

the gas storage under well-controlled partial pressure in the gas phase.
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Figure 3-1. Molecular modeling of gas storage in porous liquids. (a-c) Molecular models of
the crown-ether-substituted cage molecule (a), the solvent molecule (b), and the gas molecules
(c). (d) A snapshot of the simulation system consisting of porous liquids (rendered as isosurface
in blue) in equilibrium with a binary mixture of CO, and CHa. (e) Volume rendering of the
accessible space in a cage molecule superimposed on the molecular model of the cage. The
accessible space is probed using an atom of 0.28 nm in diameter. The accessible space within
a radial distance of 0.28 nm from the cage center is shown in yellow; the accessible space
within a radial distance of 0.28 to 0.5 nm from the cage center is shown in red. For clarity, the
hydrogen atoms of the cage molecule and the solvent molecule are not shown. In (e), crown
ether tails are not shown.

Ideally, a systematic study of the gas storage calls for the computation of the gas
adsorption isotherm in the cage molecule by systematically varying the partial pressure of
different gas species in the gas bath. However, given the very large parameter space that
must be explored in such studies, we focused on two sets of studies in this work. In the first
set of study, five systems with identical porous liquid but different gas bath compositions

(pure COz, pure CHa, pure N2, CO2+CH4 mixture, and CO>+N» mixture) were set up. For
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these systems, we examined the gas storage under a fixed partial gas pressure in the gas
bath instead of computing the gas adsorption isotherm under many different partial
pressures. Specifically, the partial pressure of each gas in the gas bath was controlled to be
the same in all simulation systems (P, = 27.5 £ 0.3 bar, see Fig. B-1 in Appendix B). For
example, the pressure of COz in the gas bath for the pure CO- simulation is the same as the
partial pressure of CO> in the gas bath for the CO+CH4 simulation. With a relatively high
partial gas pressure to help improve the gas storage statistics inside individual cage
molecule, this first set of simulation allows us to gain useful insight on the gas storage by
delineating how gas molecules are stored inside a cage and by comparing the results for
different gas molecules. In the second set of study, we computed the adsorption isotherm
of CO2 and CH4 molecules in the cage molecule in equilibrium with gas bath containing
CO»+CH4 mixture. To this end, five systems with identical porous liquids but different gas
baths were studied. The partial pressures of the CO2 and CH4 in the gas bath were equal
and varied from 9 to 54 bar in different simulations. This set of simulation allows us to

examine the effect of partial pressure on the gas storage inside the cage molecule.

The force fields for all molecules were the same as those adopted in our previous
work.!” Briefly, the cage molecule and the solvent molecule were modeled using the
OPLS-AA force fields.!* The CO», CHas, and N, molecules were modeled using the EPM2,
OPLS-AA, and TraPPE force fields, respectively.!®!*! The force fields for the cage
molecule used here is a reasonable choice because they are compatible with the force fields
for the solvent and gas molecules. It has been established that the force fields we adopted
for the gas molecules can reproduce their thermodynamic properties such as

compressibility and phase diagram quite well, and meanwhile are widely used in studying
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their adsorption behavior in other porous materials such as MOFs.!6! As shown in the first
molecular modeling of porous liquids® as well as our previous work,!>” these force fields
allow the key properties of the solvents, e.g., their density and solubility, to be predicted
quite well. In addition, rapid exchange of gas inside and outside the cage molecule was
observed in all simulations, which indicates that the gas molecules studied here can enter
without notable energy barrier and leave the cage cavity easily, consistent with recent

experimental results.!*

The MD simulations were performed in the NVT ensemble (T=400 K) using the
Gromacs code.!'** Here we adopt a rather high temperature to facilitate both the diffusion
of gas molecules in the solvent and the exchange of gas molecules inside and outside the
cage molecule. This strategy is often used in the literature, e.g., in the study by Giri et al.
MD simulations were performed at 350 K and 400 K.,** and it helps ensure effective
sampling of the phase space. The system’s temperature was maintained using the V-rescale
thermostat with a time constant of 0.1 ps. Electrostatic interactions were computed using
the PME method with a real-space cutoff length of 1.4 nm and an FFT spacing of 0.12 nm.
The neighbor list was updated every time step. The Lennard-Jones interactions were
computed using direct summation with a cutoff at 1.4 nm. All bonds involving hydrogen
atoms were constrained using the LINCS algorithm.!6? A time step of 1 fs was used. The
center of mass motion for system was removed every 0.1 ps to avoid the drift of the porous

liquids in the simulation box.

The cage molecule and solvent molecules were first packed into the middle section of
the system using the Packmol code.!*> For each system studied, after equilibrating the

porous liquids for 5 ns, gas molecules were inserted into the vacuum space at the two sides
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of the porous liquid. This was followed by another 5 ns equilibration run for the gas
molecules to reach equilibrium with the liquid phase. After that a 40 ns production run was
performed. The trajectory of the system was saved every 1 ps for analysis (a video showing
a sample trajectory of the CH4+CO; system can be found in the Appendix B). To ensure
that the gas partial pressure inside the gas bath matches the desired pressure within 2%
deviation, we had to iteratively tune the number of gas molecules inside the entire system.
To obtain reliable statistics, systems in which the partial pressure of gas species in the gas
bath is lower than 20 bar were simulated 50 times with independent initial configurations;

other systems were simulated 25 times with different initial configurations.

3.3 Results and Discussion

3.3.1 Cage molecule’s accessible space.

We first examine the cavity space inside the cage molecule. The functional part of a
cage molecule spans a radius of ~0.8 nm from its geometrical center. However, because of
the steric exclusion by the cage’s atoms, the accessible space for gas molecules within a
cage molecule is limited to a radial distance of < 0.5 nm from its geometrical center.!®’
Figure 3-1e shows the volume rendering of this accessible space obtained by probing the
cage’s interior using an atom with a diameter of 0.28 nm, which roughly corresponds to
the short axis of a N> molecule. We observe that, inside a cage molecule, the space available
for gas storage consists of a non-spherical central cavity and four corridors connecting its
interior to the outside solvents. Following our prior work,!>” we divided the accessible

space within a cage molecule into a core region within 0.28 nm from the cage’s center
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(marked by yellow color in Fig. 3-1¢) and a branch region spanning a radial distance of

0.28 to 0.5 nm from the cage’s center (marked by red color in Fig. 3-1¢).

3.3.2 Storage of pure gas molecules.
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Figure 3-2. Gas storage in cage molecules dispersed in porous liquids exposed to a gas bath
containing pure CO,, CHa, and N> with a pressure of 27.5 bar. (a) Accumulative gas molecule
count as a function of the radial distance from the cage center. The vertical dashed line indicates
the boundary between the core and branch regions of the cavity and the vertical solid line
indicates the cage molecule’s accessible space. (b) Probability distribution of the number of
gas molecules inside a cage. The probability that four or more gas molecules occupy a single
cage is <0.1% and thus not shown. The position of gas molecules is based on its center-of-
mass.

Next we examine the storage capacity per cage molecule (CPC) when the porous
liquids are in equilibrium with pure gas bath with a pressure of 27.5 bar. CPC is defined
by the total accumulative count of gas molecules within the cage molecule’s accessible
space of 0.5 nm from its center. Figure 3-2a shows the accumulative count of gas molecules
as a function of the distance from the cage center. The contribution from the core region
toward CPC is found to be 1.224+0.02, 0.79+0.05, and 0.54+0.06, for pure CO2, CH4, and
N, respectively, while the corresponding contribution from the branch region is found to
be 0.2940.01, 0.214+0.02, and 0.0740.02. The net CPC is 1.51+0.04, 1.0+0.07, and

0.611+0.07, for CO2, CH4, and N», respectively. The core region contributes greatly to the
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overall CPC while the contribution of the branch region is modest and depends on the gas
stored. Specifically, for CO,, CH4, and N>, the amount stored in the branch region is ~24%,

27%, and 13% of that stored in the core region, respectively.

As revealed in our earlier studies, the contribution of cage’s core region toward CPC
is controlled primarily by the nonelectrostatic gas-cage interactions for gas stored there.!>’
The potential energy of a gas molecule stored in the core region due to its van der Waals
interactions with the cage was found to be -22.2, -17.3, and -13.3 kJ/mol for CO,, CH4, and
N, respectively. Hence, gas molecules are energetically favored in the core region in the
order of CO; > CHs > N, in agreement with their core region’s contribution. The
contribution of the cage’s branch region toward CPC is controlled by both the energetics
of gas-cage interactions and entropic effects. For a gas molecule residing in the branch
region, its potential energy due to interactions with the cage was found to be -19.5, -14.8,
and -10.8 kJ/mol for CO,, CHs, and N», respectively. While the CO;-cage interaction
energy is still the most negative, CO> molecules in the branch region also experience the
largest entropic penalty, which disfavors its storage in the branch region. The latter effect
is caused by the fact that CO; molecules are longer than CH4 and N> molecules and thus

their rotation is hindered the most in the branch region.

In addition to the location that gas molecules are stored inside a cage molecule, we
also examined whether, and how, multiple gas molecules co-exist inside a cage molecule.
The histogram in Figure 3-2b shows the probabilities of 0, 1, 2 and 3 pure gas molecules
being stored in a single cage. For all three gases, the probability that only one gas molecule
is stored in a cage is the highest among all scenarios, while the probability that three (or

more) gas molecules reside in the same cage is very low. However, for CO,, the cage is
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rarely empty (probability: 2.6%) and two molecules often reside in the same cage
(probability: 40.6%). In contrast, for N, the cage is often empty (probability: 43.4%) and
rarely filled with two molecules (probability: 4.1%). The situation for CH4 lies in between

Ns and COs.

We note that the order of the cage’s CPC for the molecules computed here (CPC¢q, >
CPCcy, > CPCy, ) differs from that reported in our prior study ( CPCcy, > CPC¢o, >
CPCy,)."”” The difference originates from the different system setups. In our previous work,
there was no gas bath and the number of gas molecules in the porous liquids was the same
for different gases. Therefore, the gas storage capacity of cage molecules computed from
such a setup was affected by the partition of gas molecules between the cage molecule and
solvents, and the result is appropriate for closed systems. For open system in which porous
liquids are in contact with gas streams, the storage capacity of cage molecules computed

in the present study is more practical.
3.3.3 Storage of multi-component gas molecules.

For multi-component gas storage, we start by examining gas adsorption inside the cage
molecule when its host porous liquids are exposed to a 1:1 mixture of CO; and CH4. Here
the partial pressure of both gas components in the gas bath is 27.5 bar. Figure 3-3a shows
the accumulative counts of CO, and CH4molecules in the cage molecule. From these data,
the CPCs of CO2 molecule is obtained as 1.33+0.03, which is only 12% lower than the
situation when the gas bath is filled with pure CO, with the same partial pressure. In
comparison, the CPC of CH4 molecule is significantly reduced to 0.31+0.04, i.e., 69%
lower than that for pure CHs. Therefore, the cage molecule exhibits a high selectivity

toward these two molecules. To quantify this selectivity, for a cage in equilibrium with a
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gas bath containing a mixture of gas molecules A and B, we introduce a selectivity

coefficient Sy /p for the cage molecule as
CPC, Da
Sarp = (cpcB)/ <p_3) (3-1)
where p, and pg are the partial pressure of molecules A and B in the gas bath. It follows

that the cage molecule studied here gives a selectivity coefficient of S¢o,/cy, = 4.3. It
should be noted that this S, /cn, 18 specific to the partial pressure of the two gases studied.

However, given that the research on the selectivity of cage molecules for different gas
molecules is at a very early stage at present, we defer the systematic investigation of how

Sco,/cn, varies with the partial pressure of molecules in the gas bath to future studies.
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Figure 3-3. Accumulative gas molecule count as a function of radial distance from the center
of the cage molecule in equilibrium with a gas bath containing a mixture of CO> and CH4
molecules (a) and a mixture of CO; and N> molecules (b). Results for a gas bath containing
pure CO>, CH4, and N> gas are shown using thin dashed curves. The vertical dashed line
indicates the boundary between the core and branch regions of the cavity and the vertical solid
line indicates the cage molecule’s accessible space. The partial pressure of all gas in the gas
bath is 27.5 + 0.3 bar.

To understand what contributes to the different storage capacity of the cage for the
CO; and CH4, we analyze the density isosurface of these molecules inside the cage. Figure

3-4 shows the results when the cage is in equilibrium with gas baths containing pure CO»,
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pure CH4 and a mixture of CO2 and CH4. The isosurface is set to a density value of 15 nm"
3, which is high enough so that the isosurface highlights the region where gas molecules
are concentrated. We observe that the high density zone of CO; molecules inside the cage
changes little when we move from the adsorption of pure CO; to CO>+CHs mixtures.
However, when we move from adsorption of pure CHs to CO>+CH4 mixtures, the high
density zone of CH4 in the cage’s core region disappears and the high density zone in the
cage’s branch region shrinks marginally. Therefore, when CO> and CH4 are both present,
there is little effect on the adsorption of CO; molecules in the cage. The competition from
CO:z molecules drives CH4 molecules out of the cage’s core region, but hardly affects CH4
adsorption in the cage’s branch region. Overall, the cage molecule’s selectivity of CO; over

CHa4 is mostly contributed by the depletion of CH4by CO: from the cage’s core region.

(a) (b) (c)

Figure 3-4. Isosurface of CO; (blue) and CH4 (red) gas density inside a cage molecule in
equilibrium with a gas bath containing pure CO> (a), pure CHs4 (b), and a mixture of CO; and
CH4 molecules (c). The isosurface is set to a density of 15 nm™. The black dashed circle marks
the boundary between the cage’s core region and branch regions. The partial pressure of all gas
in the gas bath is 27.5 + 0.3 bar.

Next we examine whether, and how, a cage molecule can accommodate more than one
molecule. This will not only help understand the gas storage capacity of a cage but also
help delineate the state of the gas molecules confined inside the cage. Table 3-1 shows the

probability of finding different numbers of CO; and CHs4 molecules inside one cage
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molecule in equilibrium with a gas bath containing a 1:1 CO+CHs mixture. With the gas
partial pressure adopted here, while a cage molecule most likely accommodates one CO»
molecule (probability: ~38%), it also frequently hosts two or more gas molecules
(probability: ~54%). In particular, the probabilities of finding two CO2 molecules or one

Table 3-1. The probability of finding different numbers of gas molecules inside a cage in
equilibrium with a gas bath containing a mixture of CO>+CHs (Pco2=Pcns=27.5 bar). The
shaded cells denote situations in which the cage is occupied by multiple gas molecules.

N(CHa) €
0 1 2 >3
0 1.5 6.3 1.4 X
1 38.0 13.6 1.5 X
2 28.5 4.8 X X
f: 3 3.8 X X X
S
> >4 X X X X

€6,

a “x” means the probability is less than 0.5%.

b Number of CO2 molecules in the cage.

¢ Number of CH4 molecules in the cage.

CO; molecule and one CH4 molecule inside a cage are ~29% and ~14%, respectively. To
clarify where these molecules are stored inside the cage when double occupancy occurs,
we computed their distribution inside the cage as a function of distance from the cage
center. As can be seen from the results shown in Figure 3-5a, when two CO> molecules
reside inside the cage, both molecules favor the cage’s core region. On the other hand,
when two CH4 molecules reside in a cage, one of them prefers its core region while the
other one prefers its branch region (Fig. 3-5b). When one CO; molecule and one CH4
molecule reside in a cage, the CO; molecule occupies predominately the core region while

the CH4 molecule is found both in core and branch regions (Fig. 3-5c). These results are

consistent with the accumulated gas count data shown in Figure 3-3a.
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Figure 3-5. Probability density of the radial distribution of gas molecules inside a cage in
equilibrium with a gas bath containing a mixture of CO; and CHy (Pco2=Pcrs=27.5 bar). (a)
When two CO; molecules reside in the cage. (b) When two CH4 molecules reside in the cage.
(c) When one CO; molecule and one CH4 molecule reside in the cage. The axis labels 7, and
rg denote the radial position of molecule A and B inside the cage. The white dashed lines
denote the boundary between the core and branch regions inside the cage.

Overall, when a porous liquid is exposed to a mixture of CO> and CH4 gases, CO>
molecules adsorb more readily into its cage molecules than the CH4 molecules, often with
two or more CO; molecules residing in each cage’s core region. Displaced by these CO»
molecules, the adsorption of CH4 molecules in the core region is greatly reduced while that
in the branch is reduced modestly. Hence the contribution of the core region and branch
region to the storage of CHs molecules in a cage is comparable, which differs greatly from
the adsorption of pure CHs. The high occupancy of CO: in the core region and its ability
to displace CH4 from this region can be understood as follows. In the core region, a CO>
molecule’s potential energy due to its interaction with the cage (-22.2 kJ/mol) is
considerably more negative than that for a CHs molecule (-17.3 kJ/mol). This helps
multiple CO> molecules to be packed into the core region and effectively displace CH4
molecules. In the branch region, CO> molecules only marginally displace the CHa
molecules because, although CO2 molecules are again energetically more favored than CH4
in this region, they suffer larger entropic penalty because their rotation is restricted in the

narrow branch region.!”’
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The above discussion suggests that the selectivity of the cage toward different gas
molecules is controlled primarily by the gas-cage interaction energies of different gases
molecules, and to a lesser extent by the entropic penalty of different molecules in the branch
region. While the cage exhibits a modest selectivity for CO2 over CHs, we expect that a
stronger selectivity can be achieved if the CH4 molecule is replaced by a molecule that
interacts more weakly with the cage and experiences more entropy penalty in the branch
region than the CH4 molecules. The former conditions are satisfied by N> molecules. Figure
3-3b shows the accumulative counts of the CO2 and N> molecules in a cage molecule in
equilibrium with a gas bath in which the partial pressure of both CO; and N are 27.5 bar.
From these data, the CPCs of CO, and N> molecule are obtained as 1.44+0.05, and
0.11£0.05, respectively, which gives a selectivity of S¢o,/n, =13.1. This very high
selectivity is caused mainly by two factors. First, N> molecules are almost fully displaced
from the core region by the CO> molecules (see Fig. 3-3b and Fig. B-2 in Appendix B).
Second, the adsorption of N> molecules in the branch region is low even without the

competition from CO> molecules (see Fig. 3-2a).

Thus far, we focused on the gas storage inside cage molecules in equilibrium with gas
baths with a specific partial gas pressure. It is also essential to know how the selectivity of
the cage varies with partial gas pressure. Using the second set of simulations described in
Section 2, we computed the adsorption isotherm of the cage molecule in equilibrium with
a gas bath containing 1:1 CO>+CHs mixture (i.e., Pco, = Pcy,). Figure 3-6a shows the
CPCs of CO; and CHg at different partial gas pressures. Over the range of partial pressures
explored, CO; is always more competitive than CHs in adsorbing in the cage, which is

consistent with our observation made at gas partial pressure of 27.5 bar. Figure 3-6b shows
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the selectivity of the cage molecule for CO2/CHg pair. At partial pressure of 9 ~ 27.5 bar,
the variation of the cage’s selectivity of CO, over CHy is within the statistical uncertainty.
However, as the partial pressure increases to 54 bar, the selectivity of CO, over CHy
decreases slightly, which we attribute to the entropic effect. Specifically, as the partial
pressure increases, the cage becomes packed with more gas molecules, which imposes an
entropic penalty for gas adsorption inside the cage. Such an entropic penalty is more
significant for the bulkier CO2 molecules than for the CH4 molecule. We note that similar
mechanism has been used to explain why the bulkier C;H¢ molecules become less

competitive in adsorbing in zeolites compared to the smaller CHs molecules. 63164
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Figure 3-6. (a) The adsorption isotherm of CO, and CHs4 molecules in an organic cage
molecule in equilibrium with a gas bath containing 1:1 CO,+CH4 mixture. (b) The selectivity
of the cage molecule for the CO,/CHj4 pair.

3.4 Conclusion

In summary, we have examined the storage of three prototypical small molecules
(CO2, CHa, and Nz) and their binary mixtures within organic cage molecules using MD
simulations. In all cases, the cage was in equilibrium with a gas bath, and the partial

pressure of each type of molecule in the gas bath was kept the same. For a partial pressure
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of 27.5 bar, a cage molecule gives a selectivity of 4.3 and 13.1 for the CO>+CH4 and
CO»+N; pairs, respectively. The selectivity of CO, over CHs and N is attributed to its
stronger van der Waals interactions with the cage, which helps CO, molecules displace
CH4/N> molecules from the cage’s core region. Nevertheless, CO, molecules do not
effectively displace CH4/N> molecules from the cage’s branch region because they suffer
a larger entropic penalty due to the restriction of their rotational motion therein. For both
CO2+CH4 mixture and CO>+Nz mixture, the cage was often occupied by more than one
gas molecule. While the storage of two CO2 molecules in the cage’s core region occurred
most frequently, situations in which one CO2 molecule occupies the core region and one
CHa4/N2 molecule occupies the branch/core region also occurred. The study of adsorption
isotherm for CO2+CH4 mixture suggests that the selectivity of CO2 over CH4 decreases

slightly as gas partial pressure increases because of the entropic effect.

The cage selectivity revealed by our simulations suggests that the existing porous
liquids may be effective for separating CO> and N: and thus useful in carbon capture
applications. However, for separating CO> and CH4, which is needed in applications such
as shale gas processing, the performance of the current cage molecule remains to be
improved. One possible method is to engineer new cage molecules to further enhance their
interactions with the CO, molecules without notably enhancing the CHs-cage interactions.
Since CO; has a large quadrupole moment while CH4 has zero quadrupole moment, this
may be achieved by introducing functional motifs within the cage that carry significant
partial charge. However, such motifs must be approached closely by the CO, molecules

since charge-quadrupole interactions are short-ranged.
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Supporting Information Available in Appendix B: The density of gas molecules across
the simulation box for all systems studied and the density isosurface of CO; and N>
molecules inside the cage molecule when the cage is in equilibrium with gas baths
containing pure COy, pure Nz, and 1:1 CO»+N; mixture, and a trajectory video for the

simulation of CO>+CH4 mixture.
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Chapter 4: Effects of Water on Mica-Ionic Liquid

Interfaces

Disclosure

This work has been published by the American Chemical Society: F. Zhang, C. Fang, and
R. Qiao, “Effects of Water on Mica—lonic Liquid Interfaces”, The Journal of Physical

Chemistry C, 122, 216, 2018.

4.1 Introduction

Pure room-temperature ionic liquids (RTILs) consist of only ions but remain in the
liquid state at temperature below 100°C.%** Because the molecular structure and
combination of the cations and anions in RTILs can be tailored relatively easily and many
RTILs offer properties such as wide electrochemical window, low vapor pressure, and
excellent thermal stability, RTILs have shown great promise in applications such as
capacitive energy storage and lubrication.?® The performance of RTILs in many of these
applications depends greatly on the interfacial structures of RTILs near solid surfaces.”?

Therefore, it is essential to gain a fundamental understanding of these interfacial structures.

The interfacial structures of RTILs near solid surfaces have been investigated
extensively using experimental,® 319 theoretical 3! 193-1% and simulation methods.® 787
107-117 For example, it is now established that, near charged solid surfaces, cations and
anions form alternating layers extending into the RTILs and the surface charges are often

overscreened.’®: 16 Interfacial RTILs also exhibit ordering in the lateral directions, thereby

making the electrical double layers near charged surfaces three-dimensional (3D) entities.
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The 3D structure of interfacial RTILs can be modified by factors such as surface charge
and confinement.® 12°-133 Few of these studies, however, paid attention to the possible
existence of water in RTILs and how the interfacial structures of RTILs are affected by the
water. In reality, most RTILs are hygroscopic and can absorb noticeable amount of water
from the environment.!'® Since 2014, these issues have received significant attention.!°!-
102,105, 19-125 For example, using molecular dynamics (MD) simulations, Feng et al. showed
that, compared to that in bulk RTILs, water molecules are greatly enriched near electrified
graphene surfaces and the level of enrichment depends both on the surface charge and the
choice of RTILs (in particular the counterions near the electrified surfaces).!?’ On the
experimental front, Gong et al. showed that RTILs form extended layers on a mica surface
in ambient environment with a finite relative humidity (hence there is a finite adsorption
of water at RTIL-mica interfaces).!?® Under elevated temperature and when the water on
the mica surface are displaced by airborne hydrocarbons, RTILs experience dewetting on
the mica surface and form droplets. To explain these observations, they hypothesized that,
in presence of water, mica’s surface K" ions desorb and exchange with the cations in the
RTILs, which triggers the ordered packing of alternating layers of cations and anions near
the mica surface, and consequently the extended layering of RTILs. Independently, Cheng
et al. examined how water affects the interfacial structure of [Comim][TfoN] liquids near
mica surfaces and electrified gold surfaces. Based on surface force measurements, they
also suggested that the water molecules adsorbed at the mica-RTIL interfaces profoundly
alter the interfacial structure of RTILs by enabling the electrification of the mica surfaces.

This idea was further developed in a follow-up study,'%? in which the interfacial structure
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of RTILs and water was again inferred from the interaction force vs. separation curves

obtained using atomic force microscopy (AFM) and surface force apparatus (SFA).

The great impact of water on the interfacial structure of RTILs reported in these studies
has been observed in more recent studies, 23124 126 and it has been further shown that water
also significantly modifies other macroscopic observables such as the capacitance of
double layers near electrodes.!%> While the importance of water on interfacial structure of
RTILs is generally recognized, difference in opinion does exist. For example, based on a
study of mica-propylammonium nitrate (PAN) interfaces using amplitude modulated
atomic force microscopy, McDonald et al. suggested that the adsorption of water at mica-
RTIL interfaces is not essential for the electrification of mica surfaces in contact with some

RTILs.!?’

The above experimental and simulation studies triggered many simulation studies of
the solid-RTIL interfaces in presence of water. Among all solids, mica offers an ideal
model surface and muscovite mica surface is one of the most studied surfaces. Muscovite
(KAIL,Si;AlO,,(OH),) is a phyllosilicate clay with a tetrahedral-octahedral-tetrahedral
(TOT) structure. In the muscovite layer, each Al-centered octahedral sheet is sandwiched
between two Si-centered tetrahedral sheets, in which every four Si atoms is substituted by
Al atoms. The structure thus resulted carries negative charge, which is compensated by the
K* ions. Neighboring TOT structures are held together by a potassium interlayer and can

be cleaved from the (001) plane to form a surface featuring K* ions.!66-167

Previous work suggested that water alter the RTIL structure at mica surfaces.!01-102. 128

However, directly visualizing the change of interfacial RTIL structure experimentally is

difficult, and the available experimental insight on such structure change is mostly inferred
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indirectly from other macroscopic observables such as the force vs. distance curves. Such
a limitation can be addressed using MD simulations. At present, such simulations are rather
limited 2! 125 and only two of them deal with mica surfaces. Fajardo ef al. '?! investigated
effect of hydration on interfacial structure of [BMIM][PFs] confined in a 1.8-nm gap
formed by two charged mica surfaces. They found that water is adsorbed at the interface
and the orientation of BMIM™ ions changes as the water loading in bulk RTIL increases.
Zhang et al. '?° studied the effects of different types of RTILs and concentration of water
molecules on RTIL-mica interfaces. They found that, with water accumulated at the mica-
RTIL interfaces, RTILs are slightly displaced away from the surface. While these studies
offered critical insights on how water modifies the structure of mica-RTIL interfaces, they
focused mostly on the distribution of ion and water molecules normal to the mica surface
and limited attention has been paid to the 3D structure of R77Ls and water near open mica
surfaces. Understanding the 3D structure of RTILs and how it is affected by the water is
important because recent experimental and simulation studies revealed that RTILs can

exhibit rich 3D structures near solid surfaces.3: 93-129-133

In this work, we investigate the interfacial structure of [BMIM][Tf:N] near mica
surfaces using MD simulations. Using atomistic models, we explore the effects of water
and surface charging on the 3D structure of RTIL near the mica surfaces. The rest of this
manuscript is organized as follows. Section 4.2 describes the simulation system and
methods. Section 4.3 presents the interfacial structure of [BMIM][Tf:N] and how it is

affected by surface charge and water. Finally, conclusions are drawn in Section 4.4.
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4.2 Simulation System, Models, and Methods

System. We focus on the interfacial structure of RTILs near muscovite mica surfaces
in two types of systems. In the first type, a thick film of [BMIM][Tf2N] is placed on a slab
of mica, whose surface is neutral. The system is either free of water (Fig. 4-1a) or features
a small amount of water (Fig. 4-1b). These systems mimic the initial stage of a freshly
cleaved mica surface in contact with dry or humid RTILs. Studying these systems can lay
foundation for understanding the electrification of mica surfaces, which involves the

dissociation of the surface K™ ions from mica surfaces.
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Figure 4-1. Snapshots of the MD systems for studying the structure of [BMIM][Tf:N] near
neutral mica surfaces in absence of (a) and in presence of (b) water in the interfacial zone.

In the second type of system, a thick film of [BMIM][Tf;N] is placed on a slab of
mica, whose surface K* ions are all removed and not included in the MD system. The
charge of the mica surface is neutralized by an extra number of BMIM™ ions in the liquid
film. These systems mimic the situation in which fully electrified mica surfaces (surface
charge density o is -0.33 C/m?) are in contact with RTIL baths. Note that in this situation,

the charge of a mica surface is screened by the ions of the RTILs due to their overwhelming
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abundance compared to the K" ions dissociated from the mica’s surface. Same to the first
type of system, this second type of system can be either free of water or contain a small

amount of water.

All simulation systems measure 3.15%3.67 nm? in the plane of the mica surface (xy-
directions) and 15nm in the direction normal to the mica surface (z-direction). In systems
with neutral mica surfaces and dry RTIL, 115 pairs of [BMIM][Tf:N] ions are placed on
the mica slab, resulting in a ~6nm-thick liquid layer. Such a liquid layer is thick enough
that the RTILs in the middle of the film is neutral and the structure of the RTILs near the
mica surface is not affected by the RTIL-vacuum interface. In simulations with charged

mica surface, there are 139 BMIM™ ions and 115 Tf:N™ ions in the system.

To study the effect of water on the interfacial structure of RTILs, we introduce 160
water molecules into the RTIL-mica interfacial zone (cf. the black box in Fig. 4-1b) for
systems with neutral or charged mica surface. Our simulations show that these water
molecules remain in the interfacial zone during production runs of tens of nanoseconds in
length. The relative humidity of the virtual ambient environment (T=300K) with which the

interfacial water is in equilibrium can be computed using (see Appendix C for derivation)

_ kpTp(zo) ¢ (20) )
RH = "2 exp (RBT) (4-1)

where p(z,) is the water density at a reference point z, in the RTIL film. ¢p(z,) is the
potential of mean force (PMF) of a water molecule at this point relative to that at a position
outside of the RTIL film. kj is the Boltzmann constant, and p, =3.524kPa is the saturated
vapor pressure of water at 300K. ¢p(z,) is obtained by computing the PMF of water

molecules in separate simulations, where water molecules are constrained at a series of
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positions across the RTIL film and the Umbrella sampling method is used to extract their

PMF (see Appendix C).

Models. Each mica slab is modeled as two muscovite layers, resulting in a total
thickness of ~2nm. The PCFF force fields are used to describe the mica,!®3-1%° and water
molecules are described using the flexible SPC model.!”’ [BMIM][Tf>N] is modeled using
the force fields developed in Ref. 7!, The force field parameters for the non-bonded

interactions between RTIL and mica/water are summarized in Table C-1.

Simulation protocol and method. To build the simulation system, water molecules are
placed on the mica surface and RTILs are packed in the region Inm above the mica surface
using the Packmol code.!* An equilibrium run of 10ns is then performed, during which
the RTILs gradually come into contact with the water molecules and mica surface. This is

followed by a production run of 40ns, during which the trajectory is saved every 1ps.

MD simulations are performed in the NVT ensemble using the LAMMPS code.!”? The
temperature of the system is maintained at 300K using the Nose-Hoover thermostat.!”® A
time step of 2 fs is used and the neighbor list is updated every step. The bonds in the RTILs
involving H atoms are constrained using the Shake algorithm. The cutoff for the non-
electrostatic interactions is 1.2nm. The electrostatic interaction is computed using the
PPPM method.!”* While the system is periodic in all directions, the slab correlation has
been applied in the calculation of electrostatic interactions to effectively remove the

periodicity in the direction normal to the mica surface.
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4.3 Results and Discussion

4.3.1 Interfacial structure near neutral mica surfaces

We first examine the case where the interfacial zone contains no water. Figure 4-2a
shows the density profiles of ions near the mica surface. The position of the BMIM* (Tf,N-
) ion is based on the geometrical center of its imidazole ring (nitrogen atom). The strong
peaks at z=0.39 and 0.48nm indicate that BMIM" and Tf2N" ions adsorb roughly in a single
layer on the mica surface, with the BMIM" ions slightly closer to the mica. The second
density peak of the BMIM" (Tf:N") ion appears at z=1.16nm (1.31nm), which is much
lower than its first peak. At larger distance from the mica surface, density peaks of both
ions diminish. These results suggest that beyond the first ion adsorption layer, the layering

of both ions is weak.

Since the adsorption of the first cation and anion layers on the mica is strong, we
examine the organization of these adsorbed ions. Figure 4-2 b-d show the top, bottom, and
side views of the BMIM" and Tf:N" ions located in their first density peaks. The BMIM*
ions are mostly adsorbed in the interstitial space between the surface K™ ions, likely due to
their affinity to the mica’s negatively charged basal oxygen atoms. The Tf2N" ions are
primarily located above the surface K* ions, which explains why the density peak of the
TN ions is slightly further away from the mica surface than that of the BMIM" ions. The
adsorbed BMIM™ ions exhibit some orientation ordering. To quantify this ordering, we
compute the probability distribution of the orientation of the BMIM™ ions’ imidazole rings
and butyl tails, i.e., P(cos 8) and P(cos ), where 8 (@) is the angle formed by the normal

vector of the imidazole ring (the vector pointing from the first to the last carbon atom of
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Figure 4-2. Structure of [BMIM][Tf>N] liquids near a dry mica surface with a zero net charge
density. (a) The density profiles of the cations and anions. The position of the cation (anion) is
based on the geometrical center of its ring (its nitrogen atom). (b-d) The top, bottom and side
views of the first layer of cations and anions near the mica surface. The color coding of different
species is shown in Fig. 4-1. The last atom on the cation’s hydrophobic tail is shown in light
blue. (e-f) The probability density distribution of the orientation of the ring (e) and tail (f) of
the first and second layer of BMIM" ions near the mica surface with respect to the normal
direction of the mica surface.
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the butyl tail) and the normal vector of the mica surface (see Fig. 4-2 e-f). These BMIM*
ions’ imidazole rings prefer to orient normal to the mica surface (Fig. 4-2¢); their tails
prefer to lie parallel to the mica’s surface or point into the bulk liquids (Fig. 4-2f). Figure
4-2 e-f also shows that, for the BMIM" ions in the second layer near the mica, their
orientation ordering almost vanishes. These results show that, while the interfacial BMIM*
ions exhibit modest structural ordering, this ordering is limited to the adsorption layer.
These observations are in line with the study by Cheng ef a/, in which it was suggested that

dry RTILs near freshly cleaved mica exhibit very weak structuring.!01-102

We next examine the mica-RTIL interface when water is introduced to the interfacial
zone. As described above, 160 water molecules are initially placed over the mica surface.
Figure 4-3a shows their density distribution near the mica surface during the last 40ns of
our 50ns simulation. The water density at z>1.0nm is nearly zero, indicating that all water
molecules remain in the interfacial zone. This is expected: since the load of water in the
system far exceeds its solubility in the RTILs, water must be phase separated from the bulk
RTILs. Here, water molecules are accommodated on the solid substrate as a thin film
because they are stabilized by the hydrophilic mica and, to a less extent, the interfacial
RTILs (see below). If the substrate is less hydrophilic, water may phase separate from the
bulk RTILs in other forms, e.g., if we remove the partial charge on the mica atoms to make
the mica less hydrophilic, the water introduced into the system will form a droplet rather

than a thin film on the mica surface (see Fig. C-4).

The first and second water peaks appear at z=0.19 and 0.30nm, respectively. The

bottom and side views of interfacial zone indicate that the first peak of water corresponds
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Figure 4-3. Structure of [BMIM][Tf>N] liquids and water near a neutral mica surface with a
zero net charge density. (a) The density profiles of the cations, anions, and water molecules.
The density of water is scaled by a factor of five, and the position of the water molecules is
based on their oxygen atom. (b-d) The top, bottom and side views of the first layer of cations
and anions and all water molecules near the mica surface. (e-f) The probability density
distribution of the orientation of the ring (e) and tail (f) of the first and second layer of BMIM"

-0.5

0 0.5

cos(6)

-1 -0.5 0 0.5 1

cos(a)

ions near the mica surface with respect to the normal direction of the mica surface.
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to the water molecules interacting with the basal oxygen and the second peak of water
corresponds to the water molecules hydrating the surface K* ions (see Fig. 4-3¢ and Fig.
4-3d). Figure 4-3a also shows that the layer of BMIM" and Tf:2N" ions adsorbed on the dry
mica surface disappears. Instead, the first peaks of the BMIM" and TfN" ions appear at z
= (0.75 and 0.88nm, respectively, and are only modestly higher than the density in bulk
liquids. These first peaks are close to each other, suggesting that the charge separation near
the mica surface is negligible. The BMIM" ions in the first density peak exhibits weak
orientation ordering, with their ring slightly preferring a co-planar configuration with the
mica surface (Fig. 4-3¢) and their tail parallel to the mica surface or pointing to the bulk
liquids (Fig. 4-3f). The top view of the interfacial zone (Fig. 4-3b) further indicates that the
first layer of BMIM™ and Tf,N" ions near the mica surface are well mixed, with both ions
showing no preferred orientation in the horizontal plane. The comparison of these results
with the interfacial structure near dry mica surfaces (see Fig. 4-2) shows that, as water
appears at a neutral mica-RTIL interface, the layering of RTILs in the z-direction and their

lateral structuring are greatly weakened and the interfacial RTILs appear to be bulk-like.

The above results show that, when water molecular are introduced into the interfacial
zone, they outcompete the BMIM™ and Tf;N" ions in terms of adsorption on the mica
surface. In fact, the water molecules completely displace the BMIM* and Tf,N" ions
adsorbed on the mica surface and shifted their density peaks away from the mica surface
by ~0.4nm. The small size and the dipolar nature of the water molecules are essential for
these observations. For a water molecule in the interfacial zone, it shows strong affinity to
both the surface K* ions (via charge-dipole interactions) and the negatively charged basal

oxygen atoms (via hydrogen bonding).!?> The BMIM" and Tf;N" ions, both bulky and
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carrying delocalized charge, only show affinity to the basal oxygen and surface K" ions,
respectively. This difference, along with the fact the ion-mica interactions are screened by
the water molecules in the interfacial zone, enables water molecules to displace both ions
from the mica surface and become the major molecule solvating the surface K™ ions. Once
water displaces the ionic layers adsorbed on the mica surface, these ions essentially “float”
on a molecularly thin film of water. Because the mica surface carries no net charge, neither
BMIM™" nor Tf;N- ions are attracted to or repelled from it strongly. This, along with the
molecular roughness of the thin water film, makes it difficult for these ions to exhibit long-
range ordering in both lateral and vertical direction of the mica surface. Consequently, the

interfacial ions exhibit much weaker structuring compared to those near dry mica surfaces.

The effects of water on the interfacial structure of RTILs revealed in the above
calculations are specific to the water area density at the mica surface adopted here (or
equivalently, the relative humidity of the virtual ambient environment, see below). For
example, we can expect the first peak of both cations and anions to move closer to the mica
surface if a lower water area density is used. Nevertheless, the qualitative aspects of water’s
effects revealed here should remain, e.g., the weakening of the interfacial structure as water

1s introduced at the mica-RTIL interfaces.

Using Equation 4-1, the relative humidity of the virtual ambient environment, with
which the water molecules of our mica-water-RTIL system is in equilibrium, is found to
be 20.5 + 11.3% (see Appendix C). Because nearly all water molecules accumulate near
the mica surface, the area density of interfacial water in the present mica-water-RTIL
system is 13.8 nm™. For a bare mica surface exposed to an ambient environment, this area

density is obtained when its relative humidity is 76%.'%” Introducing a [BMIM][Tf:N] film
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on a mica substrate therefore enhances the adsorption of water on its surface. This
enhancement is a synergistic effect of two factors. First, water molecules outcompete bulky
ions in adsorbing on the mica surface. Second, because the BMIM™" and Tf,N" ions near the
mica surface can interact with interfacial water molecules via van der Waals and
electrostatic forces, these ions provide an energetically more favorable microenvironment

for the adsorption of water molecules than the vacuum space above a bare mica surface.

The favorable adsorption of water at mica-RTIL interfaces has practical implications.
If not all surface K™ ions of a mica surface immersed in dry RTILs are dissociated from the
mica lattice, then even exposing the RTILs to an environment with low relative humidity
will lead to significant adsorption of water on the mica surface. The observation that the
surface K* ions of mica are readily hydrated by the adsorbed water molecule (Fig. 4-3d)
suggests that, similar to the situation of a mica surface immersed in water, surface K" ions
may dissociate from the mica lattice and thus leaving the mica surface electrified. Hence,
we further explore the effect of water on the interfacial structure of RTILs near electrified

mica surfaces.
4.3.2 Interfacial structure near charged mica surfaces

We first examine the case where the interfacial zone is free of water. Figure 4-4a shows
the ion density profiles near the mica surface. Three closely positioned peaks,
corresponding to a layer of adsorbed BMIM" ions with different orientations, are observed
at z=0.30, 0.36, and 0.41nm. This BMIM" layer is followed by a diffuse Tf,N- ion layer
centered at z=0.93nm. The clear separation of the first BMIM® and Tf;N- ion layers

highlights the strong charge separation near the charged mica surface. Alternating layers
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Figure 4-4. Structure of [BMIM][Tf>N] liquids near a dry mica surface with a charge density
of -0.33C/m’. (a) The density profiles of the cations and anions. (b-d) The top, bottom and side
views of the first layer of cations and anions near the mica surface. The color coding of different
species is shown in Fig. 4-1. (e-f) The probability density distribution of the orientation of the
ring (e) and tail (f) of the first and second layer of BMIM" ions near the mica surface with
respect to the normal direction of the mica surface.
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of BMIM™ and Tf;N- ions are observed at larger distance, but the layering of ions is less
distinct and becomes rather weak at z ~ 3.0nm. These interfacial structures are consistent
with the generic picture of electrical double layers formed by RTILs near electrified

surfaces.93‘94’ 171,175-178

Beyond ion layering normal to the mica surface, we also examine the lateral and
orientation ordering of the interfacial BMIM" and TfN" ions. Figure 4-4 b-d show the top,
bottom, and side views of the first layer of BMIM* and Tf,N" ions near the mica surface.
BMIM* ions are seen to displace the Tf2N- ions completely from the space adjacent to the
mica surface (see Fig. 4-4d). While a distinct lateral ordering of BMIM" and Tf2N" ions is
not observed (see Fig. 4-4b and Fig. 4-4c), the BMIM" ions adsorbed on the mica surface
do show preferential orientation. From the distribution of the orientation of the BMIM*
ions’ imidazole rings shown in Fig. 4-4e, we observe that their rings prefer to lie parallel
to the mica surface (cos 8 = +1), and to some extent, to align perpendicular to the mica
surface (cos 6 = 0, see Fig. 4-4e). From the distribution of the orientation of the BMIM*
ions’ tail shown in Fig. 4-4f, we further observe that the adsorbed BMIM™ ions tend to
point their tails toward the liquid phase (i.e., away from the mica surface). This preferred
orientation is expected because, by staying away from the mica surface, the nearly neutral
tails make more room for the charged ring and the methyl group on the ring to accumulate
near the highly charged mica surface.!”-'8 This observation is also consistent with the

prediction by coarse-grained simulations of [BMIM][PFs] near charged mica surfaces.!?!

We next examine the interfacial structure near mica when water is introduced at the
same area density as in the case of neutral mica surfaces. Figure 4-5a shows the density

profiles of water and the ions. Water molecules are again confined within the interfacial
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Figure 4-5. Structure of [BMIM][Tf:N] liquids and water near a mica surface with a charge
density of -0.33C/m’. (a) The density profiles of the cations, anions, and water molecules. The
density of water is scaled by a factor of two. (b-d) The top, bottom and side views of the first
layer of cations and anions and all water molecules near the mica surface. (e-f) The probability
density distribution of the orientation of the ring (e) and tail (f) of the first and second layer of
BMIM" ions near the mica surface with respect to the normal direction of the mica surface. In
(e-f), the orientation distributions of the ring and tail of the BMIM" ions near dry mica with
the same surface charge density are shown for comparison.
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zone, and they approach the mica surface closer than the BMIM" ions. The first layer of
BMIM* ions near the wall, as indicated by the two closely spaced peaks in Fig. 4-5a (z=0.43
and 0.56nm), appears at a distance of ~0.5nm from the mica surface. The position of this
BMIM™ ion layer is similar to the position of the EMIM" layer revealed in the study of
humid [EMIM][BF.] near charged mica surfaces.!?> Compared to the dry mica case (see
Fig. 4-4a), the first BMIM" layer is shifted away from the mica surface by ~0.2nm, which
is similar to that observed in the coarse-grained MD simulations of dry and humid
[BMIM][PF¢] confined in a 1.8nm mica gap.'?! Note that although water molecules appears
closer to the mica surface than the BMIM™ ions, whose position is shown using the center
of its imidazole ring, the first layer of BMIM™" ions mostly stand on the mica surface with
the methyl group on their rings sticking on the surface and their tails up in the liquid.
Indeed, as shown in the bottom and side view of the first cation, anion, and water layers
near the mica surface (Fig. 4-5 c-d), no water molecules get between the first layer of
BMIM* ions and the mica surface. The first BMIM™ layer is followed by a TfoN- layer,
whose position is also shifted away from the mica surface by ~0.2nm compared to the dry
mica case. Beyond the first cation and anion layers, alternating layers of BMIM* and TH:N-
ions penetrating to ~3nm from the mica surface are again observed, although the heights

of the corresponding density peaks are lower than the dry mica case.

The above observations are in line with the results from the few simulation studies of
RTIL-water-mica interfaces available now.!?!- 125 Further analysis of the MD trajectories
reveals additional insight on how water modifies the structure of RTILs near charged mica
surfaces, in terms of ion layering, lateral and orientation ordering, and self-assembly of

cations near the mica surface.
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We first examine the ion accumulation in the interfacial zone in more details. We
define an accumulative count of the BMIM" and TfN™ ions using [y (z) = fOZ p+(s)ds and
an accumulative excess of cation using [, (2) = fOZ (p+(s) — p_(s))ds. T,, indicates how
the charge of a mica surface is screened as we move away from the mica surface: the charge
is fully screened when I, reaches o/e and over-screened when I, exceeds /e (o is
mica’s surface charge density; e is the electron charge). Figure 4-6 a-b compares I'; (2)
near mica surface with and without water. It shows that, in presence of water, the adsorption
of BMIM" on the mica surface is reduced by ~12% and the number of anions in the first
Tf2N" ion layer is reduced by ~27%. As a result, the overscreening of the mica’s surface

charge by the interfacial ions weakens (see Fig. 4-6c¢).
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Figure 4-6. The accumulation of ions near mica surface with a charge density of -0.33C/m’ in
presence and in absence of water. (a-b) The accumulative count of the BMIM ions (a) and

TH:N ions (b) as a function of the distance from the mica surface (Ty(z) = [ OZ p+(s)ds). (c)

The accumulative excess of cations as a function of the distance from the mica surface
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(T (2) = |, Oz(p+ (s) — p_(s))ds). In all panels, the outer boundaries of the first BMIM"™ and

TH2N" layers are marked using arrows.

Along with the reduced BMIM" adsorption on the mica surface, the ordering of the
adsorbed BMIM" is also modified by the interfacial water. Comparison of Fig. 4-4¢ and 4-
5¢ shows that, while the BMIM* ions adsorbed on dry mica surfaces are largely disordered,
those adsorbed on the “wet” mica exhibit strong ordering in the lateral plane. Inspection of
the trajectories indicates that these ions are localized at spots where the surface K* ions
were removed during the electrification of mica surfaces. Figure 4-5e¢ shows that the
BMIM* ions adsorbed on the mica surface tend to orient their rings normal to the surface,
in contrast to the situation near charged, dry mica, where the rings of many of the adsorbed
BMIM™ ions lie parallel to the surface. Figure 4-5f shows that, as in the case of dry mica,
the adsorbed BMIM" ions mostly point their tails toward the bulk liquids. However,
compared to that near dry mica, the tails of the second layer of BMIM" ions near “wet”
mica have slightly more preference to orient their tails toward the mica surface. This tail
arrangement, along with the fact that the tails of the first layer of adsorbed BMIM" ions
point toward bulk liquids, suggests that, the tails of the first two BMIM™ ion layers tend to
181

aggregate. This aggregation, a form of self-assembly often encountered in bulk RTILs,

is more distinct near “wet” mica surfaces than near dry mica surfaces.

As with the effect of water on the interfacial structure of RTILs near neutral mica
surfaces, the effect of water on the structure of RTILs near charged mica surfaces revealed
here are specific to the water area density and mica surface charge density we adopted here.
However, the qualitative aspects of water’s effect revealed here should persist under other
water area densities. In particular, the weakening of overscreening by water is likely a

universal phenomenon.
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The multi-faceted effects of water on the interfacial structure of RTILs near mica
surfaces are caused by the small, but finite size of water molecules and the dielectric
screening by the water molecules. The interactions between a highly charged mica surface
and the BMIM" ions are stronger than that between the mica surface and water molecules.
However, once the number of BMIM* ions adsorbed on the mica surface can fully screen
its charge, the smaller water molecule can compete effectively with the bulky BMIM™ ions
for the space near the strongly hydrophilic mica surface. In face of the competition for
space by water molecules, the BMIM" ions must pack more effectively near the mica
surface when screening its surface charge. Therefore, BMIM® ions are adsorbed
preferentially on surface spots with more localized negative charge (i.e., the spot below the
removed surface K* ions) and adsorbed BMIM" ions align their rings normal to the mica
surface. Furthermore, the interfacial water molecules screen the electrostatic interactions
between the BMIM* and Tf2N" ions, thus reducing their correlations. Since weaker cation-
anion correlations generally reduce the over-screening of surface charge by RTILs,!% the
adsorption of BMIM" ions on the mica surface and the accumulation of Tf2N- ions near the
adsorbed BMIM™ ion layer reduces, as observed in Fig. 4-6a and 4-6b. Because the first
TH2N" ion layer near “wet” mica surfaces is less dense compared to that near dry mica
surfaces, it leaves more space to accommodate the tails of the ions in the second BMIM*
ion layer near the wall. Therefore, more ions in the second BMIM™ ion layer point their tail

toward the mica surface.

While water greatly modifies the structure of interfacial RTILs near charged mica
surfaces, the interfacial ions also affect the adsorption of water at the mica-RTIL interface.

The area density of interfacial water in the charged mica-water-RTIL system is the same
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as that in the neutral mica-water-RTIL system. Using Equation 4-1, the relative humidity
of the virtual ambient environment, with which the water molecules of our charged mica-
water-RTIL system is in equilibrium, is found to be 4.9 + 3.9% (see Appendix C), which
is lower than that found in the neutral mica system (20.5 £+ 11.3%). Therefore, as a mica
surface immersed in RTILs develops net charge, the adsorption of water molecules near it

is further enhanced.
4.3.3 A general picture of ionic liquid structure near “wet” surfaces

The above results suggest that interfacial water plays three roles in shaping the
structure of RTILs near a mica surface. As a dielectric solvent, water screens the
electrostatic ion-ion and ion-mica interactions and thus tends to weaken layering at a given
surface charge. At the same time, the dielectric screening and hydration of surface atoms
by water can prompt the electrification of mica surfaces and thus enhancing ion layering
near them. As a molecular liquid, water competes with the ions for space near the strongly
hydrophilic surfaces, prompts the organization of the hydrophobic tails of the ions, and
enforces preferential orientation of the cations’ rings, all of which can potentially enhance
the ordering of the interfacial ions. The interplay of these roles, which depends on the
charge of the mica surface, makes the effect of water on the interfacial ion structure rather
complicated. Introducing water can either enhance or weaken the layering of interfacial
ions depending on the net charge of the mica surface. Likewise, the lateral and orientation
ordering of these ions can either be enhanced or weakened by the introduction of interfacial

water.

With the results in the previous sections and prior studies of the interfacial structure

of humid RTILs, !01-102, 105, 119125 we can postulate a general picture of the structure of
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RTILs near “wet” surfaces (see Fig. 4-7). Specifically, in presence of environmental water,
the RTIL structure near a surface, whose charge is not dictated by external means (e.g.,
gold surfaces connected to a voltage source), is governed by the three-way coupling among
the self-organization of ions, the interfacial water adsorption, and the electrification of the
surface. The importance of each process as well as how it depends on input parameters
(e.g., nature of RTILs and solid surface and the availability of water in the environment,
see the blue boxes in Fig. 4-7) are reasonably established both experimentally and in
simulations, 101-102, 121,123,125, 127 Here, we emphasize that these processes are tightly coupled
and attention should be paid to their interplay in understanding how input parameters of
solid-RTIL-water systems determine the interfacial structure or RTILs. For example, the
adsorption of water in the interfacial zone can lead to good hydration of mica’s surface K*
ions and the self-organization of ions near a mica surface can conceivably modify the local
dielectric environment experienced by the surface K* ions, both of which can prompt the
dissociation of these surface ions and thus the electrification of the mica surface.
Furthermore, the adsorption of water at solid-RTIL interfaces is strongly coupled with the
ion self-organization and surface electrification. Even some level of positive feedback
among the three processes may appear during the development of interfacial structures near
an initially uncharged solid surface. As pointed out above, the presence of [BMIM][T{2N]
on mica surfaces enhances the adsorption of water compared to bare mica surfaces. The
adsorbed water may initiate/enhance the electrification of the mica surfaces, which in turn
modifies the organization of ions near the surface and attracts even more water molecules

to the interfacial zone.
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Figure 4-7. A general picture of the structure of room-temperature ionic liquids (RTILs) near
solid surfaces that can be electrified by dissociation of the surface atoms. The top panel is a
schematic of a solid-RTIL system exposed to the ambient environment. The bottom panel
shows the envisioned picture of how the nature of the system (RTILs, solids, and environment)
affects the three tightly coupled processes, whose interplay determines the structure of the
interfacial RTILs and water.

4.4 Conclusions

We study the structure of [BMIM][Tf:N] near mica surfaces with a focus on how the
interfacial ion structure is affected by the presence of water and the electrification of mica
surfaces. Near dry, neutral mica surfaces, BMIM" and Tf;N" ions are adsorbed into closely
separated layers with little charge separation. The adsorbed BMIM™ ions exhibit modest
lateral and orientation ordering, but ions beyond the first layer shows very modest
structuring. The water molecules introduced at the neutral mica-RTIL interfaces displace
the ions from the mica surface and the structuring of the interfacial ions nearly diminishes.

Near dry, highly charged mica surfaces, strong and alternating layering of BMIM" and
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T£2N" ions is distinct, but the lateral and orientation ordering of the ions is obvious mainly
in the first BMIM" layer. Introducing water into the system weakens the adsorption of
BMIM™ ions on the mica surface and the subsequent layering of TH,N- and BMIM™" ions
away from the mica surface. Nevertheless, the lateral and orientation ordering of the
BMIM* ions contact adsorbed on the mica surface becomes stronger and modest

aggregation of the hydrophobic tails of the first and second layers of BMIM* ions occurs.

Our simulations and insight from prior works on RTIL-water-mica systems suggest a
general picture of how water affects the interfacial structure of RTILs, i.e., in presence of
environmental water, the structure of RTILs near a surface electrifiable via surface atom
dissociation is governed by the three-way coupling between the self-organization of
interfacial ions, adsorption of water at RTIL-solid interfaces, and the electrification of the
surface. Delineating how these processes and their interplay depend on choice of RTILs,
nature of the solid surfaces, and the availability of water in the environment will provide a
mechanistic understanding of the interfacial structure of humid RTILs near solid surfaces.
Research in this direction, especially on the strong coupling of the three processes, can
benefit from the integration of different techniques. For example, in this study, the
dissociation of the surface K* ions is taken as an input because our simulations cannot
handle bond breaking. Density functional theory (DFT) simulations capable of resolving
the dissociation of surface K ions may be combined with classical MD simulations (or

classical DFT simulations) to address this limitation in the future.

Water is often treated as nuisance in the application of RTILs until most recently.
However, at least for water-stable RTILs, water may be leveraged to improve the

performance of devices whose function depends on the properties of interfacial RTILs. The

81



concept of tailoring the molecular design of RTILs to obtain desired interfacial structure is
widely practiced in applications of RTILs. The idea of using interfacial water as a new
handle to manipulate the interfacial structure (and thus dynamics) of RTILs can potentially
complement this widely practiced concept and allow more flexibility in the application of
RTILs. In this regard, encouraging results have already been reported for using interfacial
water to improve capacitive energy storage and lubrication.” We hope these results will
stimulate new fundamental and applied researches on this idea in the future and the general
picture of the interfacial structure of RTIL suggested in this work can help guide these

researches.

Supporting Information Available in Appendix C: Method for computing the relative
humidity of the virtual ambient environment with which the interfacial water is in

equilibrium and force field parameters.
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Chapter 5: Adsorption of Molecular Nitrogen in
Electrical Double Layers near Planar and

Atomically Sharp Electrodes

Disclosure

This work has been published by the American Chemical Society: F. Zhang, A. J.
Rondinone, J. Huang, B. G. Sumpter, and R. Qiao, “Adsorption of Molecular Nitrogen in
Electrical Double Layers near Planar and Atomically Sharp Electrodes”, Langmuir, 34, 48,

2018.

5.1 Introduction

The adsorption of small gas molecules such as N2 and CO: near solid surfaces
immersed in liquids is encountered in diverse applications including chemical separations

182-184 Dye to the adsorption, gas molecules are enriched at the solid-liquid

and catalysis.
interfaces, which could be either beneficial or detrimental to the chemical and/or physical
processes. The accumulation of gas molecules at the solid-liquid interfaces encompasses
both their adsorption on the solid surface and their absorption in the interfacial zone within
a few nanometers from the solid surface, where the structure of the liquids differs from that
in bulk liquids. Given the molecular-size thickness of the interfacial zone,'® it is not
straightforward to differentiate the gas absorption in this zone and the gas adsorption on

the solid surface. Hence, these two forms of gas accumulation are often lumped as just one

term of gas adsorption at liquid-solid interfaces.!3>136: 186 [t is essential to understand such
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gas adsorption phenomena in order to offer insight for diverse applications where desirable

gas adsorptions need to be enhanced while unwanted ones need to be suppressed.'®?

The quantification of gas adsorption at solid-liquid interfaces along with the
clarification of underlying mechanisms are experimentally challenging because such
interfacial phenomenon involves not only adsorbates and adsorbents but also solvent
molecules, which makes the problems of gas distribution and liquid structure in the
molecularly thin interfacial zone complicated.'®> '¥7 Molecular simulations, on the other
hand, can probe the structure and energetics of gas molecules in the interfacial zone at a
molecular resolution and thus serve as a powerful tool to address these challenges. Earlier
molecular dynamics (MD) simulations showed that gas molecules modeled as Lennard-
Jones particles are enriched near hydrophobic walls immersed in water.!'3¢ Recent Grand
Canonical Monte Carlo simulations showed similar enrichment of gas molecules dissolved
in water and suggested that the enrichment does not show strong gas specificity.'*> Most
recently, the Aluru group systematically examined the adsorption of dissolved gas
molecules near graphene walls using MD simulations by computing the potential of mean
force (PMF) of these molecules near the wall.!3¢ Their analysis revealed that, in addition
to the gas-wall interactions, the solvent effects play a crucial role in gas adsorption. While
the gas adsorption is enhanced by the solvent-induced entropic effects, it is also hindered

by the solvent-induced enthalpic effects.

Our interest in the adsorption of gas molecules at solid-liquid interfaces mainly comes
from a recent report of electrochemical synthesis of NH3 from N».!13* Song et al. showed
that N> gas dissolved in aqueous electrolytes can be electrochemically reduced on the

surface of N-doped carbon electrode materials that exist in the form of carbon nanospikes
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with tip sizes as small as ~1 nm. As a result, NH3 can be synthesized electrochemically
with a Faradaic efficiency of 11.5% and a production rate of 97.2 ug hr~! cm~2 under
ambient conditions.!3* It was found that the reaction is driven by the sharp tips of the carbon
nanospikes, since MD simulations in combination with ab initio calculations showed that
the electrical field near the nanospikes is strongly enhanced to promote the reactivity of the
otherwise inert N> molecules.!** This was also corroborated by experiments that etched the
sharp carbon nanospikes away, resulting in a dramatic decrease in N> electrochemical
reduction process. Regardless of the chemical details of the electrochemical reduction of
N>, the adsorption of N at the interface of the carbon nanospikes and electrolyte solutions
is an essential step of the electrochemical reactions. Understanding this phenomenon would
thus help us further clarify the process of electrochemical N> reduction on the carbon

nanospikes.

Prior works on the gas adsorption at solid-liquid interfaces can lend some help toward
the understanding of the adsorption of N> on/near carbon nanospikes. For instance, based

135-136 it is expected

on the prior simulations of dissolved N> and other similar gas molecules,
that N> molecules are locally enriched near the carbon nanospikes compared to their
distribution in bulk electrolytes. However, the adsorption of N> on the carbon nanospikes
in the experiments by Song et al. exhibits several features not explored in the previous
studies of gas adsorption at solid-liquid interfaces, and therefore some important questions
remain open. First, during the electrochemical reduction of Na, the carbon nanospikes are
electrified and thus electrical double layers (EDLs) are established at the electrode-

electrolyte interfaces. Within the EDLs, the structure of solvent water, which can affect the

gas adsorption based on prior research,'*’ can deviate strongly from those near neutral solid
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surfaces and in bulk electrolytes. However, to our best knowledge, the adsorption of gas
molecules near electrified electrodes, or equivalently in EDLs at the electrode-electrolyte
interfaces, has not been studied. Second, the carbon nanospikes have tip sizes as small as
~1 nm. How gas adsorption is affected by the large curvature of these surfaces is not clear
because most previous studies focused on gas adsorption near planar walls. The advent of
electrochemical catalysts with nanotextures has thus opened up new opportunities for

applications along with challenges for understandings.

In this work, we investigate the N> adsorption in the EDLs formed at the interfaces of
solid electrodes and aqueous electrolytes using MD simulations. The effects of
electrification of carbon electrodes and their different surface curvatures are examined in
detail to address the above raised questions. N> enrichment is found near neutral electrodes
regardless of the surface curvature. In comparison, N2 enrichment is further enhanced when
the electrode is moderately charged, but is reduced when the electrode is highly charged,
especially in the EDLs near a planar electrode. When the electrodes are highly charged, the
amount of N> molecules available for electrochemical reduction is an order of magnitude
higher near spherical electrodes than near planar electrodes. We further studied the
potential of mean force for dissolved N> and investigated the interfacial water structure

along with the hydration shell of N> to rationalize the observed gas adsorption behavior.

The rest of this manuscript is organized as follows. Section 5.2 describes the
simulation system and method. Section 5.3 presents the N> adsorption in EDLs and how it
is affected by the charge density and surface curvature of the electrodes. Finally,

conclusions are drawn in Section 5.4.
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5.2 Simulation Systems, Models, and Methods

System. Two types of systems featuring planar and spherical electrodes were studied.
In the first type of system (Figure 5-1a), a slab of aqueous LiCl electrolyte was placed on
a graphene bi-layer, where the surface charge density of the top layer in contact with the
electrolyte was set to o =0, -0.08, and -0.16 C/m? by assigning small partial charges evenly
on the carbon atoms. The dimension of the system box was 4.426x4.486 nm? in the
direction parallel to the electrode surface and 18 nm in the direction normal to the electrode
surface. The electrolyte contained 3700 water molecules, resulting in a ~6 nm-thick liquid
layer over the electrode’s top surface. In the case of a neutral electrode, 40 pairs of Li* and
CI" ions were dissolved in the water layer giving a concentration of ~0.5 M. When the
electrode carried a surface charge density of -0.08 or -0.16 C/m?, 10 or 20 additional Li*

ions were added into the water layer to neutralize the charges on the electrode.

rSrCECIRI ¢ 6 L 6 CF 8N, > KO

Figure 5-1. Snapshots of the MD systems for studying the adsorption of N in the electrical
double layers (EDLs) near planar (a) and spherical (b) electrodes.

In the second type of system (Figure 5-1b), a spherical electrode consisting of two
atom layers was used to represent the strong surface curvature at the sharp tip of carbon

nanospikes. The radius of the outer atom layer for the spherical electrode was set to 1 nm.
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The electrode was fixed in the middle of the MD box measuring 5.858x5.858x5.858 nm?
and surrounded by the same electrolyte as in the first type of system. Different surface
charge densities were also explored to investigate their effect on the N2 adsorption in EDLs
near electrodes with a strong surface curvature. The spherical electrode was surrounded by
6400 water molecules. For neutral electrode, 58 pairs of Li* and CI- ions were dissolved in
the water solvent giving a concentration of ~0.5 M. An additional 6 or 12 Li* ions were
added to neutralize the electrode’s charge when the electrode carried a surface charge
density of -0.08 or -0.16 C/m?, respectively. For both types of systems, the Debye length
of the electrolyte is ~0.4 nm under the studied ion concentration, regardless of the surface

charge densities, which produces a nanometer-thick EDL near the electrode surfaces.

Due to the low solubility of N> molecules in water, it is challenging to simulate N>
adsorption in EDLs directly using MD simulations. Instead, we simulated a single N>
molecule in EDLs. By constraining one N2 molecule at various distances from the electrode
surface in a series of simulations, we studied the N> adsorption using the Umbrella
sampling method.!®1%% From the distribution of the N> molecule obtained in these
simulations, we constructed the PMF (¢) of a single N> molecule as a function of its
distance x from the electrode surface using the Weighted Histogram Analysis Method
(WHAM) technique.!®® By setting the PMF of N, in the bulk electrolyte as a reference, i.e.,
¢ = 0, the density distribution of N2 in an EDL in equilibrium with an electrolyte that

has a bulk N, density of p,, was then calculated using Boltzmann distribution as'®!

p(x) = poexp (—%) (5-1)

In this work, p, was taken as 3.55 X 10~* nm, which is the saturation density of N

molecules in water exposed to a pure N2 gas reservoir under a pressure of 1 atmosphere
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(101.325 kPa) at 300 K. In the present method of computing the N> density in EDLs in
equilibrium with a N» gas reservoir, because the PMF was obtained from simulations based
on only a single N> molecule, it is implicitly assumed that the concentration of N
molecules in the EDLs is so low that they do not affect the adsorption of one another. Under
the conditions studied here, where p,, is low and the enrichment of N> in the EDLs is
modest, the lateral distance between the N> molecules adsorbed in the real EDLs in
equilibrium with a N; gas reservoir would be in the range of 43-167 nm (see Appendix D).

Therefore, the above assumption is valid.

Models. Water molecules and N> molecules were modeled using the SPC/E model and
TraPPE force fields, respectively.!#!: 12 With the TraPPE force fields, the N> molecule has
a dipole moment of zero and a quadrupole moment of —4.67 X 107%° C-m?. The Li* and

195 The planar electrodes

CI" ions were modeled as charged Lennard-Jones (LJ) spheres.
consisted of two A-B stacked graphene layers separated by 0.33 nm. The spherical
electrodes consisted of two layers of carbon atoms separated by 0.33 nm in the radial
direction. The carbon atoms in each layer were arranged in a lattice consisting of
pentagonal and hexagonal rings, and the distance between neighboring carbon atoms on
the outer surface of the carbon nanosphere was 0.14 nm, similar to that in graphene. The
LJ parameters for carbon atoms were the same as those used in prior study of H, and CO;

adsorption on graphenes.” The Lorentz-Berthelot combination rule was used to obtain the

LJ parameters between different types of atoms.

Simulation protocol and method. To build the simulation systems, water molecules
and electrolyte ions were placed in the MD box using the Packmol code.!*> One N»

molecule was then introduced into the systems and located at different distances from the
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electrode surface. All simulations were performed using the Gromacs code!** in the NVT
ensemble (T = 300 K). A cutoff radius of 1.3 nm was used for computing the non-
electrostatic interactions. To compute the electrostatic interactions, the Particle Mesh
Ewald (PME)!** method was used with an FFT grid spacing of 0.11 nm and a real space
cutoff of 1.3 nm. The electrode atoms were fixed in all simulations. The geometry of the
water molecules was maintained using the LINCS algorithm.!6? The implementations of
the Umbrella sampling and WHAM methods in Gromacs were used to compute the PMFs
of the single N> molecule at a distance of z=~0.25 to 1.50 nm from the electrode surface.!*
In the series of Umbrella sampling simulations performed, the spacing between the
consecutively constrained N> molecules was 0.075 nm. To account for the entropic
decrease of the PMF due to the increase of the number of configurations with the radial
distance s from the center of the spherical electrodes, the PMF of the N> molecules
computed using Gromacs was corrected by kgTIn(4ms?).!%1% In each constrained
simulation, an equilibrium run of 5 ns was performed first, followed by a production run

of 15 ns to gather statistics.

5.3 Results and Discussion

5.3.1 Macroscopic N; adsorption behavior in EDLs

To quantify the adsorption of N2 molecules in the EDLs macroscopically, we define
the surface excess of the adsorbed N> molecules I, near planar and spherical electrodes

by the following two equations, respectively
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f (p(x) — poo)dx (5 — 2a)
0

f (p() - pe) (@2 /R2)dx (5 —2b)
0

where p(x) is the density of N> molecules at a distance of x from the electrode surface
computed using Equation (5-1), 7(x) = R + x, and R =1 nm is the radius of the spherical
electrode’s outer surface. By calculating I3,,, we can determine to what extent the N>

molecules in the EDLs are enriched or depleted near the electrode surface compared to that

in the bulk electrolyte.
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Figure 5-2. Adsorption of N> molecules in the EDLs near planar and spherical electrodes. (a)
The variation of the surface excess of adsorbed N> molecules with the electrode surface charge

density. (b) The variation of the electrochemically available N> molecules with the electrode
surface charge density.
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The excess adsorptions of N2 in EDLs near different electrodes calculated by Equation
(5-2) are shown in Figure 5-2a. For both planar and spherical electrodes with zero charge,
N2 molecules are slightly enriched near the electrode surface. In comparison, the adsorption
is significantly increased for both electrodes when the electrode surface charge density
changes from 0 to -0.08 C/m?. When the electrodes become highly charged (o = -0.16
C/m?), N adsorption in the EDLs is weakened for both electrodes compared to that at the
medium charge density. However, compared to the bulk electrolyte, N> molecules are still
moderately enriched near the spherical electrodes, although they are depleted near the

planar electrodes.

The surface excess of N> computed above only provides information on the overall
enrichment of N> molecules in the electrolytes without revealing the effect of their distance
from the electrode surface. Whether the electrochemical reduction of a N> molecule can
occur, however, also depends greatly on its distance from the electrode surface. For
example, considering the electron tunneling effect, the probability (P) that a molecule can
be reduced electrochemically decreases exponentially as its distance x from the electrode
surface increases, i.e., P(x)~e 5%, where f is the electron decay factor that depends on
the nature of solvents and is 15.9 nm! in aqueous electrolytes.!®” Despite the likely
complicated mechanisms of N, reduction on the sharp tips of the nanospikes in Ref. 134,
the reduction of the N> molecules adsorbed near the carbon nanospikes should still follow
the exponential law shown above once free electrons become available in the EDL. Based
on this exponential law, we quantify the electrochemically available N> molecules 8, per

unit area of planar and spherical electrodes by the following two equations, respectively
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J-me‘ﬁxp(x)dx (5-3a)
Be =1 oo
fo e=P* p(x0) (1 + x/R)?dx (5 — 3b)

Figure 5-2b shows the results of 8, for both planar and spherical electrodes calculated
using Equation (5-3). At both the neutral and modest surface charge densities (o =
0 and — 0.08 C/m?), the density of electrochemically available N> molecules near the
planar electrode is comparable to that near a 1.0 nm-radius spherical electrode. However,
when electrodes are highly charged (6 = —0.16 C/m?), the electrochemically available N
molecules near the 1.0 nm-radius spherical electrodes are one order of magnitude higher
than those near planar electrodes with the same surface area. The enhanced availability
near spherical electrodes originates from the fact that the N, adsorption near highly charged
spherical electrodes is stronger than that near planar electrodes with the same surface
charge density. This suggests that, when operating under high voltages, the electrodes with
large surface curvature are able to promote the electrochemical reduction of the N

molecules more effectively.

To understand the molecular mechanisms underlying the N> adsorption behavior
revealed in Figure 5-2, we next examine the PMFs of N> molecules in the EDLs of the two

electrodes of different charge densities and surface curvatures, and their physical origins.
5.3.2 Molecular details of N2 adsorption near planar electrodes

Neutral electrodes. The macroscopic adsorption characteristics of N2> molecules in an
EDL depend on the distribution of their density, or equivalently, the PMF across the EDL
(see Equation 5-1). Figure 5-3a shows the PMF of a N> molecule near a neutral, planar

electrode. As the molecule moves away from the electrode surface, a deep valley of -5.33
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kJ/mol, which favors the local accumulation of N> molecules, is first observed at z = 0.34
nm. It is immediately followed by a high peak of 4.58 kJ/mol at z = 0.54 nm, where N>
molecules tend to be depleted. Beyond the first valley and peak, the PMF oscillates but the
subsequent valleys’ depth and peaks’ height become less distinct with increasing distances.
Atz 2 1.2 nm, the PMF is essentially zero, indicating that the effect of the planar electrode

on the adsorption of N> molecules is limited to within a distance of ~1.2 nm from its

surface.
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Figure 5-3. The potential of mean force (PMF) of a N> molecule near a neutral planar electrode
(a) and its contribution from the Nz-electrode interactions and the solvent effects (b).
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To understand the total PMF shown in Figure 5-3a, we decomposed it into two
components following the approach adopted in a prior work,!*® ie., a Ni-electrode
interaction component and a solvent-induced component. The former component was
determined by computing the non-electrostatic potential between a N> molecule and the
neutral electrode at various N»-electrode distances found in our simulation trajectories.
This component was subtracted from the total PMF to obtain the solvent-induced
component of the PMF. These two components of the PMF are shown in Figure 5-3b. We
observed that when z = 0.3 nm, the N»>-electrode interaction component is always negative
while the solvent-induced component is always positive. These observations agree with
those reported by Lee and Aluru in their study of H> and CO, near neutral graphenes.!3¢
Along with the fact that the valley of the potential due to N2-electrode interactions (z =0.35
nm) nearly coincides with the first valley of total PMF (z = 0.34 nm), these results suggest
that the non-electrostatic N>-electrode attractions contribute to the enrichment of the N»
molecules near neutral electrodes. However, in the region z < 0.5 nm, the solvent-induced
PMF also decreases as the molecule moves toward the electrode. This suggests that the
solvent-induced effects also partly contribute to the formation of the first PMF valley. In
fact, the solvent-induced effects are the main reason for the oscillation of the total PMF at
z > 0.5 nm because the potential of Nz-electrode interactions only displays a monotonic
decrease in magnitude as the molecule moves away from the electrode. Consequently,
understanding the solvent-induced effects on the PMF of an interfacial N> molecule is
essential for understanding the total PMF (and thus the adsorption) of N> molecules in the

interfacial zone.
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Figure 5-4. The density distribution of water molecules around individual N> molecules
located at a distance of 0.17-0.85 nm from a neutral planar electrode. z is the vertical direction
and it points from the electrode’s top surface (z=0) toward the electrolyte. » is the radial
direction in the horizontal plane and it emanates from the central N> molecule. The upper
boundary of the first layer of water molecules on the electrode is marked with a horizontal
dashed line. The outer boundary of the first hydration layer of the N> molecule is marked using
a dashed circle. The positions of the N> and water molecules are based on their center-of-mass.

To understand the solvent-induced effects and their contribution to the N> molecule’s
PMF near the electrode, we examine how the N> molecule located at different distances
away from the electrode is hydrated by water molecules. Figure 5-4 shows the distribution
of water molecules as a function of their vertical distance from the electrode surface (z)
and their radial distance from the interfacial N> molecule in the horizontal plane (7). The
water distribution can be examined from two different perspectives. From the perspective
of the electrode, we observe that a distinct water layer centering on z = 0.34 nm is formed,
with its upper boundary marked by a white dashed line in Figure 5-4 (another, albeit less

well-defined, water layer can also be identified at z = 0.61 nm). Such a layering of water
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molecules is a well-known signature of the solid-liquid interfaces,!”® and can be also clearly
seen from the average density profile of water molecules near the electrode (see Figure D-
1 in the Appendix D). From the perspective of the interfacial N> molecule, a shell of
hydration water can be also clearly discerned, with its outer boundary marked by a white

dashed circle in Figure 5-4.

Figure 5-4 also shows that, when a N> molecule moves away from z =0 to ~0.5 nm,
the evolution of the water structure around it is characterized by a decrease of the electrode-
water interfacial area along with an increase of the Na-water interfacial area. Because,
water molecules interact much more weakly with a N> molecule than with the electrode (as
is evident from the more distinct layering of water near the electrode, see Figure 5-4), this
evolution of the Nao-water and electrode-water interfacial areas comes with a free energy
penalty and leads to an increase of the solvent-effect component of the PMF shown in
Figure 5-2b. Such an energy penalty, together with the increase of the Na-electrode
interaction potential (or decrease of its magnitude) as a N> molecule moves away from the

electrode, helps explain the increases of the total PMF as z increases from 0.35 to ~0.5 nm.

The situation changes when the N> molecule moves further away from the electrode
surface. As shown in Figure 5-4, when z is in the range ~0.5 to 0.7 nm, water molecules
gradually appear beneath it, thus both the N>-water and electrode-water interfacial areas
increase. However, given the strong interactions between the water molecules and the
electrode, the increase of electrode-water area is favorable, while the increase of N>-water
interfacial area is much less favorable. The water molecules at the newly appeared N»-
water interfaces, which are sandwiched between the N> molecule and the electrode surface,

may interact strongly with the electrode. As such, the evolution of the N»>-water and
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electrode-water interfaces as the N> molecule moves away is overall a favorable process
accompanied by the decrease of the solvent-effect component of the PMF. In the same
region, the PMF component due to the Nx-electrode interactions increases but the total
PMF gradually decreases. These facts together indicate that the solvent effects dominate
over the Na-electrode interactions, thus causing the PMF of the N> molecules to decrease

as it moves from z = ~0.5 to 0.7 nm.

Figure 5-4 also shows that as the N> molecule moves further from the second valley
of PMF (z = 0.68 nm) toward the bulk electrolyte, the N>-water and electrode-water
interfacial areas no longer change, but the PMF of the N> molecule still oscillates weakly.
This oscillation of the PMF can be understood qualitatively as a result of the interference
between the water structure near an individual interfacial N> molecule and that near the
electrode surface. We note that the similar “interference” concept has been used to
rationalize the oscillatory capacitance of nanopores and the oscillatory inter-surface

interactions mediated by liquids.!*-2%

In bulk electrolytes, water molecules form a shell around each N> molecule and a
density peak is observed at a distance of 0.36 nm from the N> molecule (see the radial
distribution function of water molecule with respect to the N> molecule in Figure D-2 of
the Appendix D). Near an electrode, as the distance from the electrode surface increases,
water also forms increasingly blurred layers with density enhanced at the center of each
layer and suppressed at positions between adjacent layers. When a N> molecule is
positioned near the electrode surface, the water structure around it and near the electrode
surface can interfere in two qualitatively different ways: in the positive (negative)

interference, the density peak of the water shell near the N> molecule overlaps with one of
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the density peaks (valleys) of water near the electrode. For example, when a N> molecule
is positioned at z = 0.70 nm, the density peak corresponding to its first hydration shell is
located on the spherical surface 0.36 nm from the N> molecule and interferes positively
with the first water density peak. As aresult, the packing of water near both the N> molecule
and the electrode surface is optimized, and an enhanced water density is found beneath the
N2 molecule. Therefore, the accumulation of N> molecules at this position is favored, which
helps explain the fact that the solvent-effect part of N2’s PMF is locally minimized at z =
~ 0.68 nm (see Figure 5-3b). However, when a N> molecule is positioned at z = 0.86 nm, a
negative interference between its hydration shell with the first water valley near the
electrode drives the depletion of water molecules at the south pole of the N> molecule,
resulting in an unfavorable packing of water locally. Therefore, the N> molecule tends to
be driven away from this location, which is in line with the observation that the solvent-

effect component of the N>’s PMF is maximized at z = ~0.83 nm.

Due to the reasons given above, as the N2 molecule moves further away from the
electrode, positive (negative) interferences between its hydration shell and the second
water peak (valley) near the electrode are observed. Consequently, the solvent-effect
component of the N2’s PMF shows further oscillation. However, because the second water
density peak/valley near the electrode is much less distinct compared to the first water
density peak/valley (see Figure D-1 in Appendix D), the oscillation of the solvent-effect

component of the PMF (and thus the total PMF) is weak.

Charged electrodes. When the electrode is electrified moderately to a surface charge
density of -0.08 C/m?, the first PMF valley is deepened by 2.30 kJ/mol while the first PMF

peak is lowered by 2.04 kJ/mol compared to the PMF of a N, molecule near the neutral
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electrode (see Figure 5-5a). Beyond the first peak and valley (i.e., z = 0.7 nm), the PMF
deviates weakly from that near the neutral electrode. As the surface charge density

increases to -0.16 C/m?, the change of N> molecule’s PMF is again mainly limited to within
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Figure 5-5. Comparison of the PMFs of a N, molecule near planar electrodes (a) and spherical
electrodes (b) with different surface charge densities.

z=10.7 nm from the electrode surface (see Figure 5-5a). However, the first valley rises to
nearly zero while the first peak rises weakly by 0.43 kJ/mol. These changes indicate that
the enhanced adsorption of N> molecules in EDLs with o = -0.08 C/m? and the diminished
adsorption of N> molecules in EDLs with 0 = -0.16 C/m? observed in Figure 5-2a are
caused mainly by the change of the first valley’s depth of N> molecule’s PMF as the
electrode becomes electrified to different degrees. The non-monotonic evolution of the
N2’s first PMF valley with increasingly more negative surface charge density is interesting

and therefore is further examined below.
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Because the N> molecule has no dipole moment and the electrical field generated by
planar electrodes is uniform, the N»-electrode interactions and their contribution to the N2’s
PMF do not change as the electrode becomes electrified. Thus the non-monotonic variation
of the first PMF valley observed in Figure 5-5a should originate from the solvent effects.

Hence, we examine the distribution of water molecules near the electrode surface.

Figures 5-6 a-c compares the density profiles of water molecules near electrodes with
different surface charge densities. As o changes from 0 to -0.08 C/m? (see Figure 5-6a,b),
the height of the first water density peak near the electrode (hereinafter referred to as the
contact density) becomes lower while the first water density valley becomes less deep.
Meanwhile, an integration of the water density from the electrode surface to the boundary
of the first water layer (z = 0.5 nm) shows that the number of water molecules in the first
water layer per unit electrode surface area changes from 10.32 to 10.43 nm™. Together,
these results show that, as o changes from 0 to -0.08 C/m?, while the number of molecules
in the first water layer remains nearly unchanged, the contact density of water decreases
(i.e., water molecules are packed less compactly on the electrode). Because a N> molecule
at the first valley of its PMF (z = 0.34 nm) must first displace the water molecules on the
electrode surface to become contact adsorbed, the lower contact water density and less
compact packing of water molecules at ¢ = -0.08 C/m? facilitates the adsorption of N»
molecules at this place and hence the PMF valley is deeper than that when the electrode is
neutral. The less compact packing of interfacial water near the moderately charged
electrode can be understood as follows. It is very well established that, near a planar surface

whose atoms cannot form hydrogen bonds with the water molecules, the interfacial water
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Figure 5-6. Water and ion density profiles near planar electrodes (left panel) with a surface
charge density of 0 C/m?(a), -0.08 C/m? (b), and -0.16 C/m? (¢); and water and ion density
profiles near spherical electrodes (right panel) with a surface charge density of 0 C/m?(d), -
0.08 C/m? (e), and -0.16 C/m? (f). The vertical dashed lines denote the location of the first PMF
valley of the N> molecules (see Figure 5-5).
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molecules orient with their O-H bonds parallel to the surface to maximize the hydrogen
bonding among themselves.?!-2°2 Therefore, the interfacial water molecules exhibit strong
ordering and are compactly packed. When the surface becomes negatively charged, as
shown in Ref. 2%, the OH bonds of many water molecules are forced by the electrical field
to point toward the electrode. This disrupts some of the hydrogen bonds between the water
molecules within the first density peak. As a result, the packing of the water molecules in
the first density peak is less compact and more diffusive in the direction normal to the

electrode surface. Consequently, the contact water density becomes smaller.

As the surface charge density of the electrode changes further to -0.16 C/m?, the first
water density peak becomes much sharper and the contact water density is ~40% higher
than that near the neutral electrode (see Figure 5-6a,c). The first water density valley
becomes wider and its height is ~50% higher than that the neutral electrode. These data
suggest that the first interfacial water layer consists of an inner sub-layer in which water
molecules are highly ordered and tightly adsorbed on the electrode surface and a more
loosely packed outer sub-layer. Because inserting a N> molecule at the first PMF valley (z
= 0.34 nm) must displace the water molecules in the highly ordered inner sub-layer from
the electrode surface, such insertion is more difficult compared to that near neutral
electrodes, which explains why the first PMF valley is higher than that near the neutral
electrodes. The higher contact density of water and the formation of the much thinner and
denser inner water sub-layer on the electrode surface can be attributed to two factors. First,
the number of water molecules in the first peak increases because many water molecules
are brought toward the electrode with o = -0.16 C/m? by the locally increased number of

Li* ions (see Fig. 5-6b and 5-6¢). Second, while the electrical field emanating from the
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electrode disrupts the hydrogen bonding between these water molecules, such a field, being
much stronger than that near electrodes with ¢ = -0.08 C/m?, forces the water molecules in
contact with the electrode to become highly ordered in orientation, and thus making their
packing more ordered and dense. Consequently, the contact water density is much higher
than that near electrodes with ¢ = 0 and -0.08 C/m?, and the adsorption of N> on the

electrodes decreases.
5.3.3 Molecular details of N, adsorption near spherical electrodes

Figure 5-5b compares the PMF of N> molecules near spherical electrodes with
different surface charge densities. Similar to those near planar electrodes, these PMFs
oscillate as the N> molecule moves away from the electrode and approach zero at ~1.2 nm
from the electrode surface. The depth of the first PMF valley, which dominates the net
adsorption of N2 molecules in the EDLs, also varies with the surface charge density in a
way similar to that near planar electrodes. It becomes more negative as ¢ changes from 0
to -0.08 C/m? but then become more positive as ¢ changes from -0.08 to -0.16 C/m>.
However, the increase of the first valley’s depth as o changes from -0.08 to -0.16 C/m? is
much weaker than that near the planar electrodes, which explains the rather modest
reduction of N adsorption in EDLs near spherical electrodes in this surface charge
window. Because the evolution of the N>’s PMF near spherical electrodes as the electrode
charge density changes from 0 to -0.08 C/m? is similar to that near the planar electrodes,

below we focus on the evolution of N»’s PMF as g changes from -0.08 to -0.16 C/m?.

Figure 5-6 d-f shows the density profiles of water molecules and ions near spherical
electrodes with different surface charge densities. As ¢ increases from -0.08 to -0.16 C/m?,

the first interfacial water layer exhibits only minor changes, i.e., the height of its density

104



peak only increases by 8%. Because the packing of the interfacial water molecules changes
little, the solvent-effect component of N2’s PMF (and thus the total PMF) also has little
change. This behavior is in sharp contrast to the situation near planar electrodes, where the
density (and thus packing) of interfacial water molecules increases greatly as o changes
from -0.08 to -0.16 C/m?. This difference originates mainly from the facts that the
interfacial Li* ion density near spherical electrodes is always lower than that near planar
electrodes with the same charge density (see Figure 5-6b,c and Figure 5-6e,f) and the
increase of interfacial Li* ion density over the same surface charge density window is small
(the Li* ion peak increases from 1.30 to 1.97 nm near the spherical electrode, compared
to from 3.06 to 7.63 nm near the planar electrode). Consequently, the accumulation of
water molecules near spherical electrode brought by the hydration of interfacial ions and

their increases in number density when o changes from -0.08 to -0.16 C/m? are both minor.

The lower Li* ion density near spherical electrodes and its weaker increase as o
becomes more negative compared to those near planar electrodes are caused mostly by the
spherical electrode’s small radius. In electrolytes with high ion concentration and hence
small Debye length, one can approximate the EDL as a single Helmholtz-like counterion
layer adsorbed on the electrode surface at a distance of d. For planar electrodes, the area
density of the counterions in this layer is |g|/e (e is the elementary charge). For spherical
electrodes with a radius of R, the area density of the counterions in this layer is reduced by
a factor of (1 + d/R)? to |o|/e X (1 + d/R)™2. In our system, R =1 nm and d ~ 0.4 nm
(based on the position of the first Li" ion density peak, see Figure 5-6¢), and therefore the
area density of Li* ions adsorbed on the spherical electrode can be ~2 times smaller than

that on the planar electrode. While this simple analysis neglects the finite thickness of the
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EDL and underestimates the reduction of Li* ion density on the small spherical electrodes,
it captures an essential aspect of the EDLs near electrodes with strong curvatures and thus
helps elucidate the difference between Li* ion and water molecule accumulation (and

ultimately the N> adsorption) in the EDLSs near the spherical and planar electrodes.

5.4 Conclusions

The recent discovery that N> can be electrochemically reduced to NH; with excellent
selectivity and activity on atomically sharp carbon nanospikes under ambient conditions
has revealed a promising strategy for ammonia synthesis alternative to the conventional
Haber-Bosch process.!** It has been shown that the large curvature of the molecularly sharp
nanospikes is the key for their superior performance. Elucidating the adsorption of N> on
carbon nanospikes, an elementary step for N»’s electrochemical reduction, is essential
toward the full understanding of the catalytic mechanism of the carbon nanospikes, which
will hopefully lend support toward the optimization of material performance. However, the
adsorption of small nonpolar molecules on electrodes (or more generally, in the EDLs near

electrodes) is rarely studied, let alone the effect of electrode curvature on the adsorption.

In this work, we have studied the adsorption of N> molecules in EDLs and have
calculated their PMF across the EDLs near planar and atomically sharp electrodes. The
effects of surface charge and surface curvature of the electrodes on the gas adsorption
behavior were explored in detail. It was found that the density of N> molecules in EDLs
deviates from that in bulk electrolytes only within ~1.2 nm from the electrode surface, and
contact-adsorbed N> molecules dominate the adsorption of N> in the EDLs. Overall, N is

enriched near neutral electrodes. As the electrodes become negatively electrified, the
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adsorption of N increases for the moderate surface charge density of -0.08 C/m?, but
decreases for the high surface charge density of -0.16 C/m?. However, the suppression of
N> adsorption in EDLs as the electrode becomes highly charged is much less pronounced
near the high curvature 1-nm-radius spherical electrodes than near the planar electrodes.
The electrochemically available N> molecules near highly charged spherical electrodes are
one order of magnitude higher than those near similarly charged planar electrodes. This
result suggests that, compared to the planar electrodes, electrodes with large curvatures can
facilitate the electrochemical reduction of N> molecules, which may be one of the

mechanisms underlying the extraordinary performance of the carbon nanospikes.

Analysis of the PMF of the N> molecules across the EDLs reveals that, while the N»-
electrode interactions contribute to the enrichment of N> in EDLs, solvent-induced effects
play a profound role in the preferential adsorption of N> on the electrode surface, the
evolution of N> adsorption as electrodes become electrified, as well as the dependence of
N> adsorption on the curvature of the electrode. In particular, the packing of the first layer
of interfacial water molecules on the electrode surface greatly affects the contact adsorption
of N2 molecules on the electrode surfaces. By changing the orientation of interfacial water
molecules and drawing counterions toward the electrode surface, the surface charge and
curvature of electrodes can modulate the amount of water molecules in this layer and their
packing, thereby modulating the adsorption of N> molecules in the EDLs, e.g., leading to
the non-monotonic variation of N> adsorption as the electrode becomes more negatively

charged.

The present work focuses on the adsorption of N> molecules in EDLs. However,

because prior work suggested that the gas adsorption on hydrophobic surfaces immersed
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in water exhibits limited gas specificity,! the insight gained here should be relevant to the
adsorption of other small gas molecules such as CO> on charged surfaces that do not form
extensive hydrogen bonding with the water molecules. Therefore, the present work may
help understand gas behavior on electrodes in other applications, e.g., the nucleation of
bubbles on electrodes during electrochemical reactions that release poorly soluble gases.
The knowledge acquired could also be applied toward other applications of carbon
nanospikes and nanostructured electrodes for the electrochemical reduction of dissolved

CO; to multi-carbon oxygenates in aqueous electrolytes.?%*

Supporting Information Available in Appendix D: Average spacing of the N> molecules
adsorbed on electrode surfaces and distribution of water molecules near electrodes and N3

molecules in bulk water.
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Chapter 6: Summary of Contributions

This dissertation focuses on adsorption in three advanced materials systems: porous
liquids, room-temperature ionic liquids, and atomically sharp electrodes. Although these
materials systems differ from each other in their applications, they share the similarity that
the adsorption is governed largely by molecular physics at liquid-solid interfaces. Even
though the development and application of these materials systems calls for the adsorption
to be quantified and its molecular details to be clarified, achieving these goals using only
experimental and theoretical methods is difficult. Hence, in this dissertation, the adsorption
of small molecules in these emerging material systems was investigated using molecular
dynamics simulations to address these challenges, with the hope that the insights gained in
here can be useful for the further development of these materials for applications such as

molecule storage/separation, surface modification, and electrochemical catalysis.

The study of gas storage in porous liquids focused on understanding the adsorption of
three prototypical small molecules (CO2, CHs, and N2) in the newly synthesized porous
liquids (crown-ether substituted cage molecules in a 15-crown-5 solvent). This study
addresses the knowledge gap that, although porous liquids are promising materials for gas
storage and separation, the adsorption behavior of gas molecules in these materials is little
studied. The thermodynamics and kinetics of gas adsorption inside the porous liquids were

investigated and the key findings include the following:

1. The capacity of gas storage in a cage molecule is governed by the non-electrostatic
(dispersive) intermolecular interactions between the gas and the cage molecule, which

decides the affinity of gas molecules to the cage, and size/shape of the gas molecules,
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which decides whether the space inside the cage can be accessed. The mechanism
clarified here lays foundation for the rational design of porous liquids with higher gas
storage capacities.

2. The potential of porous liquids in gas separation was assessed. The selectivity of CO>
over CH4(N2) was observed in simulations with binary gas components, where both
gas components are controlled to have same partial pressure in the gas reservoir. In
the cage’s core region, the strong van der Waals interactions between CO; and cage
molecule enable CO: to outcompete CH4 and N> and contributes to the selectivity of
CO; over them. The study of adsorption isotherms for CO,+CH4 mixture revealed that
the entropic effect becomes important as the gas partial pressure increases, which

helps explain the reduced selectivity of CO2 over CHy at elevated pressure.

3. Gas molecules can enter the cage molecule without noticeable energy barrier, while a
modest energy penalty exists for a gas molecule to leave the cage molecule. Overall,
the gas molecules inside the cage can exchange rather rapidly with those in the bulk

solution.

The study of water adsorption at mica-ionic liquid interfaces focused on how the
structure of adsorbed interfacial ions is affected by the presence water and electrification
of the mica surfaces. Interfacial ionic liquids play a crucial role in applications such as
lubrication and capacitive energy storage. While water is expected to reach the interfaces
between ionic liquids and solid surfaces in practical systems in which water is ubiquitous,
the adsorption of water at these interfaces and its impact on the structure of the interfacial

ionic liquids are not well understood. This knowledge gap is addressed in this study by
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examining the interfacial structure of [BMIM][Tf:N] near mica surfaces in presence of

water using MD simulations. The key insights gained from this study are as follows:

1.

Near dry, neutral mica surface, BMIM"™ and TfN" ions are adsorbed into closely
separated layers with little charge separation. Only the first layer of adsorbed BMIM*
ions exhibit modest lateral and orientation ordering. Water molecules introduced at
the neutral mica-ionic liquid interfaces displace the ions from the mica surface and the

structuring of interfacial ions nearly diminishes.

Near dry, highly charged mica surfaces, alternating layering of BMIM" and Tf,N"ions
is distinct, but the lateral and orientation ordering of the ions is obvious mainly in the
first BMIM™ layer. Introducing water into the system weakens the adsorption of
BMIM* ions on the mica surface and the subsequent layering of Tf,N-and BMIM*
ions away from the mica surface. Nevertheless, the lateral and orientation ordering of
the BMIM™ ions contact adsorbed on the mica surface becomes stronger and modest
aggregation of the hydrophobic tails of the first and second layers of BMIM" ions
occurs.

In presence of environmental water, the structure of the ionic liquids near a surface
electrifiable via surface atom dissociation is governed by the three-way coupling
between the self-organization of interfacial ions, adsorption of water at solid-ionic
liquid interfaces, and the electrification of the surface. Delineating how these
processes and their interplay depend on choice of ionic liquids, nature of the solid
surfaces, and the availability of water in the environment will provide a mechanistic

understanding of the interfacial structure of humid ionic liquids near solid surfaces.
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4. Water adsorption at ionic liquids-solid interfaces may be as a new handle for
manipulating the interfacial structure of ionic liquids. This approach complements the
traditional approach of tailoring the molecular design of ionic liquids to tune their

interfacial structure.

The study of adsorption of dissolved N> in EDL near planar and atomically sharp
electrodes focused on the effect of surface charge and curvature on the gas adsorption
behavior. The recent discovery of highly effective electrochemical reduction of N> to NH3
under ambient conditions using atomically sharp carbon nanospikes demonstrated the large
curvature of molecularly shape nanospikes is key for their superior performance. Although
the adsorption of N> on the surface of these nanostructured carbon is a prerequisite for their
reduction but little is known about such adsorption. In fact, the adsorption of small
nonpolar molecules on electrodes is rarely studied in the past, let alone the effect of
electrode curvature on the adsorption. This study seeks to close this knowledge gap and
lend support to the optimization of material systems for N> adsorption and electrochemical

reduction. The key findings of this study are as follows:

1. The density of N> molecules in EDLs deviates from that in bulk electrolytes only
within ~1.2 nm from the electrode surface, and contact-adsorbed N> molecules
dominate the adsorption of N; in the EDLs. The electrochemically available N»
molecules near highly charged spherical electrodes are one order of magnitude higher
than those near similarly charged planar electrodes. Compared to the planar electrodes,
electrodes with large curvatures can facilitate the electrochemical reduction of N»
molecules, which may be one of the mechanisms underlying the extraordinary

performance of the carbon nanospikes.
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While the N-electrode interactions contribute to the enrichment of N> in EDLs,
solvent-induced effects play a profound role in the preferential adsorption of N> on the
electrode surface, the evolution of N> adsorption as electrodes become electrified, as
well as the dependence of N> adsorption on the curvature of the electrode. In particular,
the packing of the first layer of interfacial water molecules on the electrode surface
greatly affects the contact adsorption of N> molecules on the electrode surfaces. By
changing the orientation of interfacial water molecules and drawing counterions
toward the electrode surface, the surface charge and curvature of electrodes can
modulate the amount of water molecules in this layer and their packing, thereby
modulating the adsorption of N2 molecules in the EDLs, e.g., leading to the non-
monotonic variation of N> adsorption as the electrode becomes more negatively

charged.

Because prior work suggested that the gas adsorption on hydrophobic surfaces
immersed in water exhibits limited gas specificity, the insight gained here should be
relevant to the adsorption of other small gas molecules such as CO> on charged
surfaces that do not form extensive hydrogen bonding with the water molecules. The
present work may help understand gas behavior on electrodes and application of

carbon nanospikes for electrochemical reactions.

The three studies performed in this dissertation are rather different at the first sight but

they all feature the adsorption of small molecules on the newly emerged materials. These

studies represent the initial attempts to understand the molecular mechanism of adsorption

in porous liquids, at mica-ionic liquid interfaces, and near atomically sharp electrodes. The

insights gained in this work fill critical knowledge gaps in the understanding of adsorption
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in these materials and will help optimize their design and engineering for target

applications such as gas adsorption, lubrication, and electrochemical catalysis.
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Appendix

Appendix A: Supporting Information for Chapter 2

1. Rigidity of the solvent molecules in porous liquids

Here we examine the rigidity of the cage molecules dispersed inside solvents. To this end, we
super-impose the structure of the cage molecules at five representative time instants. Figure A-1
shows that the fluctuation of the cage structure (in particular its gas access window and inner
cavity) is much smaller compared to the size of the gas molecules studied here. Therefore, the

flexibility of the cage molecule plays a minor role in the gas storage.

Figure A-1. Superposition of the structure of a cage molecule at five time instants (red: Ins, blue: 2ns,
yellow: 3ns, purple: 4ns, cyan: 5ns). The cage molecule was immersed in the solvent during simulation.

2. Diffusion of solvent molecules in porous liquids

For accurate determination of the gas storage in porous liquids, the solvent and gas molecules
in the system must be adequately equilibrated. Since the movement of gas molecules in porous

liquids studied in this work is facile, here we examine the movement of the solvent molecules.
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Figure A-2 shows the mean-square displacement (MSD) of the solvent and cage molecules in the
system with 20 cage molecules, 400 solvent molecules, and 60 CH4. We observe that, over a time
period of 2ns, a solvent molecule diffuses ~1nm on average, which is larger than its size. Since we
equilibrated the system for 5ns before production run, solvents should be sufficiently equilibrated

in our system.

1.2

1.0k m— SOlvent

== == cage

mean square displacement (nm? )

time (ns)

Figure A-2. The mean-square-displacement of solvent and cage molecules in a porous liquids (Ncage =
20) NCH4:60, Nsolvent:400, T:400K, lebar).

3. Solvent distribution along the cage’s entrance vector

Figure 2-6a in the main text shows the PMF profile for gas molecule along the entrance vector
of the cage. A distinct peak was observed at a distance of ~0.85nm from the cage center. This peak
originates from the dense packing of solvent molecules outside the cage’s access window, which
hinders gas from entering into the cage. Figure A-3 shows the density profile of the solvent
molecules along the cage’s entrance vector. A peak is observed at a distance of 0.8nm from the
cage center, indicating density packing of solvent molecules near this location. This dense packing,
induced by the rigid cage molecules, makes it difficult to insert a gas molecule at the same location.

Therefore, a peak is observed for the PMF of the gas molecules at this location.
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Figure A-3. The density profile of solvent molecules along the entrance vector of a cage molecule.
The position of solvent molecules is based on their center-of-mass.
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Appendix B: Supporting Information for Chapter 3

1. Distribution of gas molecules in the MD system
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Figure B-1. Distribution of gas molecules across the simulation box in different systems. (a) Systems
with gas bath filled with pure CO,, pure CH4, and 1:1 CO»,+CH4 mixture. (b) System with gas bath
filled with pure CO., pure N2, and 1:1 CO2+N; mixture.

Since the gas density in the gas bath is rather modest, the partial pressure of each gas

component can be calculated from its number density using the ideal gas law:

I RT B—-1

P=y (B-1)
where p is the partial pressure of the gas component, n is the number of moles for the gas
component, V' is the volume of the gas component, which makes % the number density of the gas
component in the gas bath, R is the ideal gas constant (8.314]/(K-mol)), and T is the

temperature (400 K). The partial pressure of each gas component is thus calculated to be 27.5 bar with

an error bar of +0.3 bar.
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2. Isosurfaces for gas density of CO:; and N: inside cage molecules

(a) (b)

Figure B-2. Isosurface of CO; (blue) and N> (yellow) gas density inside a cage molecule in equilibrium
with a gas bath containing pure CO; (a), pure N> (b), and mixture of CO; and N> molecules (c). The
isosurface is set to a density of 4 nm™. The black dashed line marks the boundary between the cage’s
core region and branch regions. Partial pressure of all gas in the gas bath is 27.5 £ 0.3 bar.

Note that the density of shown isosurface here is 4 nm=, which is lower than the value of 15
nm- used in Figure 3-4. The density of N> gas molecules is relatively low inside the cage, thus the

isosurface needs to be shown with a smaller gas density (otherwise nothing will be visible).
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Appendix C: Supporting Information for Chapter 4

1. Force field parameters

Table C-1. The LJ potential parameter for the particles in [BMIM][T{2N]

Particle o (A) € (kCal/mol) | Particle o (A) € (kCal/mol)
CmU 3.6757 | 0.2336 H 1.8316 0.0197
C 3.1938 | 0.0499 Cul, Cu2 | 3.9818 0.1100
N1, N2 2.9768 | 0.0499 Cm 3.4886 0.0855
Cy, Cy" 3.6356 | 0.0599 S 3.8381 0.1199
CmN 3.7945 | 0.0596 N- 3.6917 0.0449
H 1.8316 | 0.0197 F 3.1182 0.0369
Cul, Cu2 |3.9818 |0.1100 O 2.9031 0.0899

CmN

2. Relative humidity of the virtual ambient environment

2.1 Methods

As shown in Fig. C-1, our MD system features mica surface, RTILs, and water molecules.
The water molecules in the interfacial zone (zone A) are in equilibrium with the water vapor above
the RTIL film (zone C), which has a density of p,,. Since the water vapor in zone C has a low
density, it is an ideal gas and can be thought to be in equilibrium with a virtual ambient

environment (its temperature is 300K as in our system) with a relative humidity RH satisfying

Po X RH = p, kpT (C-D
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where p, = 3.525kPa is the saturated vapor pressure of water at 300K and kg is the Boltzmann
constant. If p,, is known, the relative humidity of the virtual ambient environment with which the

interfacial water molecules in our MD system are in equilibrium is known via Equation C-1.
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Figure C-1. The setup of the simulation system. Note that a large free space is introduced above the
ionic liquid film.

Evaluating p,, directly from MD trajectories, however, is difficult. In our simulations, most
water molecules remain in the interfacial zone (zone A) and the density of water in zone C is too
low to be computed with a small relative error. We thus adopt an alternative method to compute

py- At equilibrium, following the Boltzmann distribution,

0@ _ oy (_M) (C-2)

Pv kT

where p(z) is the water density at position z in the interfacial zone. ¢(z) is the potential of mean
force (PMF) of a water molecule at position z relative that in the free space above the RTIL film.
We use the Umbrella sampling technique to compute ¢(z).!%20° Specifically, we randomly select
a water molecule in our MD system as a probing molecule and perform a series of simulations in
which this molecule is restrained at various z-positions (zy < z < z,,; Az=0.05nm) across the
system. Umbrella sampling is a well-established PMF calculation method, and, by constraining

the probing molecule at different positions, it enables us to sample the state of water molecules in
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the bulk RTIL and water vapor zones easily, which are difficult to access in regular, unconstrained
simulations. For the PMF computed using the Umbrella sampling to be valid, two conditions must
be met: (1) the probing water molecule is in equilibrium with its local environment and (2) the
local environment experienced by a probing water molecule at position z in a constrained
simulation must be the same as that by a water molecule at the same position in the unconstrained
simulations. Condition 1 is met by running each constrained simulation for a long time (10ns is
sufficient in our case). Condition 2 is also met in each of the three zones. For example, in the bulk
RTIL and vapor zones, the water density is so low that any water molecule in these zones found
in an unconstrained simulation is surrounded only by RTILs, which is exactly the case in our

constrained simulations.

In the above Umbrella sampling calculations, z, and z, can, in principle, be any point in the
interfacial zone (zone A) and the free space above the RTIL film (zone C), respectively.
Practically, z, must be a location where water density can be determined accurately in MD
simulations so that Equation C-2 can be evaluated accurately later. z, is chosen to be 7nm above
the mica surface (~1nm above the RTIL film) and the PMF here is taken as zero. Combining the
PMF calculation and Equations C-1 and C-2, the relative humidity of the virtual ambient

environment with which the interfacial water molecules are in equilibrium is

RH = —kBT;(ZO) e®(20)/kpT (C-3)
0

2.2 Results

Figure C-2 shows the density and PMF of water molecules near the neutral mica surface in
the system presented in Fig. 4-3. Using the data in this figure (z, = 0.5 nm, p,, (z,) = 23.2 nm™3,

and ¢(z,) = —7.1kCal/mol), the relative humidity of the virtual ambient environment with which

122



the interfacial water molecules are in equilibrium is calculated as 20.5% + 11.3%. Figure C-3
shows the density and PMF of water molecules near the fully electrified mica surface in the system

3 and

presented in Fig. 4-4. Using the data in this figure (z, = 0.5 nm, p,,(z,) = 23.7 nm~
¢(z,) = —7.9kCal/mol), the relative humidity of the virtual ambient environment with which the

interfacial water molecules are in equilibrium is calculated as 4.9% + 3.9%.
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Figure C-2. The potential of mean force (PMF) of water molecules and RTIL mass density (a) and the
water density profile (b) across the MD system. The mica surface is neutral. z=0 corresponds to the

surface of the mica surface.
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Figure C-3. The potential of mean force (PMF) of water molecules and RTIL mass density (a) and the
water density profile (b) across the MD system. The mica surface has a net surface charge density of -

0.33C/m?. z=0 corresponds to the surface of the mica surface.

3. Accumulation of water at RTIL-mica interfaces

Water molecules introduced in the mica-RTIL systems exist as a thin liquid film on the mica

surface in the main text. The phase separation of water from bulk RTILs is expected since the load
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of water in the system far exceeds its solubility in the RTILs. However, whether and how water
molecules are accommodated on the solid substrate depend on the substrate’s nature. If the
substrate is less hydrophilic, water may phase separate from the bulk ILs in other forms. To see
this, we removed the partial charge on the mica atoms to make the mica less hydrophilic and re-
run the system consisting of neutral mica, water and ILs. Although water initially exists as a thin

film on the mica, it becomes a droplet within 3ns (see Fig. C-4).
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Figure C-4. Evolution of the water molecules in the system featuring neutral mica and ILs. The partial
charge on all mica atoms are removed at # = 0 to make the mica less hydrophilic.
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Appendix D: Supporting Information for Chapter 5

1. Average spacing of the N2 molecules adsorbed on electrode surfaces

The N> molecules within a cutoff distance of 0.5nm from the electrode surface (corresponding
to the N»’s first PMF peak near the electrode) are considered as adsorbed on the electrode. By
integrating the N> density determining using Equation (5-1) from the electrode surface to this
cutoff distance, the area density of the adsorbed N> molecules on the electrodes studied here
(curvature: R = o and 1 nm; electrode surface charge density: o= 0, —0.08,and —0.16C/m?) is
found to be in the range of 0.36 to 5.33 X 10~* nm™2. The average spacing between two adsorbed

N> molecules is thus in the range of 43 to 167 nm.

2. Distribution of water molecules near electrodes and N> molecules in bulk
water
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Figure D-1. The density profile of water molecules and ions near a planar electrode with zero charge.
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Figure D-2. The radial distribution function (RDF) of water molecules with respect to an isolated N>
molecule in bulk water.
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