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Abstract

Water scarcity is one of the largest global challenges, affecting two-thirds of the
world population. Water desalination and purification technologies, such as novel
membrane processes and materials, are in great demand to produce clean water
from contaminated sources or the sea. However, the lack of fundamental
understanding of structure-property-performance has hindered the advancement of
these techniques. In this study, we address this critical knowledge gap by adapting
multiscale computational modeling to better understand the mechanisms of
intrinsic molecular interaction in nanofluidic applications. We performed ab initio
molecular dynamics to study the nanoscale solvation behavior of selected ions on
finite graphene models. The degree of charge transfer between 1on and water, and
the effect of defects on dynamics and solvation has been investigated. Furthermore,
a quantum mechanics/molecular mechanics (QM/MM) model for the accurate
description of free energy changes in ion adsorption process has been developed.
Lastly, we combined classical molecular dynamics and density functional theory
(DFT) to elucidate the dielectric-driven mechanism of ionization behavior in
nanoporous polyamide films. We seek to utilize this knowledge for the design of
next-generation membranes for separation and water purification.
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Chapter 1

Introduction

Nanofluidics[1], [2] is the study of fluid motion in a structure with dimension less than 100
nm in one or more dimensions. At this scale, fluids behave quite differently from the bulk and
cannot be described with the continuum hydrodynamic laws of bulk fluids. The high surface-to-
volume ratio, non-negligible surface charges and overlapping electric double layer in
nanochannels and nanopores lead to capillarity-induced negative pressure in water[3], fast
flows[4] and surface charge-governed ion transport[5]. Recent development of new
nanofabrication techniques[6], [7] has enabled the design of novel devices in both energy and

bio-related fields, e.g. in membrane science[8], biosensing[9] and nanofluidic electronics[10].

Fluidic transport at nanoscale

The transport of solvent and solute in nanofluidic devices is mainly affected by three factors:
the presence of external driving forces (e.g. electrical potential or pressure gradients), the
presence of colloidal forces (e.g. electrostatic forces, van der Waals and hydrophobic interaction)
and the presence of frictional wall-fluid forces[1]. Almost all wall materials carry some kind of
surface charge, leading to either attractive or repulsive colloidal interaction between wall and
solute that act over short to long distances, and thus a solute concentration gradient across
nanochannel. For example, in a system consisting charged solute ions and negative wall charge,

due to the combined effect of electrostatic interaction and Brownian thermal motion, an electrical



double layer adjacent to the wall is formed (Fig 1.1[1]), and the resultant electrical potential in
the double layer decays exponentially. Van del Waals forces have the longest range of all

colloidal forces, whereas hydrophobic interaction is mainly dominant in short distances.
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Fig 1.1 Solute concentration profile and total electrostatic potential in a nanochannel with

positive (red) and negative (blue) ions. The walls are negatively charged. (Adapted from Ref[1])

In nanochannels, solvent transport can happen from pressure gradient (hydrodynamic flow)
and/or electrical potential gradient (electro-osmotic flow)[1]. The average solvent velocity <vs>

can be calculated by

h h 5
¥ =%J vi()dy =1 J (%] (2~ 2hy) 9P
0

0

b +L f "(%(c-w)g_j)dy

Hydrodynamic flow Electro-osmotic flow

where 2h is the nanochannel width, & is the electrical potential at the plane of shear and 1 (y) is
the electrical potential in the double layer, 1 is the solution viscosity and ¢ is the permittivity. In
case of hydrophobic wall, the water density profile near the wall is low, therefore the water-wall
interactions decrease and water could “slip” past the wall with 20-50 nm slip length[11], which
increases both hydrodynamic and electro-osmotic flow. On the other hand, solute can be

transported via solvent transport (convection), solute concentration gradient (diffusion) or ion
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electrical potential gradient (migration). The area-averaged solute flux <J> under three driving

forces is given by the Nernst-Planck equation:

d h d h
-1 J ()N —%J’ D. ;—f{))dy L J
0

0
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zqD, c(y) :ll_‘f)d},

0

Convection Diffusion Migration
where D. is the diffusion coefficent in free solution and zq is the ionic charge. To account for
frictional solute-wall interactions, these terms are usually modified by a hinderance factor that

has been derived for a few solute and channel geometries[12].

Applications in materials science: example of carbon nanotube

Carbon nanotubes (CNT) are interesting candidates for nanofluidic applications because
of their small pore sizes, rigid nonpolar structure and smooth hydrophobic surfaces, leading to
frictionless water flow and fast transport that is orders of magnitudes higher than other
conventional pores. Hummer ef al. has used molecular dynamics (MD) simulations to study the
spontaneous and continuous filling of a (6,6) nonpolar nanotube with water[4]. It has been
reported that water rapidly filled the empty cavity of carbon nanotube via pulse-like
transmissions and the filled state continued over entire simulation time of 66 ns[4]. Water inside
the nanotube has lost two out of four hydrogen bonds on average and forms a one-dimensionally
quasi-ordered chain along the nanotube, which is highly reminiscent of water chains observed in

3 -1
s, on the

biological channels. On average, the measured water flux is around 51 x 10™* cm
same magnitude as water flow in long channels of transmembrane protein aquaporin-1[13]. Such

continuous and rapid flow is enabled by high energy cost of water chain rupture and minimal

interaction with the hydrophobic wall. Further simulations with reduced carbon-water attractions
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(Fig 1.2(b)) resulted in emptying of CNT nanotube, suggesting tunable conductivity by changes

in local channel polarity and solvent conditions[4].
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Fig. 1.2 Number of water molecules inside the nanotube as a function of time for (a) sp” carbon
parameters and (b) reduced carbon-water attractions. (c) Structure of the hydrogen-bonded water

chain inside the nanotube (Adapted from Ref[4]).

Several experimental and computational studies have demonstrated the applicability of
chemically tunable CNT membranes as nanofiltration materials. For the entrance of small ionic
species, such as Na', K", and CI  into uncharged tubes, size-based exclusion requires the
diameter of CNT to be at least ~0.4 nm, comparable to the hydrated ion size. In this case,
crossing the membrane requires the ion to lose part of its hydration shell, which is associated
with a large energy barrier. As an example of size exclusion, Hinds’ group has reported that
biotin-functionalized-CNT-based membranes coordinated with streptavidin facilitates a
reduction in ion flux by a factor of 24[14], highlighting their potential applications in controlled
chemical separations or ion-channel mimetic sensors. Moreover, preferential transport can be
induced by chemical modification of CNT. It is also possible to control solute transport by

engineering the wall-solute interactions, e.g. changing the strength of electrolyte.
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Carbon nanotubes are also used in nanofluidic field-effect transistors (Fig. 1.3[15]). In
such devices, the flow through nanochannel can be controlled by pressure, applied electric field
or concentration difference. By applying a bias voltage between the gate electrode and solution,
the wall potential can be changed, modulating the counter-ionic charge in the solution[1]. Pang et
al. has built a device where a narrow single-walled CNT of a few micrometers in length connects
two fluid reservoirs[16]. The excess charge carried in the electrolyte results in very large
electroosmotic currents due to nearly frictionless flow of water. Measurements of voltage-driven
electrolytes flow reveals that ion currents are approximately 2 orders of magnitude higher than
predicted from the bulk resistivity of the electrolyte, also the ion current has a unique power-law
dependence G ~ C® on electrolyte concentration whereas other types of ion-channels (e.g. silicon
based) typically have approximately constant conductance at low concentration and becomes
proportional to concentration beyond C > 0.1 M[16]. The power law exponent is sensitive to the

electrical properties of CNT, and the change of slope indicates b is probably affected by the total

charges on CNT.
100 5
-
G-~ 2_’,47 —
Source Reservoir Drain R " . 103 o
rain Reservoir g 3 57 g g
g 1.0 c~c*4
LOUJE
o Simulation
0.1 ! T T T
s Electrode 1E-3 0.01 0.1 1

KCI Concentration (M)

Fig 1.3 (a) Schematic of a nanofluidic field-effect transistor. (b) Concentration dependence of

ionic conductance on salt concentration (Adapted from Ref[15], [16]).
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Overview

In this thesis, we present three computational case studies in nanofluidics that scales from
a few molecules to relatively bulk systems. Chapter 2 reviews the basic formalism behind
density functional theory (DFT) and classical molecular dynamics (MD), two computational
methods that we used to model the nanofluidic behavior in the following chapters. Chapter 3
uses ab initio MD to investigate the nanoscale solvation behavior and the intrinsic interaction
between ions, water and graphene using a finite coronene model as an example. The influence of
topological and chemical defects on the solvation has also been analyzed. Chapter 4 focuses on
the development of a quantum mechanical/molecular mechanical (QM/MM) model to study ion
adsorption to graphene, which serves as a basis for a more accurate description of change in free
energy that takes into account many-body polarizations and long-range electrostatic interactions.
Chapter 5 utilizes classical MD combined with first principle simulations to study the dielectric-
driven mechanism of location-dependent ionization of carboxyl groups in polyamide

membranes.
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Chapter 2

Theory of methodology

Density functional theory[17], [18] (DFT), a computational quantum mechanical modeling
method, has been one of the most promising techniques to compute the electronic structure of
materials. It has been widely applied to predict a variety of properties at the atomic scale, such as
molecular structure[19], vibrational frequencies[20], reaction thermochemistry[21], and
magnetism[22]. Classical molecular dynamics[23], on the other hand, determines the trajectory
of atoms and molecules using molecular mechanical force fields. It is extremely helpful in
providing information of the dynamics of system, such as crystal nucleation[24] and ligand
binding[25]. In this chapter, we will review the basic mathematical and physical formalism

behind both of the techniques.

Density Functional Theory
The energy of a collection of atoms may be computed by solving the time-independent
Schrédinger equation

— — — — —

Hwi(fhfg, ..._,fN, Rl_, RQ, ceey R‘\[) — Eiwi(fl,fg, ...,fN, Rl, RQ, RA.[)

where H represents the Hamiltonian of a system consisting M nuclei and N electrons. The

Hamiltonian can be written as

A 1 M ZaZ
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where the first two terms represent the kinetic energy of electrons and nuclei, and the remaining
terms describe the attractive/repulsive electrostatic interactions between the nuclei and electrons.
Since the nuclei move much slower than the electrons due to their heavy mass, according to the
Born-Oppenheimer approximation, we can assume the electrons move in the field of fixed

nuclei, and the electronic Hamiltonian can be simplified to

N 7 N N 1 ~ ~
elec == § VQ E . AE . 2: E 5 7__ T '\«'e + ‘/Ee
i= =1 j>

and average total energy for a specific state W, i.e. the expected value of the energy, can be

calculated by

(W|H|W)

E[V] = W)

where (W|H|W) =/W*ﬁWdf

According to the variance principle, the energy computed from a guessed state W is an upper
bound to the true ground state energy E,. By taking minimization of E[W] with all possible
many-electron wavefunctions, one can obtain the ground state wavefunction Wy and the
associated energy E[Wy] = E,. In Hartree-Fock theory[26], W is assumed to be an antisymmetric

product of orthogonal orbital wavefunctions yi(x) which depends on the coordinates of single

electron.

1 1,bl(le':l) ’1,/12(11:3:1) if)l\r(::czl)
Vo~ Uyp = "1)1(-.’1:2) 1,/)2(-172) ’d)N(-;L‘Q)

b1(@N) v2(@N) - Yn(EN)

Then, the expected value of total energy Eyris given by
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Jij and Kj;j are Coulomb integrals and exchange integrals written in terms of the orbitals. The

orthonormality of orbitals leads to Hartree-Fock differential equation

fi=e;,i=1,2,...,N
M
F= =292 =3 22 4 V(i)
A A
where the first two terms in the Fock operator represent the kinetic and electron-nucleus potential
energy, and the last term is the mean-field Columbic repulsion between electrons given by
N

Vur(Z1) = Z (J;(#1) — Kj(Z1))

J
- 1
T,(#1) = / i (F2) P dis
r12

_ 1
R;(#1) wi(&1) = / U5(@2)—i(2) diz (@)

The Coulumb operator represents the potential experienced by an electron at position x; from
average charge distribution of other electron in spin orbital y;. The Hartree-Fock theory

efficiently describes non-interacting electrons under a mean field potential. However, its neglect
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of electron correlation leads to a total energy higher than the exact solution of the Schrédinger

equation.

In density functional theory, electron density is being considered instead of the many-
electron wavefunctions. The early Thomas-Fermi model[27] is based on uniform electron gas
and formulates energy as a function of electron density only. Later, Hohenberg and Kohn[28§]
proved that electron density p(r) uniquely determines the external potential Ve (r) with an extra
constant. Since the Hamiltonian is a function of only the external potential and the number of
electrons (which can be calculated by taking integral of the electronic density), the Hamiltonian
can be uniquely determined given electron density. The second Hohenberg-Kohn theorem[28]
states that, similar to the variance principle, the energy obtained from any trial electron density,
subject to the constraint of total number of electrons, sets an upper bound for the true ground
state energy E, and E is only achieved if and only if the input electron density is the true ground

state density. These two theorems set the fundamentals of DFT in the ground state.

Fo = min,_.x (F[p] + [ oeviar)

Flp]l = Tlp]l + Jlp] + E,alp]

where F[p] has contributions from kinetic energy T[p], the classical Coulomb interaction J[p]

and non-classical electron-electron interaction E,q[p] (e.g. self-interaction correction).

The main challenge of DFT is to find accurate expressions of T[p] and E,a[p]. Kohn and Sham

proposed to approximate the exact kinetic energy of an interacting system using a non-
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interacting reference system[29], therefore the kinetic energy and electron density are known

from orbitals.
1 N N
Ts = —Ezij(ww%) ps(7) = ZZ Wi(7, 8)> = p(F)

Kohn and Sham accounted for the difference between Ts and the true kinetic energy T of the

system by rewritting the energy functional as

E[p] = Ts[p] + Jlp] + Exclp] + Enelp]

where the exchange-correlation energy Ey. is given by

Exclp] = (Tlp] — Tslp)) + (Eeelp] — Jlp]) -

whose physical meaning is the sum of the error in using non-interacting kinetic operator and the
error in classical treatment of electron-electron interaction. In order to solve Ey., by using the
variance principle, we can deduce the Kohn-Sham equation:

M

(—1v2 + [/ P02) 4 (i) - 24

2 r12 = 714

) o = (—%VQ + Vs(f‘l)) o = et

where Vxc, the exchange-correlation potential, is defined as Vxc = dExc/8p. The Kohn-Sham
equation describes a system of interacting particles using a fictitious system of non-interacting
particles experiencing a local effective potential Vg, and allows us to take advantage of the

power of DFT without the loss of accuracy.

The exchange-correlation potential Vxc still remains as an unknown term. Based on the
uniform electron gas model, the local density approximation (LDA) is the most fundamental way
to address the exchange-correlation potential. Under its assumption, the exchange-correlation

energy Exc can be written in the form
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ELDAL] = / o(Pexc (p(7) dF

where exc(p(r)) is the exchange-correlation energy per particle of uniform electron gas of density
p(r), and p(r) represents the possibility that there is an electron at a position. exc can further be

split into exchange and correlation terms

exc(p(7)) = ex(p(7)) + ec(p(7)).

and the exchange part is given by the Dirac form

ex = _3 (3/0(7""’))1/3

4 T

The functional form of correlation energy density €c, is unknown and has been studied using
quantum Monte Carlo methods[30]. Since in general the exchange energy is underestimated
while correlation energy is overestimated, cancellation of errors may occur. LDA has been report
to predict accurate bond lengths of molecules[31] but less satisfactory in the calculation of

energies[32], especially in systems with heavy electron-electron interactions.

Gradient expansion approximation (GEA) methods improves LDA by also considering the
first order gradient of charge density Vp(r) to account for the non-homogenity of true electron

density, which has the expression
ES¢ pas pgl = / F(pas pgs Vpa, Vpg) dif

In generalized gradient approximation (GGA), the energy functional depends on both the density
and its gradient. It is reported to significantly improve the descriptions of binding energies of

molecules compared to LDA[33].
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Classical molecular dynamics

Molecular dynamics[23], [34] calculate the time-dependent behavior of a system and is
widely used to investigate the structure, dynamics and thermodynamics in materials science[35]
and biophysical applications[36]. Classical MD simulations use empirical force fields to describe
the interactions of collections of atoms in the form of potential U(ry, ..., rN) as a function of their
positions rj. Each atom i at position r; is treated as a point with mass m; and fixed charge q;. The

force acting on i™ atom is determined by

Fi=-V, U, -,ry) = — (()U oU ()U)

(‘)X, ’ ({)’\‘, ’ (‘)Z,
According to Newton’s equation of motion, the time evolution of a set of interacting particles is

dzl’i(’)
dr?

F,‘ = m;

The set of N second-order differential equations is solved numerically at discrete time steps to
determine the trajectory of an atom. At each step, the force acting on each atom is computed
using the force field and the position and velocity of each atom is updated accordingly.
Numerous numerical algorithms have been developed for integrating the equation of motion,
including the Verlet and Leap-frog algorithm. The Verlet algorithm uses the positions and

accelerations and does not rely on explicit velocities. By Taylor expansion,

r(t + 6t) = r(t) + v(t)ot + %a(t)&tz

r(t — 6t) = r(t) —v(t)ot + %a(t)&tz

Adding these two equations gives

r(t + 6t) = 2r(t) — r(t — 6t) + a(t)6t?
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On the other hand, the Leap-frog algorithm firstly calculates the velocities at time t + dt/2 and

uses it for the positions at t + dt:
1 1
v(t+56t) = v(e-50t) +a(rse

r(t+6t) =r(t) +v(t+ %61:)&

The choice of a proper time step is limited by the highest frequency vibration. Usually the time
step should be at least one order of magnitude lower than the fastest time scale in the system. For
example, in case the C-H bond stretching (10 s) is the fastest mode, the limit of time step
should be 1 fs. A time step that is too large can potentially cause undesired atoms collision and

system explosion.

Current force fields provide a good compromise between accuracy and computational cost.
They are usually derived from first principles modeling of small molecules (e.g. initial guess of
partial charge based on electronic densities) or fitted according to experimental results (e.g.
structural information from X-ray crystallography and NMR, neutron scattering and
thermodynamic data), and the results of simulation would only be accurate if the force field
represents the real interaction of atoms. The basic formulation of force field includes bonded
terms for covalent interactions and non-bonded terms for long-range electrostatics and van der
Waals interactions:

Etotal = Ebonded T Enon-bonded = (Ebond T Eangle T Edinedrat) T (Eelectrostatic T Evaw)
AMBER([37], CHARMM][38] and OPLS[39] force fields are commonly used for large molecules
such as proteins and polymers in condensed phases. For example, the energy terms described in

CHARMM force field look like

22
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Unonbond
Some force fields also take into account polarizability effects where a particle’s effective charge
is influenced by the electrostatic interactions with the neighbors. The Drude oscillator model
includes a positively-charged core particle and a negatively-charged particle attached to the core
particle through a harmonic oscillator potential. Some examples of polarizable force field for
water includes SWM4-DP[40] and BK3[41] and they are reported to show reasonably good

consistency with diffraction experiment results[42].

The computation of non-bonded interactions to interatomic forces is time-consuming since it
requires a large number of pairwise computations. To address this problem, a neighbor list is
defined such that the force calculation of atoms with distances r;; farther than the potential cutoff
rout plus a “skin” distance is skipped (Fig. 2.1). Over the next few steps, only the pairs in the
neighbor list are checked. The neighbor list must be reconstructed before the particles outside the

range (black) penetrate the potential cutoff sphere.




Fig. 2.1 Construction of a neighbor list. The potential cutoff range is shown in solid black circle

and the list range is within dashed line.

The current limitations of MD include the reliability of force field, its inability to model
quantum effects as well as time/size limitations. It is computationally expensive to model
conformational changes that happen over large time scales (e.g. protein folding may take a few
minutes). Many advanced algorithms have been developed to study slow conformational changes

and activated process.
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Chapter 3

Development of a QM/MM model for free energy

calculations of nanoscale adsorption

3.1 Introduction

Free energy profile[43] is essential in understanding the reaction pathways and mechanisms
in chemical reaction and physical processes. Accurately determining the free energy profile
along the reaction coordinate (i.e. potential of mean force) requires the use of enhanced sampling
methods, such as umbrella sampling[44] and metadynamics[45], to overcome local energy
minima and sample the transition states. Umbrella sampling breaks reaction coordinates into
several windows and applies a series of harmonic potentials to restrain the reaction coordinate
close to the center of each window. The potential of mean force (PMF) can be recovered by
performing weighted histogram analysis method[46] (WHAM) or multistate Bennett acceptance
ratio[47], [48] (MBAR) method to remove the biasing of restraints from the sampling of reaction

coordinate values.

However, the computation of free energy profile at ab initio level in large systems is not
feasible due to poor scaling with system size, while the accuracy of semi-empirical or classical
methods is often unsatisfactory. In this study, we aim to develop a quantum

mechanical/molecular mechanical (QM/MM) model of ion adsorption to graphene to perform
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energy corrections to a classical PMF. One computationally-efficient method of such correction
is the weighted thermodynamic perturbation (WTP) method[49], which includes three main steps
(1) Umbrella sampling using low-level Hamiltonian;
(2) Generate low-level free energy profile using the MBAR analysis;
(3) Calculate free energy difference between high- and low-level Hamiltonian based on the
sampled configurations and their weight factors generated from MBAR.

Specifically, the weight of the 1™ configuration in the i biased simulation under the low-

level Hamiltonian Uy is[49]

e—BlULxin—11]
w(Xig) =

k=1

eBlL
=75 . ®1’
3 Nye P [Wetin-1]
k=1

where x;, represents the 1™ frame among N; configurations in the i" biased simulation, and W is

the restraining bias. For a certain histogram bin, the free energy difference between the high- and

low-level Hamiltonian can be obtained by[49]
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where the subscripts H and L denote the high- and low-level Hamiltonians, 1, is the histogram
bin that the 1™ configuration in the i"™ baised simulation belongs to, and wy(x,) is the unbiased

weight of the sample in the bin 1) under the low-level Hamiltonian.

26



3.2 Computational methods

The low-level calculations that we would like to perform energy corrections on is classical
MD simulations carried out using the LAMMPS[34] software package. Initial configurations,
built using fftool and Packmol[50], consist a selected anion (F", CI', NO3", SCN"), a graphene
flake of 180 atoms, and 700 water molecules above graphene in a unit box of 22 A x 22 A x 150
A. Rectangular prism periodic boundary condition was applied and the dimension in the z
direction was kept large to prevent interaction of periodic images. Lennard-Jones type force field
parameters for anion-graphene interactions have been developed by Misra et al from symmetry-
adapted perturbation theory (SAPT)[51]. The classical Drude oscillator model[52] with Thole
damping has been used for carbon to account for the polarization of graphene from the electric
field exerted by water and anion. In the model, the Drude Particle (DP, mp = 0.4 g mol™) and
Drude Core (DC, m¢ = 11.61 g mol™) of carbon possess point charges and the DP is attached to
DC via harmonic spring. DPs are maintained at significantly lower temperature of 1K whereas
DCs are kept at 300K by two separate Nosé-Hoover thermostats[53] with time constants 5 fs and
0.1 ps, respectively. SHAKE algorithm[54] was employed for rigid SPC/E water[55] and the
time step was 1.0 fs. Umbrella sampling was performed by fixing the anion at a distance varying
from 10 A to 2 A away from the graphene surface, with window size of 1 A and force constant
of 4 kcal/mol/A”. For each distance, an individual trajectory was deposited, containing 800 ps

canonical NVT dynamics with frames stored every 100 fs.

Two snapshots from the MD trajectory, where an anion is 10 and 2 A apart from graphene

surface, are chosen as the starting models for QM/MM model development. The QM region is

selected to be a water sphere of certain radius r around the anion, plus the finite graphene flake
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of around 180 atoms with edges terminated by hydrogen. The remaining system consists water

molecules only and is treated with classical MM.

Table 3.2.1. QM radius size and number of QM atoms in the model. Configs 1 and 2 refer to

configurations where the anion is 10 and 2 A away from graphene surface.

Radius(A) 4 | 5 6 7 8 9 10
Config 1 245 272 305 362 431 512 617
Config 2 269 290 317 347 392 440 515

In QM/MM single point calculations, TeraChem[56] and Amber 14[57] were used for the

QM and MM regions, respectively. The QM/MM total energy is expressed by:
Eounm = Eom + Equ-vv + Enm

where in our case, Eqm-mum 1S zero since the QM and MM regions only consist whole water
molecules and no covalent bond crosses from QM to MM border. The QM region is modeled
with DFT using the range-separated exchange-correlation functional ®PBEh[58] with 6-31g*
basis set, and the MM region is treated with TIP3P water force field[59]. In order to mimic the
periodic boundary condition from polarizable force field trajectories, cylindrical TIP3P water
charge field was built by creating replicas of unit box around itself followed by radial truncation.
Initial radius of truncation is defined to be half the length of graphene diagonal, while radius
increment dr ranges from 0 to 12 A, resulting in around 1200~8400 additional point charges. The
rigid binding energy of anion, as defined by Epinging = E(With anion) — E(without anion) —

E(anion), is used as a metric to determine the convergence of QM region size.
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Fig 3.2.1 QM/MM single point calculations setup for PMF correction of ion adsorption to

graphene. The QM region is highlighted in bold surrounded by MM point charges of water.

3.3 Results and discussion

The anion-graphene interaction was parametrized based on binding energies of anion to large
polycyclic aromatic hydrocarbons such as coronene and circumcoronene using sSSAPTO, which
decomposes binding energies into electrostatics, exchange, dispersion and induction
components[60]. Firstly, we tested the influence of first principle methods on the binding energy
of thiocyanate ion to circumcoronene by comparing sSAPTO0/jun-cc-pvdz results with range-
separated exchange-correlation functional ®PBEh with 6-31g* basis. Three anion orientations:
S-Facing, N-Facing and tangential configurations were considered. From Fig. 3.3.1, the SAPT
binding energies agree well with ®PBEh results, except that it tends to overestimate the binding
energy of tangential configuration at short anion-graphene distances < 2.5 A. It has been reported
that SAPTO/jun-cc-pvdz is remarkably accurate compared to higher levels of methods, since
most of its accuracy comes from error cancellation between the uncoupled treatment of

dispersion in SAPTO and the limited ability of the basis set to represent electron correlation.
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Classical PMF of ion adsorption to graphene has been computed with umbrella sampling and
the Weighted Histogram Analysis Method (WHAM), as shown in Fig 3.3.2. It reveals that
kosmotropic ions (e.g. F") are repelled from water-graphene interface, whereas there exists an
equilibrium position for chaotropic ions (e.g. SCN).
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Fig. 3.3.2 Classical ion adsorption PMF from polarizable force field molecular dynamics

(Courtesy of Misra et al.)

The similarity between the Hamiltonians of neighboring windows in umbrella samplings is
critical to the statistical reliability. To this end, Klimovich ef al. has proposed an overlap matrix

to quantify the magnitude of phase-space overlap[61], which is a K x K matrix with entries:

o N AY€BG-7BU-(I ) oBG—BUj(wn)
e 12 NP Bm(rn)z N, ePC—BUn)
‘Z Nipi(a p](fn)

n= lzk ]]\’kpk In)z Npi(zn)

The term exp(PGi-PU;) represents the probability pi(x,) of sample x, to occur when simulating
state 1, and the N samples are collected with N; samples from p;(x) distribution, N, samples from
pa2(x), etc. A strong biasing potential may limit the samples within a small region around the
center of the biasing potential, whereas a weak biasing potential may not guarantee sufficient
sampling around the center of the window. An overlap between neighboring windows larger than
0.03 seems to be empirically sufficient to yield a reliable free energy estimate. We tested two
cases, one with the original window size of 1 A and another with smaller window of 0.5 A in
umbrella sampling, and the resultant first off-diagonal elements of matrices are shown in Fig
3.3.3. It seems a window size of 1 A already has sufficient phase-space overlap for subsequent

analysis.

31



0.40 0.40

0.35 0.35
0.30 0.30
@ o)
5 5
£ 0.25 £ 025 -
K K
w w
x = PP PP
5 0.204 5 0.204
& &
= =
o o
< 0.15 < 0.15
o o
> >
o o
0.10 0.10
0.05 0.05
0.00 T T T T T 0.00 T T T T T
0 5 10 15 20 25 0 10 20 30 40 50 60
Number of Adjacent Windows Number of Adjacent Windows

Fig. 3.3.3 The magnitude of overlap matrix elements for the neighboring windows for window

size of 1 A (left) and 0.5 A (right). The red lines represent a threshold of 0.03.

QM/MM single point energies, which requires the accurate determination of a reasonable
QM region/size, are the key components for PMF correction. We started QM/MM model
construction by firstly choosing the QM radius to be 10 A around fluoride, which is the largest
value possible inside the original unit box to isolate the influence of external charge field only.
The resultant binding energies with different radii of charge field is shown in Fig. 3.3.4, in which
the dashed line represents a box without external charge field. It is observed that dr <4 A has
little effect on ion binding energy, whereas the binding energies with dr = 6, 8, 10 A converge

around -192 kcal/mol.
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Fig. 3.3.4 (left) Projection of outside water charge field on x-y plane. Each blue dot represents a
single point charge. (right) Calculated binding energies of fluoride with different radii of water

charge field around the unit box. The QM radius is set to be 10 A.

As the binding energy of fluoride is assumed to converge with dr = 8 A external charge field,
a two-point test was adapted to estimate the smallest QM region size, rather than sticking with
largest possible sphere. Based on aforementioned two configurations, when the fluoride-
graphene distance is 10 and 2 A respectively, we calculate the binding energy of fluoride with dr
=8 A cylindrical water charge field, as shown in Fig 3.3.5. When fluoride is far away from
graphene (config 1), the binding energy roughly converges when QM radii is larger than ~7A,
whereas when fluoride is in vicinity of graphene surface around the edge of the water box
(config 2), the QM size seems to have limited effect on the binding energy due to incomplete

solvation shell.
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Fig 3.3.5 (left) A snapshot of QM regions in which the fluoride-graphene distance is 10 and 2
A, respectively. (right) Binding energy of fluoride ion with respect to different QM radii in two

configurations, each with applied charge field dr = 8 A.
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We also tested the convergence of the size of the cylindrical TIP3P water charge field for
water-graphene-SCN’ system, using the same approach for F*. We noticed that the water
molecules at the top of the box in original classical MD trajectories are not evenly distributed. To
solve this issue, we have truncated the box above z =90 A, and a comparison of the rigid binding
energies of SCN” with different radii of water charge field around the box is shown in Fig 3.3.6,
when the thiocyanate-graphene distance is 10 and 2 A, respectively. The QM radius is 10 A and
consists a water sphere around the anion plus graphene. The overall difference of original and
truncated box doesn’t seem to be very significant. The variation of binding energies is much
smaller compared to F, and the energy start to converge around dr = 9-10 A, slight larger than

what is needed for F".
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Fig. 3.3.6 Calculated binding energies of SCN™ with different radii of water charge field around

simulation box. The thiocyanate-graphene distance is 10 A (left) and 2 A (right).

3.4 Conclusion

A nanoscale QM/MM model for the PMF correction of ion adsorption to graphene was
constructed based on classical MD trajectories. It improves the existing modeling by taking into

account many-body polarizations and long-range electrostatic interactions, and sets a basis for a
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more accurate description of free energy changes in nanofluidic transport. Future work should
involve calculating more frames of QM/MM single point energies based on classical MD
snapshots, using the weighted thermodynamic perturbation theory to perform energy correction

to the classical PMF, and smoothing the obtained curve to reduce statistical noise.
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Chapter 4

Ab initio molecular dynamics study of coronene and

defects

4.1 Introduction

Water exhibits unique properties under confinement that are distinct from properties of bulk
water. Atomistic modeling can provide valuable insight into differences in nano-confined (e.g.,
by nm-scale carbon nanotubes) water and salt solutions. However, accurate, first-principles
modeling of molecular interactions is necessary to predict emergent properties. To better
understand the graphene-water interface in such systems, we performed ab initio molecular
dynamics on representative confined systems. We investigate the nanoscale solvation behavior of
selected ions on coronene and circumcoronenes as finite graphene models. We investigate the
degree of charge transfer between the ion and water with range-separated hybrid density
functional theory as well as how that charge transfer fluctuates during dynamics. We also

investigate how defects alter these dynamics and solvation in model systems.

4.2 Computational methods

The initial configurations were prepared with the Packmol[50] package by randomly placing
a selected anion (SCN’, NOs', CI, F") and water molecules in the upper sphere above coronene
(C24H)2) surface while ensuring the density of water to be ~1g/mL. In order to examine the effect

of system size, two larger systems circumcoronene (CssH;g), and circumcircumcoronene
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(CosHa4) were set up with the same approach. These three models include 7, 20 and 60 water
molecules, respectively. Fig. 4.2.1 shows a graphical representation of the initial geometry of a

circumcoronene-water-nitrate ion system.

Fig 4.2.1 Snapshot of a sample circumcoronene-water-nitrate ion model

Ab initio molecular dynamics (AIMD) simulations were performed on different sizes of the
coronene-water-ion system using the TeraChem[56] GPU-accelerated quantum chemistry
package for charge-transfer analysis. The calculations were carried out using either the
B3LYP[62] meta-generalized-gradient approximation (GGA) hybrid exchange-correlation (xc)
functional, or the long-range corrected, hybrid GGA xc functional ®PBEh[58]. The performance
of 6-31g* and 6-31g basis sets, as well as the Grimme’s D3 dispersion correction[63], were
evaluated in benchmarking. Time step was set to 0.5 fs and the temperature was held at 300 K
with the Langevin thermostat[64]. Throughout dynamics of 50 ps, spherical boundary condition
is applied throughout dynamics to constrain water molecules within the upper sphere, enforced
by

Ueconsie(r) = K(t-Reenter)-R)’
where individual R values depends on the system size, and the force constant k was set to be 10

kcal/(mol A?).

37



4.3 Results and discussion

The Mulliken charge fluctuation of anions in coronene-water-anion system has been
analyzed. Firstly, the effect of system size was estimated by comparing the Mulliken charge of
fluoride ion in three sized systems (Fig 4.3.1). It has been observed that the distribution of partial
charge in the coronene system has substantial deviation from the larger ones probably due to
incomplete solvation and the edge effect, whereas circumcoronene and circumcircumcoronene-
based systems showed closer similarity. We therefore conclude the smallest coronene system is

insufficient for a proper analysis of charge transfer.
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Fig 4.3.1 Histogram of fluoride Mulliken charge in three systems with different sizes

Selecting circumcoronene-water-anion system as our model, we benchmarked different
combinations of functionals and basis sets and examined their effect on anion partial charge: (1)
oPBEh/6-31g (2) oPBEh/6-31g* (3) B3LYP/6-31g* (4) oPBEh/6-31g* with D3 dispersion
correction (Fig. 4.3.2). Regardless of our choice of functionals or basis sets, the partial charge

distribution of fluoride was centered around -0.6, which is unreasonably low compared to other

anions.
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Fig. 4.3.2 Histograms of the Mulliken charge of anions (SCN, NOs", CI', F’) in circumcoronene-

water-anion systems using different functionals and basis sets.

Structural analysis was performed to elucidate the charge transfer anomaly during solvation.
The radial distribution function of O-F and O-CI pair were plotted with VMD[65] from an
oPBEh/6-31g trajectory of 5 ps (Fig 4.3.3), from which the cutoffs for their 1* coordination
shells have been determined. The average charge of water molecules in fluoride’s 1%
coordination shell is shown to be remarkably lower than those of chloride (Fig 4.3.4). Also, a
fraction of F™ negative charges seemed to have been distributed to circumcoronene, which does
not appear physically meaningful. In general, fluoride seems to induce stronger localized charge
transfer between anion and water. To evaluate the accuracy of DFT functionals, we ran higher-

level DLPNO-CCSD(T)/aug-cc-pvdz single point calculations in Orca[66] for random snapshots
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of fluoride-water clusters, from which their Mulliken charge is reported to be around -0.94 on
average. The coupled-cluster calculation result demonstrates that our DFT functionals fail to

correctly describe the electronic structure of fluoride in water.
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Fig 4.3.3 Radial distribution functions for O-F" and O-CI pairs in fluoride/chloride-water-

circumcoronene system

3 3.
L s
5 3
& S -
5- 5

-0.06

-0.0% N 1 " L " 1 " L £ -0.2 N 1 N 1 N 1 N 1 N

0 1.0 20 3.0 4.0 5.0 280 1.0 2.0 3.0 4.0 5.0
Time (ps) Time (ps)
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Further effort has been devoted to tuning the DFT functional ®PBEh, attempting to reliably
reproduce fluoride partial charge. The range-separated hybrid functional ®PBEh combines 80%

PBE GGA exchange and 20% HF exchange at short range with asymptotically correct HF
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exchange for the long range[67]. The percentage of Hartree-Fock exchange (HFX) and the range
separation parameter ® were altered to observe the effect of exact exchange and the effect of
long-range exchange, respectively. HFX was tuned from as low as 10% to 50% with an
increment of 10%, whereas the range separation parameter o was altered from 0.001 bohr™' to
0.4 bohr" with increments of 0.1 bohr™'. The simulations were carried out with basis set 6-31g*
and D3 dispersion correction. As shown in Fig. 4.3.5, for a fixed percentage of Hartree-Fock
exchange, increasing ® tunes the partial charge to be more negative. Similarly, for a fixed range
separation parameter ®, increasing HFX also result in a more negative value. However, within
the range of values we tested, at HFX = 50% and o = 0.4 bohr™', the most negative partial charge

achievable is around -0.68, which is still far from the targeted value.
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Fig 4.3.5 Charge fluctuation of fluoride ion (left) while altering ® from 0.001 to 0.4 bohr™' and

keeping HFX fixed at 10%, and (right) altering HFX from 10% to 50% and fixing ® from 0.4

bohr.

How topological defects on coronene may influence the solvation process is also an open
question of our primary interest. We started by introducing various vacancies on circumcoronene
involving mostly five and seven-membered rings (e.g. Stone-Wales defect and double

vacancy[68]) and analyzing the partial charges with a similar approach. The charges of carbon
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atoms of vacancy region (in red and green) was compared to that of defect-free circumcoronene.
Results shown in Fig. 4.3.6 suggest that the carbons that form defects are predominantly neutral,
and anion charge in water does not seem to be affected by the vacancy. It is worth noting that
those defects are associated with large formation energy (~ 4.8 — 10.4 eV[68])and are rarely
observed in experiments alone, thus for the next step we moved beyond simplest models and

consider more realistic and complex defects, e.g. those involving hydroxyl groups.
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Fig 4.3.6 Comparison of partial charges of carbons on defect and thiocyanate ion between

circumcoronene which is defect-free, with Stone-Wales defect, and with double vacancy 555-

T77.

Topological defects on graphene are known to be the center of chemical activities[69], as

they influence the adsorption and reactivity of functional groups at graphene surface. Stone-
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Wales defects, for example, are able to stabilize the adsorbed hydroxyl groups with stronger
binding as well as raising the energy barrier for recombination and water formation compared to
pristine graphene[70]. Here we chose a model of hydroxyl pairs adsorbed on a Stone-Wales
defect followed by water formation[70], during which an epoxy group is left on the defect. We
studied the charge transfer between the resultant structure and selected cations (Li", Na") in
water (Fig 4.3.7). AIMD reveals a large difference between lithium and sodium Mulliken charge,
whereas the partial charges of the epoxy oxygen remained similar despite the discrepancy in ion-
oxygen distance along the trajectory. This finding suggests that major charge transfer of solvated
cation near an epoxy group happens within the solvation shells, instead of between cation and

epoxy group.
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Fig 4.3.7 Comparison of partial charges of oxygen, and lithium/sodium cations after water

formation in hydroxyl groups aggregation on a Stone-Wales defect (Adapted from Ref[70]).

4.4 Conclusion

In this study, we used ab initio molecular dynamics (AIMD) to study the nanoscale
solvation behavior by constructing finite ion-water-coronene models. Benchmarking and tuning
range-separated hybrid functional ®PBEh informed the limitation in the accuracy of DFT
methods to predict the electronic structure of solvated halide (F") in water clusters. The
simulations revealed how intrinsic charge transfer and molecular interactions dictate the
solvation process, as well as the the impact of vacancy defects and polar functional groups on
solvated cations/anions. Future direction could involve comparing different charge schemes (e.g.
Voronoi deformation density charge, Hirshfeld charge), introducing more diverse and more
complex geometries of functional groups to study the surface preference of ions, as well as

adapting periodic boundary conditions to overcome the limitations of finite models.
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Chapter 5

Molecular simulation study of dielectric-induced
ionization behavior in nanoporous polyamide

membranes

5.1 Introduction

Water scarcity is one of the largest global challenges, affecting two-thirds of the world
population. The advancement of membrane materials for water purification processes such as
desalination is in great demand to produce clean water from contaminated sources or the sea.
Polyamide selective layers, formed through the interfacial polymerization of a diamine with a tri-
acid chloride, has emerged as the gold standard for reverse osmosis and nanofiltration
applications[71], [72]. However, the advancement of membrane technologies is hindered by our
limited understanding of their structure-property-performance relationships. The membrane’s
charge density (carboxyl groups formed from the hydrolysis of residual acid chlorides and
unreacted amines) following their ionization influences interactions between the membrane
surface and charged constituents in the feed water, and thus has a great impact on the
performance of membranes[73]. In this study, we adapted molecular dynamics simulations and
density functional theory to validate the dielectric-driven mechanism of location-dependent
anomalous ionization behavior of carboxyl group in polyamide membranes, which highlights the
role of nanoconfinement in membrane operation and provides fundamental understanding for

future membrane design principles.
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5.2 Computational methods

Classical molecular dynamics (MD) simulations were performed to calculate the dielectric
constant of bulk and confined water using the LAMMPS[34] (7 Aug 2019) package. To ensure
insensitivity to the water model, results were compared using the rigid SPC/E[55], TIP4P/g[74],
and flexible SPC/Fw[75] water models. The dielectric constant of bulk water was obtained using
a box of 1,000 water molecules that was simulated with rectangular prism periodic boundary
conditions. The dielectric constant of confined water was estimated using a model of 1,047 water
molecules in a 2 nm diameter cylinder. This structure was generated using Packmol[50] by
randomly placing the water molecules in the cylinder of diameter 2 nm and length 10 nm with a
density of 1.0 g cm™. The dimension of unit box was then expanded to 110A x 110A x 110A to
avoid undesired interactions between cylinders in the radial direction. Both structures were
equilibrated for 100 ps followed by 6 ns production at a temperature of 298 K and a pressure of 1
atm in the NpT ensemble using the Nosé-Hoover thermostat and barostat[76] with temperature
and pressure damping parameters of 100 and 1,000 timesteps, respectively. A time step of 1 fs for
bulk water and 0.25 fs for the confined system was employed throughout in conjunction with the
SHAKE algorithm[54] only for the rigid water models. The spatial confinement was enforced for
the confined water model using a cylindrical harmonic wall potential with a force constant of 5,000
kcal mol™" A The cylindrical axis of the water model was not confined and was subject to a
pressure of 1 atm, resulting in a minor ~5% expansion in length on average after production

dynamics.
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Table 5.2.1 Parameters and reference dielectric constant of water models

qu qo G600 £00 Dielectric
Water Model
(e) (e) A) (kcal mol™) constant
SPC/E +0.4238 -0.8476 3.166 0.1554 71.0
SPC/Fw +0.4100 - 0.8200 3.166 0.1554 79.6
TIP4P/¢ +0.5270 - 1.0540 3.165 0.1848 78.3

Fig. 5.2.1 Snapshot of starting configuration for molecular dynamics (MD) simulations, where
water molecules are constrained by a cylindrical potential wall. The confined water channel is

centered in the middle of a boundary unit box.
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The dielectric constants of bulk and confined water models were computed using the
PyLAT([77] package from the fluctuations of water dipole moments along the trajectories from the
6 ns of production dynamics according to:

<M?>—-< M>?
3e,VkgT

where 7 is the absolute temperature, V' is the volume of the solvent system, and M is the dipole

moment of the solvent system.

Density functional theory (DFT) calculations were performed using Q-Chem 4.2[78] to
estimate pK, values and compute binding energies. The 3,5-dicarbamoylbenzoic acid and
acetylated-piperazine (Ace-PIP) were selected as models of R-COOH and R,-NH,", respectively,
present in the cross-linked polyamide network. All calculations were carried out using the
dispersion-corrected, range-separated hybrid functional ®B97X-D[79] with the 6-311++G(d,p)
basis set. All geometry optimizations were carried out in implicit solvent using the SMD solvation
model[80]. The effect on pK, of varying from low to higher dielectric was modeled with
tetrahydrofuran (THF, €=7.6), acetone (e=20.7), acetonitrile (¢=37.5), dimethylsulfoxide (DMSO,
€=48.0), and water (¢=78.2). The pK, values were calculated using a thermodynamic cycle

approach, with the pK, estimated as:

pK _ AG =GHA_GA_GH+
‘' 2303RT 2.303RT

pK, [sub, correction] =pK, [sub, DFT] +pK, [ref, EXP] -pk, [ref, DFT]

where entropic and zero-point energy contributions to the Gibbs free energies were obtained from

an analytic Hessian calculation on the geometry optimized structure incorporating the relevant
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implicit solvent model. We note that “sub” and “ref” denoted in the above equation abbreviate
substrate and reference, respectively. The proton hydration free energies were taken from previous
computational benchmarks[81]. To reduce sensitivity of computed pK, values to both the solvent
model and level of theory, we shifted all computed pK, values by the difference of our computed
pK, values to available experimental data[82], [83] across several solvents of a related compound.
For 3,5-dicarbamoylbenzoic acid, the reference compound chosen was benzoic acid, and for Ace-

PIP, the reference was piperazine.

The binding enthalpy of Ace-PIP with a range of anions (i.e., C1O4, ClOs, NOs, F, CI', Br
, I, and BOy") was computed as:

AH, H

complex

-H H.

inding = Ace-PIP — “4jon

where the H refers to the zero-point vibrational energy-corrected electronic energy. The isolated
Ace-PIP, anion, and anion-Ace-PIP complex were each geometry-optimized in implicit water

solvent.

5.3 Results and discussion

MD simulations were used to assess the effect of nanoconfinement by a low permittivity
media on the local dielectric constant of water. Several Lennard-Jones type water models (e.g.,
SPC/E, SPC/Fw, and TIP4P/¢) were used to simulate water dynamics in the bulk or under
confinement. The reference calculated dielectric constants of bulk water range from roughly 71
to 79.6, which is in good agreement with its experimental value (eyater = 78.2) and validate our

protocol for computing dielectric constants.
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The simulation was allowed to reach steady-state conditions with 6 ns production, which is
sufficient for an accurate determination of dielectric constant for various water models[84]. We
calculated the dielectric constant from the fluctuation in the dipole moment along the MD
trajectory. Testing on bulk SPC/E water comprising 64 to 5382 water molecules all yield
converging results after 4 ns production run (Fig. 5.3.1), implying dielectric constants are
relatively independent of system size. Under confinement, the surface-layer dielectric constant
has been reported to decrease since the rotational degree of freedom of water are hindered in
proximity to the surface. Inside a cylindrically shaped potential walls with a diameter of 2 nm,
which is the most representative for the LIP membranes, we observe an evident decrease in the
dielectric constant of water from its bulk value (Fig. 5.3.2), as the confined water molecules
displayed a dielectric constant ~2-fold less than bulk water (¢ < 40). These simulations support
the ability of a low permittivity media, such as polyamide (¢ = 3), to reduce the local dielectric

constant of water upon extreme confinement.

However, in an extremely confined environment such as in sub-1 nm pore, the calculated
dielectric constant can exceed the bulk value (Fig 5.3.2). The hydrogen bond networks are
frustrated and presence of a potential wall indeed influences the molecular packing of fluids
parallel to the surface. The calculated water density profile and parallel permittivity are reported
to show anomalous pronounced peaks close to the interface with bulk-like regions in
between[85], [86], and the resultant density profile is dependent on wall-fluid interactions (e.g.

depth of carbon-water LJ potential well inside graphene slit-like channels[85]).
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Fig. 5.3.1. Molecular dynamics simulations of the dielectric constant of bulk SPC/E water

ranging from system sizes of 64 to 5832 water molecules.
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Fig. 5.3.2 Calculated dielectric constants of confined water in potential walls of diameter 1~5

nm.

DFT was then applied to evaluate the role of the intermediate dielectric constant in the
ionization of semi-aromatic polyamide-based R-COOH. To reduce the complexity of modeling a

highly cross-linked polymer network, we selected 3,5-dicarbamoylbenzoic acid as a truncated
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molecular model of polyamide to study R-COOH ionization. This molecule is likely more
representative of the polyamide-based R-COOH than a simple benzoic acid, as 3,5-
dicarbamoylbenzoic acid possesses electron withdrawing carbonyl groups common to the
polyamide chain. We modeled the ionization of our R-COOH analogue via DFT in solvents of
varying dielectric constant and then corrected the calculated pK, values based on experimental
values of benzoic acid. We observed a notable increase in the corrected pK, values of 3,5-
dicarbamoylbenzoic acid experiencing lower dielectric constant, corroborating the viability of a

dielectric-driven mechanism behind the upward-shift in R-COOH pK,.
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Fig 5.3.3 Relation between the pK, of a polyamide-based R-COOH analogue (3,5-
dicarbamoylbenzoic acid) and the dielectric constant of the surrounding media determined by

density functional theory.

On the other hand, amine ionization in polyamide films is generally considered less
important due to its low density relative to residual R-COOH. However, similar to R-COO’,
positively charged amine groups can impart hydrophilicity and influence electrostatic

interactions between the membrane and charged constituents in the feed water. Therefore, it is
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important to understand amine ionization when considering water and ion transport across
nanoporous polyamide films. Previously, tungstate (WO4>) was used as a probe to quantify
ionized amine groups in fully-aromatic polyamide membranes, revealing a pK, of ~4.1[87].
However, this result is not generalizable to all polyamide membranes. A pK, of ~11 is more
likely for the residual secondary amines (R,-NH/R,-NH,") found in the PIP-based semi-aromatic

polyamide membranes studied here[88].

To quantify R,-NH," in our membranes, we employed DFT calculations to predict which
monovalent anions expressed the most favorable binding. Binding favorability was quantified by
the binding enthalpy (AH) between the anion and acetylated-piperazine (Ace-PIP), a truncated
model of polyamide. Similar to R-COOH modeling, Ace-PIP was selected as the molecular
analog for R,-NH,". DFT revealed metaborate (BOy") binds the most favorably with Ace-PIP
(Fig. 5.3.4); however, due to the tendencies of metaborate’s conjugate acid to form metaboric
acid, BO,” was considered unsuitable for quantifying R,-NH," over a wide pH range. As such,
bromide (Br’) was selected as the most suitable counter-ion probe for assessing R,-NH
ionization.
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Fig. 5.3.4 Binding enthalpies between a polyamide-based piperazine analogue, acetylated-PIP

(Ace-PIP), and probe anions gathered from DFT calculations.

Results from Fig. 5.3.5 imply that decrements to the local dielectric constant within the
polyamide pore have negligible effect on the charge stability of R,-NH,". DFT calculations on
the ionization of Ace-PIP in solvents of varying dielectric constant support this notion.
Specifically, the projected increase (rather than a decrease) in the pK, of Ace-PIP at lower
dielectric constants indicates that lower permittivity media do not inhibit R,-NH ionization. In
other words, Ace-PIP can remain ionized over a wide pH range—regardless of its dielectric
environment. This theoretical insight supports the experimental findings and reinforces the
notion that R,-NH ionization behavior for varying pH is similar across the film thickness,

although the densities may vary.
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Fig. 5.3.5 Role of media dielectric constant, determined by DFT, on the pK, of Ace-PIP.

5.4 Conclusion

In this study, we assessed the ionization behavior of nanoporous polyamide selective layers

in nanofiltration membranes. Classical molecular dynamics combined with first-principles
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simulations support a dielectric-driven mechanism of location-dependent ionization of carboxyl
groups in polyamide membranes. Within membrane pores, nanoconfinement of water effectively
decreases its local permittivity, thus changing the ionization behavior of carboxyl groups due to
reduced charge stability, measured by enhancements in its pK,. On the other hand, amine
ionization behaves invariably across the membrane. These findings highlight the influence of
nanoconfinement on membrane permselectivity and provide fundamental understandings of

ionization for novel membrane design.
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