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Intermolecular interactions are paramount to our understanding of collective
physical properties, but present a scientific challenge in that the characteristic length
scales of these interactions are below the diffraction limit for direct visualization, and
depend on an ensemble of collective molecular motions that are intractable with con-
temporary quantum mechanics calculations. In such situations molecular dynamics
(MD) is a versatile tool, employing empirical potentials to approximate molecular
behavior and sample the underlying statistics rigorously. In recent years MD has
experienced a renaissance, with sophisticated accelerated sampling techniques and a
wide selection of parameterizations. This has allowed for complex environments such
as solid-liquid interfaces to be studied in ways previously inaccessible. Interfacial
phenomena are particularly important due to their relation to assembly processes,
which are relevant to biological complexes and materials development, among other
things. The present work explores aqueous response to heterogeneous interfaces for
applications in hydrophobic aggregation, ordered self-assembly, and electronic de-
vice performance, in each case revealing distinct behaviors when aqueous ion species
are exchanged. These specific ion effects have broad ramifications for the resulting
physics, and are a crucial part of the sophisticated theoretical framework needed to
predict outcomes a priori. Toward this goal, MD provides a route to explore under-
lying mechanisms, quantifying solution structure and applying macroscoping theory

where relevant to connect microscopic phenomena with macroscopic outcomes.
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List of Figures

2.1

2.2

2.3

24

Representative simulation frames illustrating hydrogen bond networks
between water molecules within 0.2 nm of the edge of the spherical
cavity (blue) of radius (a) 0.2 nm and (b) 0.8 nm. Notice that in
(a), the hydrogen bond network remains intact and spans the solute,
while in (b) the cavity is geometrically incompatible with the network
and water molecules close to the cavity are relatively sparse. Figure
inspired by [71] . . . . .. L

Gibbs free energy per unit surface area of spontaneously generating a
spherical cavity of given radius, as measured by the distance from the
nearest water oxygen atom to the center of the cavity (origin). The
rate of free energy increase for small cavities (cavities smaller than
~1.5 water solvation shells in radius, linear trend lines dashed) is
greater in the presence of sodium chloride than would be anticipated
from the increase in surface tension at the planar limit (horizontal
dashed lines). This is indicated by the intersections of these lines,
marked with stars, which tend toward smaller cavities with increas-
ing NaCl concentration. Beyond ~0.6 nm cavities, slow convergence
produces less reliable results (see text). We estimate the statistical
uncertainties using Monte Carlo bootstrapping, and we find the stan-
dard deviation to be less than the size of the points used to represent

Ensemble average local number density of 2 M NaCl in water as a
function of radial distance from the cavity center given that a cavity
of specified radius is present, + 0.025 nm. For Nat and Cl~, density
adjacent to the cavity is gradually depleted and ion adsoprtion peaks
begin to occur over the cavity range indicated. Conversely, the density
function of H,O (measured using the oxygen atom) does not yet reflect
the formation of a liquid-vapor interface as is known to occur in the
large cavity limit. The dashed black lines represent the infinite cavity
limit, a planar wall-water interface, shifted to superimpose on these
AXES. . v e e e e e e e e

Spatial density function of water molecule oxygen atoms relative to
the center of an (a) 0.2 nm, or (b) 0.4 nm cavity. The relative density
of water molecules adjacent to the cavity is largely unaffected by the

addition of NaCl. . . . . . . . . . .
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2.5 Orientation of water molecules as a function of radial distance from
the origin, as measured by the cosine between the vectors (i) from
the origin to the water oxygen and (ii) from the water oxygen to the
average position of its two hydrogen atoms. Top graphic is an illus-
tration of the angle §. Subfigures are arranged in a grid for different
experimental setups, with the top row indicating neat water, bot-
tom row aqueous 2 M NaCl, and columns corresponding to 0.2 nm,
0.3 nm, and 0.4 nm cavities. Between cavities of radius 0.2 nm and
0.4 nm, the presence of NaCl does not influence the average water
molecule orientation. Larger cavities are positively correlated with
the intensity of water molecule orientational preference. . . . . . . . . 41

2.6 In neat water, free energy of evacuating a spherical cavity of radius R
may be obtained without adapted sampling (black), with 2D WHAM
(red), or the alternative method discussed here (blue). This case
study illustrates the accuracy and effectiveness of the WHAM alter-
native relative the its parent method, despite the greater generality
afforded here. . . . . . . . .o 47

2.7 When simulation frames are arranged in order of descending weight
magnitude, the sum of the most heavily weighted configurations over
the sum of all frame weights does not approach unity linearly as
would be the case if each frame were given the same weight. This
effect is exacerbated in simulations of larger cavities, such that en-
semble averages computed via re-weighting are dominated by very few
configurations. This example was conducted under no salt conditions. 47

3.1 (A/B): AFM images of DHR10-Mical8 assembly. (A) 0.1 xM DHR10-
Mical8 in 3 M KCL. (B) 0.1 uM DHR10-Mical8 in 3 M NaCl. The
insets are Fast Fourier Transforms. The buffer is 20 mM Tris, pH 7.
(C): Schematic representation of our key finding that macroscopic wa-
ter polarization over muscovite is reversed in the presence of KCI vs.
NaCl, which leads to either constructive or destructive interference
with the polarization of a protein’s surface depending on specific ion
effects. For DHR10-mica6 (shown) the relative attraction strengths of
the protein’s front or back faces to muscovite correlate with reduced
orientational specificity observed in AFM (panel B). (D): Ilustra-
tion of decomposing the total electric field E into displacement field
D, consisting of background charges and the two surfaces (treated
as fixed), and the electric polarization P due to water orientations,
which is our focus here. This relation is written in SI units, where
€p is vacuum permittivity. Simulations of protein and muscovite are
conducted separately. . . . . . ... ..o 52
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3.2

3.3

3.4

For 3 M KCl aqueous conditions, we have (A/B): Averaged proba-
bility density from atomic coordinates as a function of perpendicular
distance from muscovite bedrock (ZDF), normalized to bulk, for (A)
muscovite including explicit Al substitutions, and (B) muscovite in
the mean-field substitution representation. Both are using the IN-
TERFACE force field. Percentages are fraction of cation binding
sites occupied, measured by integrating up to the first minimum in
the potassium density. (C/D): Average probability density of lateral
water oxygen positions a distance of 3.0 £ 0.3 A from the muscovite
surface as measured from the surface-exposed oxygen atoms. Pat-
terning is uneven under explicit Al substitution (C) and organized
under the mean-field treatment (D). . . . . . .. ... ... ... ...

Lateral probability distribution of water molecules occupying the nar-
row region of 3.5 + 0.1 A (top row, 3 M KCl with IFF mean-field
muscovite) or 2.1 + 0.1 A (bottom row, 3 M NaCl with IFF mean-field
muscovite). This same probability density is smoothed by a Gaus-
sian of width o (a KDE of probability), in columns left-to-right, from
0=0.0 A (no smoothing) to 0=4.5 A in increments of 0.5 A. Char-
acteristic streaking can be seen from the lower left to upper right
corners of each panel, up to a smoothing length of about 2.0 o. This
illustrates that some distinctive atomistic signatures are inaccessible
to far-field smoothing procedures that use Gaussians of width o = 4.5

Demonstration of converting pf (z) obtained from LMF-processed MD
trajectories into polarization-induced pressure between muscovite and
the front/back faces of DHR10-mica6. (A) A concatenated bound
charge density profile is made by adjoining partial pj(z) profiles from
trajectories of protein or muscovite in isolation at the bulk, where
solution conditions are identical. (B) We compute P{(z) from pf(z)
via Egs. 3.3 as in the main text, and then fit the functional form of
order parameter 1(z) (Eq 3.6) to polarization on the region [-30 A,
430 A] that is solvent-accessible (fits are dashed lines). (C) Fitting
n(z) to P{(z) determines the phenomenologica33l parameters needed
to evaluate pressure II (Eq 3.9) as a function of separation D, where

a positive II indicates repulsion. In all three panels, red coloration
indicates 3 M KClI solution, while blue indicates 3 M NaCl. . . . . . .

10
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3.5 Selected far-field polarization-induced pressure curves demonstrat-
ing impacts of K*¥/Na™ exchange. The eight traces presented are
to be thought of as four pairs, each representing a given muscovite-
macromolecule pair under both 3 M KCI and 3 M NaCl conditions.
These macromolecule pairings are: muscovite-muscovite (as reference,
in black), muscovite-DHRyinging (red), muscovite-DHRp,ex (blue), and
muscovote-“%®RhuAyinaing (green). Pairs of traces are indicated by
a shared color (dark vs. light shade for KCIl vs. NaCl, respec-
tively) and corresponding symbols: (@, %), (v, A), (<, »), (M,
#), listed in KCI/NaCl order. For example, the red pair of traces
(¥, A) correspond to those in Fig 3.4C. With II > 0 indicating re-
pulsion we see muscovite-muscovite is repulsive under both KCI and
NaCl, muscovite—C%RhuAbmdmg is attractive in both cases, and the
muscovite-DHR interaction can be modulated to attractive or repul-
sive depending on which protein face is presented and the salt treat-
ment. See Fig 3.7 for renderings of the two proteins to illustrate the
notional “front” and “back” faces. . . . . . . ... ... 61

3.6 AFM images of ““®RhuA assembly on muscovite. (A) 0.05 uM “*®*RhuA
in 3 M KCL. (B) 0.05 uM “®RhuA in 3 M NaCl. The insets are Fast
Fourier Transforms. The buffer is 20 mM Tris, pH 7. Exchanging
KCl for NaCl is found to diminish protein coverage and reduces ori-
entational specificity. . . . .. ... L oo 80

3.7 (A/B) Protein structures for (A) DHR10-mica6 and (B) ““RhuA
as rendered using both a cartoon backbone and ball-and-stick side
chain model, colored corresponding to depth in the z-dimension. The
notional binding face appears in green (low z) while the opposite end,
the “back” face, is blue (high z). For DHR10-mica6, the designed
binding glutamate residue alpha carbons are marked by green vDW
spheres to highlight the hexagonal patterning to match muscovite.
(C/D) Amino acid sequences for the two proteins are color-coded
according to the z-dimension in agreement with panels (A/B). . . . . 81

3.8 Lateral positioning of cations in their primary muscovite binding
wells, measured from simulation for cations within the first density
peak (within 0.2 to 0.3 nm from the surface bridging oxygen). The
periphery of the binding pocket is outlined for reference with oxygen
atoms (purple) and silicon (green). Panel (A) shows 3 M KCI condi-
tions and potassium is in red. Panel (B) shows 3 M NaCl conditions
and sodium is in blue. Panel (C) is a composite of (A) and (B),
taking a difference between K and Na™' probability densities with
regions of greater K™ probability in red and greater Na™ probability
in blue, with white indicating equivalence. Panel (C) reveals that
sodium is more likely than potassium to be displaced from the center
of its cation binding well. . . . . . . . . ..o 82
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3.9

3.10

3.11

3.12

3.13

Visual representation of volume region attributed to the protein-
confined space (yellow), with panels (A-C) corresponding to different
viewing axes. Solution outside this volume was ignored when project-
ing p(r) onto p(z) (transparent gray). The three images are different
angles of DHR10-mica6. Isolating a subvolume of space in this way
amplifies the signal attributed to the protein compared to projecting
averaging over all space, which includes excess solvent. . . . . . . ..

Probability densities from atomic coordinates of (A) cations, (B) an-
ions, and (C) water oxygen, normalized by concentration in the bulk.
Each panel compares six simulated salt treatment and mean-field sub-
stitution muscovite force field combinations: 3 M KCI, IFF (red); 1
M KCI, IFF (light red); 3 M KCl, CFF (green); 3 M NaCl, IFF
(blue); 1 M NaCl, IFF (light blue); 3 M NaCl, CFF (light green).
No qualitative change in density profile can be seen with changing
concentration, only quantitative intensity relative to bulk. IFF and

CFF disagree only in how closely a Na™ ion can approach the surface.

(A/B) Positional probabilty densities from atomic coordinates of wa-
ter oxygen, normalized by concentration in the bulk, for (A) 3 M
KCI, and (B) 3 M NaCl conditions. (C/D) Corresponding probabil-
ity density of a water molecule dipole vector taking an angle 6 with
respect to muscovite surface normal given that the water oxygen is
some distance from the surface. The value cos(f) = 1 corresponds
to the positive-to-negative vector of water being parallel to the sur-
face normal into solution (positive end into the surface). Differences
in water orientations from an atomistic perspective rationalize the
surface polarization reversal observed in the LMF formalism. . . . . .

Probability density of cation and anion in the region between one
face of DHR10-mica6 and the other (as in Fig S4). The binding
face is at ~ 10 nm and the opposing face is just above 0 nm. A
small C1™ adsorption peak can be seen in the NaCl case at ~1.5 nm.
Differences in ion aggregation tendences are an atomistic signature of
solvent polarization and provides further evidence for the changing
character of the back face of DHR10-mica6. . . . . .. ... .. ...

Probability distribution of water molecule orientation as a function of
distance from either the back face (A/C) or the binding face (B/D)
of DHR10-mica6, under 3 M KCI (A/B) or 3 M NaCl (C/D) condi-
tions. The angle 6 is between a water molecule dipole, negative to
positive, and the vector {0,0,-1} (here running right to left). The left
two panels represent water near the back face of the protein (over-
laid as a ghost for visual reference) while the right two panels show
the protein binding face, under KCI conditions (top) or NaCl condi-
tions (bottom). Atomistic differences between aqueous K* and Na™
corroborate the LMF result in terms of polarization intensity. The
non-specificity of the side chain-cation interaction results in a similar

cation density distribution adjacent to the protein binding face for
both KT and Nat. . . . ... ... ... .. ... ... ... . ...,

83

12

Chapter 0 Jesse Prelesnik



Interfacial Phenomena via the Molecular Dynamics Framework

3.14 Ramifications of taking different z/y cuts on the projection pj(z).
Panels (A-E) show the lateral positioning of this cylindrical subvol-
ume relative to the protein, with radii increasing from 7 A to 24
A. Panels (F-J) show corresponding projections pf(z). At smaller
subvolume radii, p§(z) is similar for KCl and NaCl, while at larger
subvolume radii the two begin to differ. The comparison is then repli-
cated for a rectangular subvolume, represented in panels (L-P) and
(Q-U), respectively. . . . . . . ... 87

3.15 Assorted osmotic pressure profiles, complementary to Fig 4 in the
main text in format. The functional form of n(z) (as in Eq. 3.30
above) is fitted to electric polarization P?(z). In each panel on the
left side, the function 7(z) is shown as a dashed line over the solid
trace PZ(z) from simulation. In each case, red represents 3 M KCl
aqueous conditions while blue represents 3 M NaCl. Data from dis-
crete simulations are concatenated at z = 0 in bulk, as marked by
a dashed black line. Extracted parameters are used to evaluate Eq.
3.49 as a function of D, which are represented in the right column
with any given row of panels corresponding to the same pair of macro-
molecules. Predictions about protein binding to muscovite are con-
sistent with experiment. . . . . . .. . ... Lo oL 88

3.16 Progression of metadynamics PMF of ions over INTERFACE force
field mean-field treatment muscovite in contact with 3 M KCl as a
function of simulation time, from faint shades to darker in 10 evenly-
spaced increments 10 ns apart from time 100 to time 200 ns out of
200 ns total simulation, which was the segment used for analysis.
The lines all lie on top of one another, indicating a well-converged
free energy landscape. . . . . . .. ..o 89

3.17 Osmotic pressure II is plotted as a function of D/X for ¢ = 1 and
a=1. With h_ = 1.0 for all traces, the value of h, varies from -1 to
1. Dashed traces do not satisfy the inequality from Eq. 3.59 and so
have neither intercepts nor stationary points for finite D > 0. Solid
traces do satisfy Eq. 3.59 and so have intercepts marked closed circles
and stationary points marked by triangles. . . . . . .. .. ... .. 89

3.18 Average probability density of lateral water oxygen positions a dis-
tance of 3.0 £ 0.3 nm from the muscovite surface as measured from
the surface-exposed oxygen atoms. After smoothing on the length
scale of 0=0.45 nm, lateral inhomogeneities are washed out under
both explicit Al substitution (C) and mean-field treatment (D). . . . 90
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3.19 Demonstration of the effect of manipulating Landau decay length A

4.1

4.2

for muscovite-to-muscovite interactions. Panels (A)-(C) show how
choosing a A value other than ~2 A results in a poor fit relative to
P?(z) from simulation, while panels (D)-(F) reveal the substantive
ramifications of this change on estimated pressure. Importantly, if
A = 1A, coinciding with a more heavily screened surface, then pres-
sure decays quickly and a value of 10~'° nN/nm? is obtained at 20 A
separation as in the experiments of Perkin et al.. If \A=4A, coinciding
with a weakly-screened environment, then larger pressures are main-
tained and have magnitudes comparable to other simulation works
[171] . o

Schematic of the systems used herein. (A) illustrates the structure
of the thiophene backbone, with “head” and “tail” directionalities
labeled relative to the side chain attachment point to illustrate the
difference between regioregular (head-to-tail connectivities only) and
regiorandom (where head-to-head or tail-to-tail connections are also
permitted, with random distribution). The R-group two side chains
considered here are also illustrated, alongside the counterions em-
ployed to neutralize the electron hole on thiophene. Aqueous counte-
rions are always KT in this study. Panel (B) illustrates the biphasic
simulation setup used here, in which 128 hexamers (in teal) consti-
tute the organic phase and an excess of water solvent (transparent
red) at 0.5 M ionic strength (ions in purple) is driven to intercalate
into the polymer phase due after doping has occurred. Panel (C) il-
lustrates the electron transfer systems used, with 32 hexamers (trans-
parent teal) and a single counterion/water cluster with some number
of water molecules determined by simulations from panel (B). In this
illustration, an electron hole is transferring from the blue polymer to
the red to better neutralize with the purple cluster of counterion and

End-to-end autocorrelation function of regioregular PSHT with hexyl
side chains. Above T, = 435 K the end-to-end autocorrelation (black)
obeys a standard exponential decay and can be fitted (dashed red)
with a characteristic time constant on the length scale of nanosec-
onds. At T > T,, however (light gray trace), the autocorrelation
obeys roughly exponential behavior but on such a long time scale
that a function cannot be appropriately fit on time scales relevant
to chemical simulation. This resistance to molecular reorientation is
what characterizes the glassy polymer state and is why simulations

are to be conducted in replicates rather than extended to great lengths. 97
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4.3 Characterization of homogeneous oligothiophenes functionalized with
hexyl or ether side chains, and either regioregular or regiorandom
connectivity. (A) The radial distribution function g(r) between in-
termolecular backbone thiophene ring centers of mass, and its coun-
terpart (B) the function g(r) between thiophene ring center of mass
and the center of mass of side chain terminal CH3 groups, intermolec-
ularly. (C) Probability distribution of thiophene-thiophene dihedrals
in a homogeneous melt, as measured from S-C-C-S, with an angle of
7 corresponding to a trans configuration, and its counterpart (D), the
dihedral distribution of the side side chain with respect to the back-
bone, as measured between the first two carbons of the side chain and
the nearest two Cg and C, carbons of the thiophene ring, such that
7/2 corresponds to a perpendicular orientation. (E) A thiophene-
thiophene co-planarity metric obtained from the second Legendre
polynomial of the angle formed between the normal vectors of two
intermolecular thiophene rings, in which a value of unity corresponds
to perfectly co-planar rings and a value of zero indicates no correla-
tion. (F) Molecular diffusion constants for individual oligothiophene
molecules, obtained from mean-square-displacement, as a box and
whisker plot. All values are less than 107, . . . . .. ... ... ... 98

4.4 Graphical illustration of the fitting procedure. Panels (A) and (B)
show 2D total energy plots about 49 state points in the torsion space
as computed first from DFT and then those same configurations min-
imized in the MM force field with the relevant torsions set to zero,
as detailed in the main text. In both cases the torsions that define
the state point were constrained. Panels (C) and (D) illustrate the
projections of the QM - MD energy difference onto a single torsional
axis (blue), and the final fitted function (red) that is inserted into the
MD engine. . . . . . .. 102

4.5 Probability density traces for molecular species in each simulation
cell. The polymer slab, in green, is at the center of each cell and is
flanked on either side by water in red. The cation, K*, is in blue,
while the counterion of interest, denoted on the lefthand-side of each
row, is in black. When the polymer phase is un-doped (left column)
the polymer and aqueous media remain phase-separated, with some
propensity from TFSI™ and PF; to aggregate at the interface, ac-
companied by some compensating cations. Following doping (right
column, at a level of 0.02 positive charge per thiophene ring), all four
counterion species intercalate into the polymer phase. The probabil-
ity density of water in these instances is nonzero, but is fractionally
small compared to the aqueous bulk. Upon doping, both BF, and to
a lesser extent Cl~ also show some minor propensity to aggregate at
the surface. . . . . . . . .. 110
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4.6

4.7

4.8

4.9
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grating probability densities over the inner-most 3 nm of the polymer
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replicates. ET rates are statistically indistinguishable in each case,
both in terms of maximum rate and in distribution of the secondary
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4.10 Demonstration of applying Parallel Tempering to obtain system vol-
ume as a function of temperature. (A) The end result of the calcula-
tion provides a thoroughly-sampled volume/temperature relationship
in the vicinity of the glass transition point, 7, (dotted line), which
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distribution, 7; = (370K)exp(0.02 % i) from i = 0 to i = 15), il-
lustrating that as time proceeds, the coordinates of one simulation
replica exchange with an adjacent replica. Panel (C) shows the same
data, but along the whole simulation trajectory, illustrating that over
time replicas will thoroughly exchange and explore all temperature
settings. . . . . ..o 120

4.11 The side chain dihedral scan performed by Moreno was done on the
molecule 3-ethylthiophene, a thiophene monomer which does not cap-
ture the steric effects of ratating the side chain in the presence of an
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ization on the thiophene ring makes this same position an energetic
maximum. This difference, observed for a monomeric thiophene, il-
lustrates that the presence of a maximum at 0° in the cationic state is
not due to the presence of a neighboring thiophene ring. In the main
text, where parameterization is performed on a thiophene oligomer,
the 0°maxima is even more pronounced due to steric hindrance with
the neighboring ring. . . . . . . .. .. oo 121

4.12 Dihedral characterization of charged oligothiophenes compared to
their neutral counterparts, validating the parameterization performed
here. (A) The backbone S-C-C-S dihedral is shifted in the directions
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4.13 Density plots for all combinations of counterions, polymer side chains,
and regioregularities, for un-doped polymer (all polymers electrically
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For all possible ET reactions from a given initial condition, ET rates
(in units of 1/s) are ranked from greatest to least and the top 10
displayed here in descending order. Each row corresponds to a dif-
ferent counterion, TFSI™, PF, BF,, or Cl~, while each column cor-
responds to a different polymer setup, either varying regioregularity
or side chain identity. Thin colored lines are different replicas of the
same system with independent initial conditions, while the bold black
line is an average over the eight replicas. Each row corresponds to a
different counterion identity, while each column indicates a different
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functionality. . . . . . ...
For all possible ET reactions from a given initial condition, the free
energy of reaction (in kJ/mol) is histogrammed, summing over repli-
cas, and displayed in a black trace as an un-normalized probability
density. Eight vertical lines mark the reaction free energy of the top-
rated ET reaction (that with the greatest rate) from each of eight
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For all possible ET reactions from a given initial condition, the elec-
tronic coupling (in eV) is histogrammed, summing over replicas, and
displayed in a black trace as an un-normalized probability density.
Eight vertical lines mark the reaction free energy of the top-rated ET
reaction (that with the greatest rate) from each of eight replicas to
illustrate that the most favorable ET reactions for each replica ex-
hibit a breadth of electronic couplings. Each row corresponds to a
different counterion identity, while each column indicates a different
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Chapter 1

Introduction

The last hundred years have seen a renaissance in our understanding of molecular
structures, which provided a framework to build macroscopic phenomena from their
interacting constituents. The characteristic time scales of collective motions are
typically related to the size scales at hand, and are relatively well-understood at
the two extremes: Systems of only a few atoms are understood with an exceptional
level of detail, and at the other end the resulting macroscopic phenomena are directly
measurable. Our understanding begins to break down at the meso-scale, in which the
interactions of individual molecules are still paramount to an accurate description
of the system but the number of atoms considered exceeds what is tractable with
ab initio theory. When characteristic length scales do not exceed the wavelength
of visible light (< 300 nm), it becomes increasingly challenging to visualize the
underlying interactions experimentally [1, 2, 3]. In such situations, it is valuable
to characterize molecular motions via empirical models, which scale well enough to
incorporate the many thousands of atoms required [4, 5].

1.1 Statistical Ensembles

The utility of molecular simulation is reliant on careful treatments of probability,
which in the context of a large assembly of microscopic entities is known as statis-
tical mechanics. In particular, statistical mechanics is built around the notion of
microstates, which are states characterized by the values of all possible microscopic
variables (e.g. positions) [6, 7]. A particular macroscopic observable, say the total
energy of the system, corresponds to a large number of microscopic configurations
with different internal coordinates but the same resulting energy. The number of
microstates that point to this macrostate is known as the density of states, and for
a system in equilibrium all of the corresponding same-energy microstates are taken
to be equally probable [8]. Non-equilibrium statistical mechanics will be largely ne-
glected in this work, although are also amenable to a rigorous statistical mechanical
treatment [9, 10].

Even for a system in equilibrium, internal coordinates of a fluid are continually
changing and macroscopic observables fluctuate about some average value. The
nature of these fluctuations will vary slightly depending upon the statistical ensem-
ble chosen — that is, some thermodynamic variables (such as particle number, N,
volume V', or energy F) will be constant while others are permitted to fluctuate
[6]. To replicate experimental conditions at room temperature and atmospheric
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pressure, typically the canonical ensemble (NVT constant for temperature T') or
the isothermal-isobaric ensemble (NPT constant for pressure P) are selected [11].
Regardless, in order to measure these quantities reliably, all of the relevant mi-
crostates must be sampled. Molecular dynamics, as a technique that propagates
atoms through time, samples correlated microstates over short times but eventually
will visit all parts of space that the system exists in — an idea known as ergodicity
[12] that is valid for disordered systems that exhibit “randomness” (although patho-
logical situations have been known to break the assumption of ergodicity [13, 14],
including glassy substances [15]). The space of all internal coordinates that define
the physical system, the phase space, is sampled with state probabilities correspond-
ing to state energies F, following the Boltzmann distribution [11]:

P(FE) x exp(—FE/kgT) (1.1)

where kg is the Boltzmann constant and 7' is the temperature, giving a probabil-
ity P(FE) of observing energy E. The proportionality constant is division by the
partition function Z, which is the sum of all possible microstates. Doing so normal-
izes the probability distribution P [16].

7 o /exp(—E(FN,ﬁN)/k:BT) drNap™ (1.2)

for positions 7 and momenta p?, written as an integral to illustrate that there are
infinitely many microstates that differ infinitesimally (because both position and
momentum are continuous quantities). In many situations, the observable of interest
is only dependent upon position, in which case the partition function normalization
reduces to the configuration integral:

7 / exp(—E(™)/kpT) di. (1.3)

While this integral is not analytically tractable, being able to write down the proba-
bility of observing a macrostate allows for the distributions of closely-related systems
to be related to one another, which is the basis of enhanced sampling techniques as
described in Section 1.3.

1.2 Classical Hamiltonians

(Classical simulations consider nuclei as point charges and build potential energy
functions as a sum of empirically-parameterized terms that approximate quantum
mechanical properties like equilibrium bond lengths and three-body angles [17, 18,
19]. While details vary substantively between implementations, all such empirical
models suffer from a sort of over-fitting: Molecular parameterizations are based on
specific experiments, such as infrared absorption, that are conducted with some set
of state variables (temperature, pressure, etc.) and because of this the resulting
force field will be most reliable in this vicinity [20]. For example, classical parame-
terizations of liquid water tend to fail at reproducing properties of ice, because the
applied force field terms do not have the necessary temperature dependence [21, 22].
As a result, no model gets every physical feature correct, and the force field used for
a given scientific question should be based on experiments under similar conditions.
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For the simplest systems, like an ideal gas, the parameters in question are atomic
charges and dispersion terms. Point charges are assigned to each nucleus, and the
potential energy is often taken as a sum of pairwise terms for computational ef-
ficiency [20]. While three-body and higher-order interactions have been shown to
improve simulation accuracy for highly-polarizable systems [23, 24], here we limit
our scope to a two-body approximation. With this restriction, the Coulombic po-
tential energy Ucoulomp Of an N-atom system indexed on ¢ and j having charges ¢;
and ¢; may be computed as

N

UCoulomb r) X 4i9; 1.4

(r) ; 2 (1.4)

for separation r;; between a pair of atoms and with a proportionality constant that

depends on the system of units chosen. For a noble gas the atomic charges are

identically zero, but in molecular systems these are challenging to define in a satis-

factory way. The point charges ¢ are quantum mechanically sensitive to molecular

geometry [25], level of electronic structure theory [26], and choice of methodology
to assign point charges from spatially heterogeneous orbitals [27].

Early attempts at assigning atomic partial charges, such as the Mulliken method,
first compute the molecule’s stationary state via a quantum mechanical electronic
structure method and these orbitals are then partitioned between atoms [28]. That
is, for each 3D grid point of the resulting orbitals, the closest nucleus is determined
and a corresponding infinitessimal unit of charge is attributed to that nucleus. Do-
ing so results in some finite fractional charge for the point nucleus, and this has a
long history of use in molecular simulation through the 21st century [29]. In practice
this method behaves poorly, however, and has been known for common molecules
like water to be so incorrect that the sign of atomic partial charges disagrees with
well-established chemical theory [27]. A more modern method is that of the Re-
strained Electrostatic Potential (RESP) [25], which secks to determine the atomic
partial charges that most accurately reproduce the electrostatic potential outside
the molecules’s own van Der Waals radius. This is done in an iterative least-squares
fitting procedure, usually with penalty functions to ensure that no individual partial
charge is too large in magnitude [30]. By considering the external field generated by
molecular orbitals, the RESP method is more suitable for describing intermolecular
interactions as needed for simulation.

Dispersive terms are captured via the Lennard-Jones (LJ) potential Uy, which
is computationally inexpensive and resembles the Morse potential from quantum
mechanics [31], which includes two parameters: an effective atomic radius, o, and
the depth of the attraction e.

) =24l (2) - (2)] 15
i ! N

Energetically optimum interactomic distances, set by the length scale ¢ (minimum
energy separation (2'/6)¢), can be obtained via quantum mechanics calculations [32],
while the attractive strength tends to be parameterized to emulate bulk properties
such as heat of vaporization [33, 34].

Empirical simulations do not permit the formation or breakage of chemical bonds,
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and so bonded atoms are never separated over long distances [20]. Therefore the
bonded interaction is characterized by approximating the attractive well of the Morse
potential via a harmonic restraint [35], under the premise that interatomic distances
where the Morse potential and harmonic approximation substantively differ are im-
probable states. A harmonic potential, as written below, requires an equilibrium
bond length ry and a characteristic vibrational “spring constant” k;;.

N

Ubona(r) = 3 Shis(rsy = o) (16)

i#j

Vibrational frequencies are typically calculated from quantum mechanical calcu-
lations [36] or spectroscopically [37], via techniques such as infrared absorption.
Equilibrium bond lengths are determined via high-resolution beam scattering or
crystallography [38]. The same can be said of angular equilibria and vibrational
frequencies, which are also modeled with a harmonic potential. These parameters
tend to be rather stiff (having a large k;; compared to other energy magnitudes in
the system) and are in general not sensitive to the choices of other parameters [39].

Finally, structural refinement is performed through the addition of torsional
terms, which come in two kinds: so-called “proper dihedrals” span 4 atoms bonded in
a linear chain, as in the carbon backbone of butane, and measures the angle between
atoms 1 & 2 and 3 & 4. Proper dihedrals are commonly represented as Newman
projections to illustrate staggered and eclipsed conformations. The other kind are
“/mproper dihedrals” and are used to restrain sp-hybridized moieties as planar,
preventing inversion about the center [40]. Proper dihedral potentials tend to be
shallower than bonds and angles, and so are comparatively sensitive to the choices
of other force field parameters. Torsions are typically defined last of all the force
field parameters, because charge-charge interactions (among others) already have
an influence on molecular structure. In order to correctly reproduce the torsional
potential of some molecule, additional dihedral terms must be added to the force
field after taking into account the potential energy of scanning that angular space
due to pre-defined force field parameters [41].

In practice, this dihedral potential is typically obtained by comparing force field
energies, with all parameters except torsions in place, against a quantum mechanical
reference. This is performed across a scan of torsional angles, in multi-dimensional
space (scanning multiple torsions as they may be coupled) and then those same
configurations are evaluated according to the classical force field. The dihedral
potential to be inserted into the classical force field is then the energetic difference,
such that the empirical model matches the QM reference. This is employed as
a fitted series of Fourier terms [39]. The mathematical description of the proper
dihedral can take on several equivalent forms, and the one preferred here is the
Ryckaert-Bellemans function:

Utorsion(¢) = Z Cn<COS(¢))n (17)

Here ¢ is the backbone dihedral angle, and C,, are fitted Fourier coefficients. Im-
proper torsions are described harmonically, as in bonds and angles.

These combined atomic potentials (charges, dispersion, bonds, angles, and tor-
sions, along with atomic mass m), defined for each sequence of “atom types” in
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the system, constitute the empirical force field. As nuclei are propagated in time
according to Newton’s equations of motion, temperature is computed according to
the velocity-mass kinetic energy equation and pressure according to the pressure
tensor from kinetic energy and the virial equation. The kinetic energy Fi;, can be
determined from velocity vectors v as

N
1 . 1
By = 5 ;mi\viﬁ — 5J\fdkaT, (1.8)

where Ng is the number of degrees of freedom in the system, 3N — 3 for an uncon-
strained system of N atoms [11]. While temperature is a scalar, the pressure tensor
requires both the kinetic energy tensor Ey;, and the virial tensor 2 [42]. These are
computed as

N
1
Eyin = 3 Zmﬁi ® T (1.9)

for atom ¢ having velocity vector ¢; and mass m; as before, and

(11

1 |
= —§Zﬁj®ﬂ‘j (1.10)

1<j

for position vector 7;; and force vector P_i-j between atoms ¢ and j. Together, the
pressure P of a system with volume V' is [43]

2
P=—-(Euw—Z). 1.11
= (Bgn — 2) (111)

These relationships for temperature and pressure permit their instantaneous eval-
uation, and so can be tracked in time. Even in ensembles where P and 71" are not
constant, for example the microcanonical NV E ensemble, these system observables
tend to fluctuate about a well-defined average for a well-equilibrated system. It is
also possible to employ a thermostat or barostat, a number of which algorithms have
been employed [44, 45, 46], to access other thermodynamic ensembles in molecular
dynamics simulations.

Finally, as a practical matter, one must consider the infinite extent of inter-
molecular interactions and their impacts on a system with a given set of boundaries.
Dispersive contributions to the energy, the Lennard-Jones terms that decay as 1/r,
vanish in the limit of infinite » when integrated over spherical space, and so can
be safely truncated at some large r without adversely impacting systemic measure-
ments [47, 48]. Conversely, the Coulombic interaction that decays according to 1/r?
does not converge at any finite cut-off and can lead to severe artifacts if treated
improperly [49].

In the condensed phase, as are the systems discussed herein, the infinite dimen-
sions of space are taken into account via periodic boundary conditions (PBCs). The
atoms constituting the simulated system reside in a central unit cell, and space be-
yond the unit cell is conceptually represented by identical images of the original unit
cell, tiled in all space. Since each of these tiles is identical (repeated in space), as
atoms are forced from the original simulation cell into an adjacent one, the original
simulation cell experiences a reciprocal motion and an identical atom enters from
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the opposite side. This always preserves the number of atoms in the simulation
box while permitting atoms to diffuse freely, and in principle provides coordinates
for all atoms in periodic space. Artifacts can arise if the simulation box if insuffi-
ciently small to avoid self-interaction with its own periodic image [50]. Treatment
of electrostatics in this framework are achieved via the Particle Mesh Ewald (PME)
method, that uses Fourier space to converge an infinite sum of electrostatic contri-
butions [51, 52]. Close-range electrostatics are determined in real space, with some
cut-off length at which to convert the calculation from real to reciprocal space, and
a grid is employed for computational efficiency.

With this conceptual framework, a number of major force field families have
emerged (CHARMM, OPLS-AA, GROMOS, etc.), as well as modifications to each
to better suit individual applications. Molecular simulations have seen use in appli-
cations from theoretical toy problems to millions of atoms in the condensed phase,
allowing researchers to computationally investigate microscopic phenomena with
excellent resolution.

1.3 Sampling Phase Space with Molecular Dy-
namics

Molecular dynamics simulations propagate nuclei in time, which is achieved by com-
puting forces and propagating nuclei according to Newton’s equations of motion. In
practice these propagations occur discretely, stepping forward in time by a finite
amount. For infinitessimal time steps, integrating over time can be done with negli-
gible error, but as the time step increases the trajectory through phase space begins
to deviate from the ground truth [53, 54]. Having a large time step makes simulating
long time scales more accessible because fewer computations must be done per unit
time, and so simulation scientists are motivated to identify the maximum permissi-
ble step size. On a fundamental level, this time step must be small enough that the
most rapid oscillatory behavior in the system can be well-approximated — that is, a
sinusoidal motion cannot be captured by discretely sampling less than one point per
period. The fastest motion in typical biochemical simulations are oscillations about
hydrogen/heavy atom bonds, a frequency that is determined by the two masses
and the empirical spring constant describing their bond [55]. Classically, heavier
masses and weaker spring constants give lower-frequency motions, while atoms like
hydrogen are the most problematic due to their light mass.

Integrating Newton’s equations of motion is a task for which multiple algorithms
have been proposed [56]. The most commonly relied upon is “velocity Verlet”, which
is advantageous over Verlet integration (without velocities) due to its time symmetry
minimizing local discretization error in position, which scales with time ¢ according
to O(t1) [57]. With a sufficiently small time step (< 2 fs for typical biochemical
simulations [58]) the discretization error is effectively nonexistent and the simulation
can proceed for as many time steps as desired.

The principle of ergodicity, that a time-averaged quantity will approach the
appropriate ensemble-average, applies in the limit of infinite time [12]. In practice,
a finite-length simulation may not access all of the relevant microstates due to high
energetic barriers separating basins, which result in improbable transitions from
one collection of states to another (say, folded and unfolded states). In order to
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obtain rigorous statistics about improbable events, they must be observed many
times, compounding the problem of simulation length. Toward circumventing this
practical conundrum, clever applications of statistical equalities permit simulations
to be conducted with modified Hamiltonians and their results related back to the
original ensemble. These methods are known as enhanced sampling techniques.

1.4 Enhanced Sampling Techniques

The enhanced sampling techniques utilized herein are of two kinds: The first of
which are methods that include some additional potential energy term on top of
the molecular Hamiltonians, which do not correspond to any underlying physics but
rather serve to alter what regions of phase space are thermally accessible on the
time scales simulated. As detailed below, it is possible to re-weight measured prob-
abilities from one ensemble to another if the differences between their Hamiltonians
are exactly known. The other kind of enhanced sampling method employed here hy-
bridizes molecular dynamics simulations with Monte Carlo (MC) approaches, which
accept or reject atom movements probabilistically. MD and MC are well-established
as independent routes to obtaining probability distributions from a chemical force
field.

1.4.1 Modified Hamiltonians

The most commonly applied enhanced sampling technique applied in MD simula-
tions is to modify the Hamiltonian with a known perturbation, sample coordinates
in phase space according to this modified ensemble, and then relate the resulting
probability distribution to the un-modified ensemble [59]. The way this can be
achieved is easily seen by writing the probability distribution of some variable X,
dependent on the positions of N atoms 7 in terms of the configuration integral:

Pae) = (0% =g = L S

with x being some specific value of X, U the total potential energy of the system for
a set of coordinates 7, and 3 = 1/kgT. The variable X is taken to be dependent
only on positions rather than momenta for notational ease, but this strategy can
be generalized to other such collective variables that depend only on the state of a
single simulation frame. In this notation, the Dirac delta function d(-) is a “picking
function”, zero everywhere except where the argument is zero. If U is an analytical
function of X then the numerator reduces to

Py(r) = op(-AULe) (1.13)

[ 4 exp(—BU (X))
When some additional potential energy function V' (x), also explicitly a function of
the observable X , is added to the Hamiltonian, the resulting probability density
Py (z) is clearly proportional to exp(—pU(z) — 5V (z)). If the configuration integral
Z (or Z, for the biased system) is taken to be a normalization constant for the
resulting probability distribution, then a relationship between the two probabilities
can be established:

(1.12)
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P.,(z) < Py(z)exp(BV(x)). (1.14)

This simple relation, originally formulated by Torrie and Valleau in the "70s, is the
basis for many enhanced sampling techniques [59]. A detailed formalism, in more
general terms, is provided in Chapter 2 of this dissertation, applied in the context
of umbrella sampling (with V(x) a parabola). The important take-away from this
relation is that, when a static bias is employed on a chemical simulation, it is possible
in principle to deduce the probability distribution of a simulation that does not have
the bias in place.

The functional form of V(x) can be quite general, and one could argue that the
“best” function V(x), in terms of reducing the required computational runtime, is
one that is exactly the inverse of the underlying free energy curve along x, because
the end result is a free energy landscape that is perfectly flat and therefore sampling
of the coordinate x occurs diffusively [60]. This is the objective of metadynamics,
which spends some initial simulation period building the function V' (z) from a series
of deposited Gaussian “hills”. Initially, some Gaussian width o2 and height w are
set, and Gaussians are deposited periodically with characteristic time 7, centered
at the present value of the collective variable z. As the time-dependent bias V (z, t)
accumulates at x, the hill height is typically tamped down exponentially according
to some virtual temperature difference AT, a parameter, which allows the bias V()
to converge [61]. As an equation, one may write,

V(x,t) :éw'exp(— Zéi?)exp(—Z%). (1.15)

7

This formulation allows for multiple coordinate-dependent variables x;, and the
functional dependence of V' (z;,t) is on the full set of {z;}. The metadynamics
formulation is particularly valuable because the user needs only to specify a few
characteristic input parameters, o, 7, and AT, in order to achieve a well-converged
free energy landscape that may encapsulate numerous energetic basins (assuming
the variables x; describe the transitions well). This is in contrast to manually-
established parabolic energy biases that must be distributed along the coordinate x
in a way that is dependent on the underlying free energy landscape in a way that
is not known a priori. That is, if the underlying free energy landscape is very steep
at some value of x, then harmonic energy restraints must be very stiff and closely-
spaced to sample it thoroughly, and if parabolic minima are not well-placed then
gaps are likely to appear in the resulting probability distribution. Metadynamics
solves this problem by building the energy bias adaptively.

Since the well-tempered metadynamics bias V' (z) converges after some time, the
bias potential may then be treated as constant and standard reweighting relations
applied to obtain unbiased probability distributions along the chosen variables x
[62]. Further modifications have been proposed to the well-tempered metadynam-
ics formalism to extend its applicability to systems of many redundant collective
variables, all of which contributing hills to the same underlying bias to expedite
convergence [63]. These techniques have seen utility in sampling rare events such as
peptide conformational changes.

Any technique that applies an energetic bias V' that is a function of some col-
lective variable x is dependent on the ability of the chosen collective variable to
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accurately describe the process at hand. For example, if the rare event under study
is a conformational change that is intimately connected with some torsional rota-
tion, but the variable chosen to bias is some interatomic distance that describes the
motion poorly, then the utility of applying a bias is diminished. The intent of ap-
plying such an energetic bias is expediency, to require fewer total simulation frames
(and thus less computational expenditure) than would otherwise be required.

1.4.2 Monte Carlo Exchange

The convergence of simulated observables can also be expedited by running several
simulation replicas in parallel and periodically exchanging their coordinates accord-
ing to a Monte Carlo scheme that preserves microscopic reversibility. The most
common version of Monte Carlo exchange in MD simulations is to set each simula-
tion replica to a different temperature, increasing along an exponentially distributed
ladder [64]. Those replicas that sample at high 7" have additional thermal energy
to traverse energy barriers in configurational space, and can explore phase space
rapidly compared to at low T. Once new regions of phase space have been accessed
at high 7', their coordinates may be swapped with other replicas at lower tempera-
tures, allowing many energetic basins to be sampled at the temperature of interest
(which is typically the lowest temperature setting of all the replicas).

Exchanging coordinates as the simulations propagate in time results in a tra-
jectory that is discontinuous. That is, molecules do not proceed smoothly through
space for a given replica but rather make large jumps at periodic intervals as configu-
rations exchange and the replica takes on new coordinates. Therefore, Monte Carlo
exchange techniques are valuable for determining thermodynamic properties but
caution must be exercised when studying kinetic properties [65]. Here, an emphasis
will be placed on extracting thermodynamic quantities.

A key feature of Monte Carlo algorithms in this context is the preservation of
detailed balance, which is founded on principles of microscopic reversibility and
states that at equilibrium the likelihood of some elementary process is balanced
exactly by the reverse of such a process [66]. That is,

P(2'|x)P(z) = P(x|z")P(z2') (1.16)

for conditional probability P(x|z") describing the likelihood of transitioning from
any given state x’ to another state x and the desired stationary distribution P(x).
Having established previously that P.,(z, ) = exp(—pU(x))/Z(3), the probabil-
ity of observing some set {z} = {x1, 2z, ...,xp} for M replicas each with inverse
temperature {/3,,} may be written [12],

M

P({z,8}) = [ [ Pea(wm, Brm)- (1.17)

m
This extended system comprised of independent simulation replicas also has an

associated configuration integral,

M

z =12 (1.18)

m
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With this, the probabilities of exchanging two specific replicas a and b in the forward
and reverse directions give rise to transition probability matrices that have a ratio
equal to

P(z, |z’ Ba)

Pl fule, ) P 1
for A obtained from ratios of P.,(x, ) as
A = (B = Bp)(U(z) = U(a")). (1.20)

The relation given describing A pertains to the NVT ensemble, but has been gen-
eralized for the NPT ensemble as well [67]. The criterion for accepting the replica
exchange between two systems can then be expressed,

1 for A <O

(1.21)
exp(—A) for A > 0.

P(xaﬂb|x,76a) = {

With a replica exchange acceptance criterion chosen, the replica exchange molec-
ular dynamics (REMD) simulations may proceed with the guarantee that detailed
balance is being obeyed, as it was included by construction [64]. REMD is applied
in this work to determine the molar volume of a glassy material that at low tem-
peratures does not sample phase space efficiently (see Chapter 4). By exchanging
with replicas sampled at higher temperatures, quality statistics can be obtained at
low temperatures by leveraging the ability of the other replicas to visit new states.
These tools are a common framework to many applications of molecular mod-
eling in modern science. While specific theoretical applications vary from system
to system (particularly when soft matter is being investigated and entropy is im-
portant), the statistical physics presented here are broadly applicable and have seen
much utility in the study of interfacial phenomena, which are notoriously challenging
to capture from a purely theoretical standpoint. These problems are exacerbated
by the emergence of specific ion effects at interfaces, and thus MD simulations have
become a staple in explaining experimental observations and predicting behaviors.
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Chapter 2

Decoupling of the Water-Ion
Density Fields Adjacent to
Molecular-Sized Cavities

2.1 Abstract

'Bulk solution hydrophobic properties are well-studied between two separated phases.
Interfacial effects, which dominate on the bulk length scale, are insufficient to
describe the solvation of individual hydrophobic units too small to interrupt the
solvent-solvent hydrogen bond network. Here we investigate the free energy depen-
dence of evacuating a spherical cavity of varying size in aqueous solution (NaCl)
on the cavity radius. Previous work in homogeneous medium indicates a transition
from cubic to quadratic dependence on radius. We find that varying ion concentra-
tion does not shift this transition point substantially. By applying the 2D Weighted
Histogram Analysis Method along one reaction coordinate and evaluating the free
energy surface of another in classical molecular simulation, we acquired equilib-
rium statistics about cavities of intermediate sizes throughout this transition region
and observe emerging order in water molecule orientations adjacent to the cavity.
Notably, the density fields of water molecules and ions at the interface appear to
be decoupled, and undergo depletion at different rates as the cavity size increases.
These findings provide additional mechanistic insight to the liquid-vapor interface
ion adsportion phenomenon as we observe the effect emerging prior to the formation
of a water vapor layer.

2.2 Introduction

Understanding the thermodynamics of solvation and the solvent structure in the
vicinity of a solute are fundamental goals of liquid state physical chemistry [68, 69,
70]. In this work, we study the solvation of purely hydrophobic solutes in aqueous
electrolyte solutions. Using Molecular Dynamics (MD) computer simulations and
free energy calculations, we quantify to what extent the presence of ions alters the
well understood mechanism of solvation in neat water. Our work is motivated by

'Reproduced with permission from Jesse Prelesnik and Lutz Maibaum. Decoupling of the
Water-Ton Density Fields Adjacent to Molecular-Sized Cavities. Pending submission.
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the current understanding of two distinct phenomena that have been extensively
studied over the past two decades. The first is the realization that when a large
(2 1 nm) hydrophobic object is immersed in water, a solvent-depleted layer forms
in its surroundings, which is separated from the bulk solution by an interface that
resembles that between a liquid and its vapor in thermodynamic coexistence [71].
The propensity of water to form a vapor layer near such solutes explains their mutual
effective attraction, the well-known hydrophobic effect [72]. The second phenomenon
is the unexpected tendency of some ions to adsorb to water-air interfaces [73, 74, 75],
in apparent contradiction to dielectric continuum theory [76, 77]. When combined,
these two observations lead to the questions whether ions exhibit similar behavior
near the liquid-vapor interface surrounding hydrophobic solutes, and to what extent
this might change the thermodynamics of solvation.

Like many before us [78, 71, 79], we focus on purely hydrophobic solutes that do
not have any attractive interactions with the surrounding water molecules. Inserting
such a solute into a liquid is akin to forming a cavity, a region in space that is not
accessible to solvent molecules. The free energy of inserting such a solute into the
liquid is the same as that of growing a cavity of the same size [80]. While real solutes
will generally exhibit some amount of attractive interactions with the solvent, those
can often be treated perturbatively [81, 82, 83, 84]. The thermodynamic cost of
inserting such a solute into liquid water depends on its size. If the solute is small,
the water molecules in its vicinity can maintain much of their hydrogen bond network
(Figure 2.1a), and the free energy scales with the volume of the solute [80]. If the
solute is large, the solvent responds to its presence by the aforementioned creation
of a vapor-liquid interface, which results in a free energy that is proportional to the
surface area of the solute (Figure 2.1b). The transition between these two regimes
occurs at solute sizes of around 1 nanometer for water at room temperature and
pressure, and changes slightly depending on the thermodynamic conditions [71, 79].

Figure 2.1: Representative simulation frames illustrating hydrogen bond networks
between water molecules within 0.2 nm of the edge of the spherical cavity (blue)
of radius (a) 0.2 nm and (b) 0.8 nm. Notice that in (a), the hydrogen bond net-
work remains intact and spans the solute, while in (b) the cavity is geometrically
incompatible with the network and water molecules close to the cavity are relatively
sparse. Figure inspired by [71]

Our goal is to elucidate the effect of sodium and chloride ions on the thermody-
namic cost of creating a cavity in water and on the molecular structure of the solvent
in the vicinity of the cavity. As outlined in the following Methods section, we use
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MD simulations in conjunction with Umbrella Sampling in our study. Because these
simulations require the evaluation of continuous forces, we do not directly employ
the hard sphere model that is typically used to study cavity formation in Monte
Carlo approaches [80, 78, 85]. Instead we resort to a continuous analog of the cavity
size, which is sufficiently similar to the actual cavity size that a probability distri-
bution of the latter can be extracted from simulations that bias the former [86]. We
can then structurally and thermodynamically characterize water molecules and ions
near the cavity interface to identify couplings between species as the cavity grows.

2.3 Methods

All simulations were performed in GROMACS 5.1.4 [87] with the PLUMED 2.1 [88]
suite. Each neutral system was composed of 2008 SPC/E water [89] molecules. Ionic
systems included 500 mM and 2 M NaCl using OPLS-AA parameters, with each ion
replacing a water molecule. We use periodic boundary conditions, the Berendsen
barostat (1 bar), Nose-Hoover thermostat (298 K), fourth-order PME long-range
interactions with Fourier spacing 0.12 nm, and real-space interaction cutoffs at 0.9
nm.

The simulated system is a homogeneous isothermal-isobaric fluid. Fluctuations
cause local density to vary probabilistically, and small regions devoid of solvent tran-
siently appear. Cavities of much greater radii than the Van der Waals radius of the
solvent particles are exceedingly improbable, and may only be observed in a typical
MD simulation under prohibitive simulation lengths [71, 90]. To characterize their
statistics efficiently, specialized sampling algorithms are utilized. While enhanced
sampling methods constitute a broad class, a common feature is the need to identify
a generalized coordinate or “collective variable” (CV) that describes the rare event
to be observed [91].

In the study of cavity formation, the relevant CV is one that measures the
current size of the cavity, and is described as the magnitude of the vector connecting
an arbitrary stationary origin to the nearest water molecule oxygen atom center,
min(|7;j|) = R. We calculate Pg(r), the probability distribution of this CV. From
this definition, the free energy of cavity formation may be expressed as [80]

AG(R) = —kgT In {/OO drPR(r)} . (2.1)

R

This integral is computed numerically, yielding the Gibbs free energy associated with
cavity formation based upon the probability distribution obtained from simulation.
The properties of Pg(r) have been studied with prior Monte Carlo simulations in
neat water across the full domain of cavity sizes [80, 71], while the behavior of
AG(R) in the presence of salt has seen modest attention [79]. The presence of
ions is thought to decrease the probability of a large cavity forming considering the
increase in surface tension observed at the planar water-vapor interface [74]. Our
interest lies in the structural characteristics of water and ions as this interface grows.

The PLUMED plugin was used to measure distances and apply bias energy to
drive phase space exploration as detailed in the following section. While we are
interested in the probability distribution of the cavity size R, this CV cannot be
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biased in a MD simulation that requires smoothly varying forces. Instead, we define
an analogous CV RP,

(0%
- log X exp(E)’

R (2.2)

This form is implemented in the PLUMED plugin as a smoothly differentiable min-
imum distance convention [88]. The parameter o was selected to be 2.5 nm. This
function well-approximates R, and R” may then be biased to sample configurations
with large cavities in MD simulations via Umbrella Sampling. We then reconstruct
Pr(r) using two-dimensional WHAM, a method detailed for our application below.

For analysis, hydrogen bonds were computed via a geometric definition which
considers coordinate distances and angles, criteria which have been argued to pro-
vide similar results to experiment [92]. This was implemented by the GROMACS
hbond utility with an angle parameter (Hydrogen-Donor-Acceptor) 30° and distance
parameter (Donor-Acceptor) 0.36 nm.

2.4 Background: Two-Dimensional WHAM

The accelerated sampling technique employed here is the multivariate Weighted His-
togram Analysis Method (WHAM), a Torrie-Valleau reweighting scheme applied to
several simulations each on a restricted domain of observations, which are joined
to one another in a statistically optimum fashion [59, 93]. This technique adds a
(static) energetic bias to the system Hamiltonian. Sampling in the modified en-
semble is proportional to the inverse of the Boltzmann factor of the energetic bias,
and so un-biased information may be obtained from a biased simulation (see be-
low). The benefit of introducing such a bias is to alter the region of phase space
that the simulation visits, as measured by some CV. Since the underlying free en-
ergy landscape is not known a priori, in practice the energetic bias is often some
quadratic function of the CV to ensure that a specific region of the reaction coordi-
nate is sufficiently sampled [94]. This restricts the domain of observations, and so
simulation “windows” are conducted in parallel with different energetic biases, on
domains that have some overlap. Since each window may be unbiased into the same
ensemble, probability distributions obtained from each window are combined into a
single distribution spanning the entire domain.

The WHAM equations are presented here in their two-dimensional form to il-
lustrate how a one-dimensional bias on R? can be utilized to obtain probability
distributions along R. This strategy is generally applicable when placing a bias on
one CV expedites the phase space exploration of the other CV. For clarity of pre-
sentation and generality of application, the generic variables X and Y are used in
place of R and RP.

Consider the joint probability that a CV X (™) takes on a specified value,
x, while simultaneously some other CV ?(FN ) takes on value y, which is written
P.,(z,y). Tt may be expressed as an expectation value (§(X (7V) — z)8(Y (7V) —y)).
In the language of statistical mechanics, this expected value may be computed from
configuration integrals, assuming for simplicity that these variables are functions
of system coordinates but not momenta. For notational brevity, these CVs will be
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written X and 17; while the function U(7"), representing the potential energy as
determined by the force field, may be abbreviated to U; and the external field ap-
plied by the user, indexed by simulation window on ¢ and written V;(x,y), will be
abbreviated as V.

Poy(a,y) = (5(X = 2)5(Y = ))eq (2.3)
[N §(X —2)5(Y — y) exp(—BU)
B J AN exp(—pU)
In the context where the aforementioned bias energy is present, this expected value

takes on a different form, denoted by the superscript b for the biased ensemble
indexed on 1.

P (w,y) = (5(X = 2)5(Y —y)); (2.4)
_ S A S(X — 2)6(Y — y) exp(=BU — V)
J diN exp(—pU — BV;) '

The probability distribution obtained within the biased ensemble may be used to
obtain the unbiased probability distribution via reweighting the observation his-
togram according to the bias factor exp(8V;). A proportionality factor, not known
a priori, accounts for the fact that the reweighted probability distribution P*(x,y)
is not normalized.

P(wy) = (5(X = 2)6(Y — y) exp(BV2)); (2.5)
_ S A §(X — 2)8(Y — y) exp(—BU)
[ AN exp(—pU — BV;)
[ A exp(—pU)

= | Tam exp(=p0 = vy | Feal @)

This proportionality constant may be interpreted in a number of ways. While it
may be written as a ratio of configuration integrals as in equation (2.5), in umbrella
sampling literature this value is concisely expressed in terms of the change in free
energy F; that results from imposing the external field V;

exp(-pp) = L PR T) (26)

= (exp(=fVi))eq-

With this definition, we may rewrite 2.5 as

Feg(2,y) = exp(=pF) P (x,y). (2.7)

In practice, many independent simulation windows are run, and the probability
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distribution P.,(x,y) is determined from a weighted sum of their results:

Pe(I(x7y) = sz(x,y) exp(—ﬁE)Pf(:c,y) (28)

Zwi(x,y) = 1. (2.9)

In WHAM, the weights are those that minimize the statistical error of P.,(x,y)
subject to the above normalization constraint. Performing this optimization via the
method of Lagrange multipliers and estimating the statistical error from within a
simulation window from the properties of a Poisson distribution (as in [93]), these
weights may be written as

(o) = Niexp (“Vi(@y) + F)
wiey) > Njexp (=Vj(z,y) + F}) (2.10)

Here N; is the “length” of simulation ¢, which is the number of coordinate sets used
to compute P?(z,y). These weights may be evaluated for a given set of {F;} and an
estimate of the unbiased probability distribution P,,(z,y) is obtained. In general the
correct set of {F;} are not known a priori, and so an initial guess must be iteratively
improved by self-consistently reevaluating {F;} from its definition, expressed in a
way that is explicitly dependent on the distribution P, (x,y):

exp(~0F) = [ dy [ dvexp(-8Vi(e.0)Pufe.v) (2.11)

Once {F;} has converged, the appropriate free energy constants are known to com-
bine observations from numerous independent simulation trajectories with respect to
the unbiased system, giving the appropriately-normalized P, (z,y) [95]. To obtain
one-dimensional landscapes along a single CV, the other degrees of freedom may be
simply integrated out. This method may be trivially extended to arbitrarily many
CVs, although with increasing computational expense [94], or used in conjunction
with other biasing methods [96].

We applied a harmonic potential of the form V(R, RP) = £(RP — RE)? in this
work. Notice that V' does not depend on R, which circumvents the problem of
discontinuous forces. Writing the bias potential as V (R, RP) is useful in extracting
thermodynamic quantities about R. A campaign of umbrella sampling simulations
was launched with different biased values of R{. Here, k descended from 1000
kJ/mol to 500 kJ/mol as Rf increased from 0.2 to 1.0 nm, with each simulation
window having one k£ and one R parameter. Following the 2D WHAM procedure,
we obtain P.,(R, RP). We then integrate over RP to obtain P,.,(R) = Pg(r), and
then integrate Pgr(r) according to Eq. 2.1 to obtain AG(R) as desired.

For properties such as the local density function relative to the cavity center for
fixed cavity size, it is sufficient to gather statistics from a single simulation window
that captures the relevant configurations and re-weight observations with the typical
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Torrie-Valleau weights exp(8V;) as in (2.7).

2.5 Results

We acquired equilibrium statistics about molecular sized spherical cavities using bi-
ased MD simulations to better understand the interplay between the tendency of
ions to adsorb to liquid-vapor interfaces and the gradual formation of a liquid-vapor
interface in water adjacent to a growing spherical cavity. The 2D WHAM algorithm
was employed to calculate the free energy of cavity formation as a function of spher-
ical cavity radius R. This computation uses Eq. (2.1) to manipulate the probability
distribution acquired from simulation to obtain the free energy of generating a cav-
ity of given size. For neat SPC/E water this result is known, and the computation
here is in agreement with literature [80, 71].

We have further computed this quantity in 500 mM and 2 M aqueous NaCl
solutions, in which the free energy increases more quickly with increasing salt con-
centration. In Figure 2.2 we see that the free energy scales according to R? for small
cavities and as ~ R? for larger cavities, as expected [71]. The horizontal asymptotes
represent the surface tension of a planar interface [97]. Computations of surface
tension from simulations of the planar interface, using the mechanical definition of
pressure and the pressure tensor [98], did not converge quickly enough to differenti-
ate the surface tension of SPC/E water with and without NaCl to within statistical
error. Instead, these amyptotes are taken from the well-known air-water interface
surface tension of the SPC/E water model of 71 mJ/m? [99]. The surface tension
of SPC/E water in the presence of ions is unknown, although it may be estimated
based upon the behavior of real water. Empirical surface tension measurements with
and without NaCl result in a ratio of surface tensions (with NaCl : without NaCl)
slightly greater than unity. Here we assume that the surface tension of SPC/E water
will increase at the same proportional rate with the addition of ions, and the well-
known SPC/E surface tension is scaled up by this ratio to approximate its surface
tension in the presence of NaCl. In the 500 mM and 2 M NaCl cases, these scaling
factors are 1.005 and 1.012, respectively [100]. Note that the surface tension relevant
to the study of cavities is slightly higher than that of the air-water interface because
fluctuations present at the free interface are quenched by the presence of a wall [78].

The continuum theory of surface tension in Debye-Hiickel electrolytes predicts,
for low electrolyte concentrations, that surface tension should increase as a result of
ion repulsion near the interface from their electrostatic image force [73]. Considering
the already high surface tension of water, the addition of NaCl is expected to increase
surface tension at most by ~2 %. This small deviation is observed in Figure 2.2, as
evidenced by the free energy curves lying closely on top of one another.

These data suggest a weak trend emerges. A linear fit through the small size
regime (considering radii 0-1.5 o, for SPC/E Lennard-Jones parameter o = 0.3166
nm) may be drawn where the free energy, normalized by R?, scales linearly with
R. Tt intersects the horizontal asymptote at somewhat smaller R values when NaCl
is present, in a manner akin to increasing the temperature [71]. This is indicative
that the free energy of cavity formation increases more quickly in the small size
regime than the increase in planar interface surface tension would suggest. However,
given that the horizontal asymptotes are estimates, and the fractional change in
intersection R value is small, this apparent trend may be insignificant.
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Figure 2.2: Gibbs free energy per unit surface area of spontaneously generating a
spherical cavity of given radius, as measured by the distance from the nearest water
oxygen atom to the center of the cavity (origin). The rate of free energy increase
for small cavities (cavities smaller than ~1.5 water solvation shells in radius, linear
trend lines dashed) is greater in the presence of sodium chloride than would be
anticipated from the increase in surface tension at the planar limit (horizontal dashed
lines). This is indicated by the intersections of these lines, marked with stars, which
tend toward smaller cavities with increasing NaCl concentration. Beyond ~0.6 nm
cavities, slow convergence produces less reliable results (see text). We estimate the
statistical uncertainties using Monte Carlo bootstrapping, and we find the standard
deviation to be less than the size of the points used to represent the data.

To understand the behavior of the system in the small cavity regime, the local
density was computed as a function of distance from the origin [101]. Within the size
regime of interest, approximately 0.15 nm to 0.45 nm, it is known that the solvent
has not yet formed a vapor-water interface, and is still responding elastically to the
cavity presence as indicated by an markedly greater density of water oxygen atoms
immediately adjacent to the cavity (Figure 2.3a, H,O) [80].

Despite the water density displaying little qualitative character change with in-
creasing cavity size, the sodium and chloride ions displayed dramatically different
distributions as the cavity size increases (Figure 2.3b Cl17, 2.3¢ Na™). By 0.45 nm
these distributions qualitatively resemble the well-known result from NaCl at a pla-
nar interface, which exhibits both a depletion of ions near the boundary and a small
peak in density [75]. We find that the ions undergo a transition in their local density
profiles at much smaller cavity radii than the water molecules do.

On overlay of the local density functions for neat water, 500 mM NaCl, and 2 M
NaCl further illustrate that the density of water molecules adjacent to the cavity is
largely unimpacted by the depletion of ions from the same region (Figure 2.4).

The unchanging character of the water molecules in the presence of NaCl raises
the mechanistic question of why the ions undergo density depletion. Toward this
end, in Figure 2.5 we compute the orientations of water molecules adjacent to the
cavity. Here the orientation of a water molecule relative to the cavity is defined as the
cosine of the angle between two vectors: (i) The vector from the cavity center to the
water oxygen, and (ii) the vector from the water oxygen to the average position of its
two hydrogen atoms, the “dipole vector”. The special case cos(f) = 1 corresponds
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Figure 2.3: Ensemble average local number density of 2 M NaCl in water as a
function of radial distance from the cavity center given that a cavity of specified
radius is present, £+ 0.025 nm. For Na® and Cl™, density adjacent to the cavity is
gradually depleted and ion adsoprtion peaks begin to occur over the cavity range
indicated. Conversely, the density function of HoO (measured using the oxygen
atom) does not yet reflect the formation of a liquid-vapor interface as is known to
occur in the large cavity limit. The dashed black lines represent the infinite cavity
limit, a planar wall-water interface, shifted to superimpose on these axes.
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to the water dipole vector pointing directly outward from the cavity center. The
probability distribution of cos(#) is uniform for random orientation angle ¢, which
yields (cos(6)) = 0.5.

We observe a deviation from random orientation when a water molecule is ad-
jacent to the cavity interface, a propensity that is magnified but qualitatively un-
changed adjacent to larger cavities. This is indicated by probability distributions
that deviate strongly from uniformity with greater contrast in probability density
adjacent to the cavity. The presence of NaCl does not appear to alter these proba-
bility distributions significantly (Figure 2.5).

While the definition of the water molecule dipole vector averages over the precise
positions of hydrogen atoms, complicating the interpretation of these orientation
data, the region of high probability between cos(f) = 0.0 and cos(f) = 0.5 suggests
that the dipole vector points nearly tangential to the cavity wall most frequently,
with a tendency to orient with the positive end away from the cavity. This finding
is consistent with the hydrogen bond network remaining intact in the presence of
“small” solutes. Another probable region is found at almost exactly cos(f) = —1.0,
corresponding to the hydrogen atoms straddling the cavity. These configurations
are consistent with previously determined distributions about small cavities in neat
water [102].
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Figure 2.4: Spatial density function of water molecule oxygen atoms relative to the
center of an (a) 0.2 nm, or (b) 0.4 nm cavity. The relative density of water molecules
adjacent to the cavity is largely unaffected by the addition of NaCl.
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To interpret this data in the context of the ion density field decoupling observed in
Figure 2.3, we computed the average number of hydrogen bonds per water molecule
as a function of distance from the cavity edge. We used a geometric criteria to
determine hydrogen bonding (see Methods). For cavities between 0.15 nm and 0.45
nm, regardless of NaCl concentration, the average number of hydrogen bonds per
water molecule was found to be within statistical error of the number associated
with a water molecule in bulk solution, even if that water molecule was near the
cavity interface. Minute changes in hydrogen bond patterns should be expected
depending upon the water molecule’s proximity to the cavity, considering the unique
environment of the interface region compared to bulk. However, these differences
could not be resolved with statistical significance here due to the large variance
observed compared to the small magnitude of these hydrogen bonding differences.
This speaks to the small cavity regime being consistent with an unbroken hydrogen
bond network among water molecules, and that this network is not significantly
disturbed by ions at the cavity interface.

2.6 Discussion

Adapted sampling methods of molecular simulation have been indispensible tools for
mechanistically probing events beyond the resolution of experiment. In recent years,
this class of methods has been instrumental in shaping the community’s understand-
ing of ion adsorption to interfaces: The phenomenon is driven by a repartitioning
of the solvent energy, because the rotational anisotropy near the interface results in
solvent polarizability differences [103]. This is corroborated by our data, even with-
out explicit polarization in the force field, as seen in water molecules adjacent to
larger cavities adopting stronger orientational preferences than near small cavities.

We find an orientational preference of water molecules adjacent to molecular
sized cavities, having dipole moments with nonzero radial component (relative to
the cavity). In particular, the positive pole tends to be oriented directly toward
the cavity when not tangential to the surface, as seen in Figure 2.5. This water
structuring may in part explain why anions tend to adsorb to interfaces more closely
than cations immediately adjacent to the interface [75], and provide a Coulombic
driving force for the adsorption peaks observed.

We observe an unexpected localization tendency of both ion species near a cavity
of radius 0.15-0.45 nm. As cavity size increases, the ion density field responds more
quickly than that of the water. This is likely related to the elastic nature of the
water molecule hydrogen bond network about a cavity. While the water molecules
adjacent to the cavity display qualitatively similar orientational profiles as the cav-
ity grows, the elastic response of the water molecule hydrogen bond network to the
cavity’s increased volume implies decreased orientational freedom of participating
water molecules. This entropy loss correlates with a lowered local dielectric [104],
and could mechanistically explain why ions begin to deplete from the cavity inter-
face prior to the hydrogen bond network breaking. The shoulder hills that develop
for both Na™ and CI~ adjacent to cavities of ~0.4 nm radius indicate an adsorption
tendency that is not observed at the planar interface without any explicit three-
body interactions to model polarizability, as has been demonstrated especially for
polarizable ions like iodide [105, 106]. These shoulder features may have a Coulom-
bic driving force related to the multiple prominent orientational basins of water
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Figure 2.5: Orientation of water molecules as a function of radial distance from the
origin, as measured by the cosine between the vectors (i) from the origin to the water
oxygen and (ii) from the water oxygen to the average position of its two hydrogen
atoms. Top graphic is an illustration of the angle . Subfigures are arranged in a grid
for different experimental setups, with the top row indicating neat water, bottom
row aqueous 2 M NaCl, and columns corresponding to 0.2 nm, 0.3 nm, and 0.4 nm
cavities. Between cavities of radius 0.2 nm and 0.4 nm, the presence of NaCl does
not influence the average water molecule orientation. Larger cavities are positively
correlated with the intensity of water molecule orientational preference.
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molecules within ~0.5 nm from the interface. Since non-polarizable force fields
display diminished ion adsorption effects compared to experiments and polarizable
models [107], the intense localization seen here is likely a robust observation.

While it is striking that the structural characteristics of water undergo so little
change while the ions respond dramatically, this too can be explained. In order to
maintain favorable intermolecular attractions despite the presence of a hydrophobic
barrier, the water molecules adopt a local density much greater than the bulk. In
order for the water molecule density field to deplete from the interface as the ions do,
these hydrogen bonds would be compromised, and so it does not occur (until those
hydrogen bonds are geometrically incompatible with the cavity at radii ~ 1 nm).
The free energy associated with maintaining these hydrogen bonds is evidently more
impactful than the presence of ions, which are present at low concentrations relative
to the water. The mole ratio of water to ions is also large enough to explain why
the density of water molecules adjacent to the cavity relative to bulk concentration
appears unperturbed by changing ion concentration.

2.7 Conclusion

Using 2D WHAM, biasing only one CV and recovering the probability distribution
of another, we observed differences in the water and ion density fields in the region
adjacent to a molecular-sized cavity. By considering the local orientation of water
molecules, we identify dipole distributions as a contributing factor to this density
decoupling, which is an observation likely to hold for other ion species in solution
due to its Coulombic nature. Such ion adsorption problems have been of interest in
the atmospheric sciences community for many years [108, 109]. These findings are
complementary to the planar interface studies that have been conducted previously,
and provide additional mechanistic insight toward understanding the hydrophobic
effect in aqueous ionic media.

The effects of ion identity (size and charge effects) have not been examined here.
Fluoride, for example, owing to its small size, displays adsorption tendencies more
similar to a point charge than does chloride, and does not display surface adsorption
at liquid/vapor interfaces as larger anions do [110]. It may be informative to perform
a comparative study between different cations and anions to better understand the
role of ion hydration at the small cavity interface.

The addition of a polarizable force field, while computationally expensive, would
likely provide valuable insight as well: ion adsorption is more pronounced for highly
polarizable species [107], and by neglecting explicit three-body interactions in the
force field the ion adsorption behavior is affected. Ideally, both water molecules
and ions should be treated this way. Using such a force field where adsorption to
the planar interface is prominent, the nonmonatonic features of probability density
traces shown here may be substantially enhanced.

The simplicity of the non-polarizable models employed here speak to the robust-
ness of the observed density decoupling between water and ion species, which may
have ramifications for a broad array of classical simulation studies that employ small
hydrophobic solutes in aqueous salt solution.
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2.8 Appendix: Additional Method Development

The work described in this chapter to characterize cavities in aqueous solution was
achieved using 2D Umbrella Sampling as described in the main text, and is to be
published as such. Prior to settling on that strategy, early attempts at generat-
ing cavities in MD simulation placed multiple degenerate biases on the distances of
individual water molecules from the origin, resulting in a high-dimensional biased
space that could not be efficiently treated by traditional WHAM. However, so long
as states are being sampled in simulation that adequately capture to presence of a
cavity, it should in principle be possible to determine P,,(R) from a set of biased
simulations without relying on WHAM explicitly. Toward this goal, an algorithm
was developed to align re-weighted segments of P,,(R) from each unbiased simu-
lation P!(R) using geometric criteria, such that the residuals between P,,(R) and
each window’s estimate P!(R) at a given value of R is minimized. In what follows,
the variable of interest in the study of cavities, R, is replaced with the generic vari-
able x as the technique is generally applicable. This new method requires only the
instantaneous values of the total applied bias energy to reweight probability distri-
butions from individual simulations and then align simulation windows to provide
a low-dimensional composite distribution along a desired CV.

Here we apply a generalization of the WHAM equations with a geometric empha-
sis, a numerical optimization technique that minimizes a cost function and is based
on the multivariate Householder methods (which includes the multivariate Newton’s
method and Halley’s method of root-finding) [111]. The probability distributions
from windows indexed on ¢ and coefficients F; are the same as in WHAM, although
the term that weights observations from different windows must be left in a more
generic form (which comes from an intermediate step in the derivation of the weights
Eq. 2.10 here, from [93]):

() = _XPEIR) [0 (Pr@))] (212)

>_; exp(28F;) [0* (P} (x))] ™!
Here the symbol o2 denotes the statistical error of an associated quantity, and will

be precisely defined below. One arrives at this expression following the method
of Lagrange multipliers as discussed for equation (2.10), and then typically further

substitutions are made based upon assumptions regarding the form of aQ(J/D?‘(x)).
See the WHAM derivation from Roux 2001 for details on those steps [93]. In order
to evaluate these weights, we must define the statistical error 02(1/3}(:@).

For a stationary, stochastic, time-reversible process from simulation ¢ with N;
independent observations indexed on n, one may define histogram bins m of width
A, for which an “indicator function” 1 exists. Notice that this is a weighted counter,
measuring whether an observable X falls within a given bin.

e A A
¢min = exp(ﬁ‘/;m) lf Xim © [mA Ik mA * 5) (213)
v 0 else
The resulting histogram, h,,; is their sum,
N;
hm,i - Z wm,i,m (214)
n=1
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which, in the limit of infinite length and fine discretization, converges to the the
unbiased probability distribution within that window [112]. It is implied that the
CV value z corresponds with bin m,

. . hm,i u
ilinm lelinoo A — P!(x). (2.15)

If simulations are conducted in a way that samples phase space adequately, (ﬁ) *
himi =~ P!(x), then the statistical error associated with a given histogram bin may be
related to the uncertainty of the estimated probability distribution from simulation.
To differentiate the actual probability from the estimate obtained in simulation, a

hat will be used for the estimate, i.e. P¥(z),

(NjA)2 # 0% (1) = o*(P'(x). (2.16)

It is a well-known result ([112]) that the maximum likelihood estimate of the variance
of a random variable whose average is (¢, ;) = N; ! Eff:l Ym,in may be expressed
concisely as

9Im,i
UZ(wm,i) = TK g@,z> - <wm,i>2]7 (217)
for statistical inefficiency g given as (1 + 27) for correlation time 7 in units of the
sampling interval. This result permits the variance within a histogram bin to be
computed [112].

1 G
himi = N; {M ; ¢m,i,n] (2.18)
0 (hmi) = (N9)? % 0 (Vi) (2.19)

Putting the results of equations (2.16), (2.17), and (2.19) together, the statistical
error associated with P!(x) may be written:

(FH) = 2 (020 — (o). (2:20)

With 02(1/3?(@) known, the weights w;(x) can be obtained for a given set of {F;},
which must be determined iteratively. An initial guess is made from the biased
ensemble.

[ A exp(—BU)
J d7N exp(—pU) exp(—BV;)

Fi=—p o ( ) — 5 log(exp(BV):.

While this equality is exact, the large range of values V; may assume results in an
expected value that converges slowly. Further iterative optimization of the set Fj is
achieved via root-finding, as detailed in the next section.

Before departing, it is also useful to note that this formalism provides an avenue
for estimating the uncertainty at a given point along F,.,(z). One may write an
expression for the variance between estimates of P.,(x) at a given x as taken from
1 simulation windows:
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02 (Peyl)) = 3 S wile)? exp(=26F) o*(P(x)). (2.21)

We observe that, when the statistically optimum weights (eq. 2.12) are substituted
into (2.21), the variance of the optimally-weighted distribution is

-1

AP = | L ew@aR) T | (2.2

This uncertainty estimate is easily accessible from simulation data and the deter-
mined set of {F}}.

2.8.1 Optimization Via Root-Finding

The maximum likelihood estimation of F; should minimize the residuals between
P.,(x) and its constituent window estimates exp(SF;)P*(x), at each x for all win-
dows. This is done variationally through the iteratively reweighted least squares
method, updating subsequent estimates according to the derivatives of some cost

function. Toward this end, we define the cost function f:

£= [ ar Y ule)(Pale) - exp(BE)PI ) (2.23)

The appropriate F' coefficients are determined iteratively in a self-consistent manner
via the multivariate Newton method. Alternative multivariate root-finding algo-
rithms may be applied at the user’s discretion. The quantities in column vector V f
includes the partial derivatives of f that will decay to the zero vector as optimization
proceeds.

af af  of1"
OF, OF,” " OF,

Also required is the matrix of mixed partial second derivatives, the Hessian matrix
H of f with elements Hj:

Vf= (2.24)

O*f
Hip = .
T QF.OF,
Equations (2.24) and (2.25) together permit the set of coefficients F; to be updated
from iteration a to iteration a + 1 [112].

(2.25)

Fon=F, —H'Vf (2.26)

Recognizing that f is an explicit function of {F;}, these derivatives may be taken
analytically. Since the derivation variable F; appears only within exponential func-
tions, these derivatives take on relatively convenient forms:

agﬁ") = 26ui(2) [0 — w;(2)] (227)
At o) expl3F) P o) 2P ()} 2.29
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Here ¢;; is the Kronecker delta. The derivatives of f are composed of these con-
stituent terms. Combining the results of equations 2.27 and 2.28 with the observa-
tion that 8%,@ = 0, because P!(z) is constructed entirely from simulation data,
there is now sufficient information to compute V f and H; for a given set of coef-
ficients ﬁa.

In practice, one F' coefficient is fixed, invariant, to help prevent inconsistencies in
normalization. The most physically reasonable solution is to include one unbiased
simulation window in the analysis, which will have Fyy = 0 by definition. From equa-
tion 2.11, the F' coefficient of the unbiased ensemble (where V; = 0 always) is known
with certainty a priori. However, provided normalization of the resulting proba-
bility distribution is performed afterward, for practical purposes any F' coefficient
may be fixed and the result unchanged. The multivariate Newton’s method ap-
plied in this way is conceptually analogous to the traditional WHAM normalization
self-consistency formula,

exp(—pF;) = /dxexp(—ﬁ\/;(x))Peq(m). (2.29)

Re-evaluating F; from this equation enforces consistency between estimates for the
coefficients F; and its definition from configuration integrals in equation (2.6). Notice
that if Vj(x) = 0 for all z, then F; is identically zero. It is this fact that ensures
the set F; are self-consistent in the present derivation. The application here is more
robust than traditional WHAM which assumes V' is an explicit function of x, because

A

in general (6(X —z) exp(8V;))y # exp(BV;(x))(6(X —x)),. In the special case where
V; is a function exclusively of the CV z, where this equality holds, this derivation
becomes conceptually synonymous with WHAM following the manipulation of w;(x)
laid out in Roux 2001 [93].

By generalizing the form of the energetic bias utilized in Umbrella Sampling to
be independent of the CV of interest, we have identified an additional avenue for
analyzing cavity formation phenomena using the GROMACS MD framework. This
approach is generally applicable to other systems for which this high-dimensional
biasing strategy is pertinent. The results obtained are consistent with predictions
obtained via 2D WHAM, and with high resolution (Figure 2.6).

This reweighting scheme suffers from statistical noise due to the difference be-
tween the ensemble being sampled and the ensemble of interest. As the two en-
sembles become less similar, the overlap between the ensemble being biased and
the desired ensemble diminishes. Further, we do not make assumptions about
(2,) — (¥ma)®. In situations where V; varies greatly, which occurs in regions of
phase space with a steep underlying free energy landscape, the average (1, ;) con-
verges slowly, and the problem is exacerbated when the processes of interest are
not statistically well-represented in the data. Here, for example, queries regarding
water molecules immediately adjacent to the cavity interface are poorly reported,
by construction, due to the relatively small spherical shell volume that is relevant
to the query.

A useful metric for assessing the impact of this inefficiency is to sort simulation
configurations by weight and plot the proportion of the sum total weight that is
accounted for by the top x configurations (Figure 2.7).

For an unweighted system, the fraction of sum total weight as a function of
number of configurations considered is linear, because every configuration carries the
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Figure 2.6: In neat water, free energy of evacuating a spherical cavity of radius R
may be obtained without adapted sampling (black), with 2D WHAM (red), or the
alternative method discussed here (blue). This case study illustrates the accuracy
and effectiveness of the WHAM alternative relative the its parent method, despite
the greater generality afforded here.
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Figure 2.7: When simulation frames are arranged in order of descending weight
magnitude, the sum of the most heavily weighted configurations over the sum of all
frame weights does not approach unity linearly as would be the case if each frame
were given the same weight. This effect is exacerbated in simulations of larger
cavities, such that ensemble averages computed via re-weighting are dominated by
very few configurations. This example was conducted under no salt conditions.
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same weight. Simulations that contain some frames weighted very highly compared
to others will deviate strongly from linearity, revealing that a few configurations
(once reweighted) dominate the statistics acquired for the entire system. In such
cases, prohibitive simulation lengths would be required for distributions to converge,
and alternate strategies must be used.

We have presented here an application of the classic Torrie-Valleau reweight-
ing scheme in a manner analogous to WHAM, with the advantage over traditional
WHAM being the ability to compute the free energy profile along a collective variable
axis that was not biased explicitly in the simulation. This method has wide-reaching
applicability for collective variables defined from simple counting procedures that are
discontinuous variables. Here this method was applied to cavity formation, defining
the radius of a spherical cavity to be the vector length from an arbitrary center to
the nearest heavy atom. Given the generality of this technique, for small cavities
we have computed not only the free energy associated with spontaneously generat-
ing such a cavity, but have also acquired equilibrium statistics on the ensembles of
interest, including local density, orientation, and hydrogen bonding accessed via the
reweighting procedure discussed here. While only an efficient technique in regions
of phase space where the variable being biased is sufficiently similar to the CV of
interest, its flexibility is appreciated when concerned with the vast dimensionality
reduction inherent to the CV of interest.
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Chapter 3

Ion-Dependent Protein-Surface
Interactions from Intrinsic Solvent
Response

3.1 Abstract

!The phyllosilicate mineral muscovite mica is widely used as a surface template
for the patterning of macromolecules, yet a molecular understanding of its surface
chemistry under varying solution conditions, required to predict and control the self-
assembly of adsorbed species, is lacking. We utilize all-atom molecular dynamics
simulations in conjunction with an electrostatic analysis based in Local Molecular
Field theory that affords a clean separation of long-range and short-range electrostat-
ics. Using water polarization response as a measure of the electric fields that arise
from patterned, surface-bound ions that direct the adsorption of charged macro-
molecules, we apply a Landau theory of forces induced by asymmetrically-polarized
surfaces to compute protein-surface interactions for two muscovite-binding proteins
(DHR10-mica6 and “®®RhuA). Comparison of the pressure between surface and
protein in high concentration KCIl and NaCl aqueous solutions reveals ion-specific
differences in far-field protein-surface interactions, neatly capturing the ability of
ions to modulate the surface charge of muscovite that in turn selectively attracts
one binding face of each protein over all others.

3.2 Background

Solid-liquid interfaces promote many phenomena that are of central importance
in fields ranging from geochemistry to energy science [113, 114]. Moreover, the
templating interactions between mineral surfaces and biomolecules are known to
have far-reaching implications in our understanding of the origins of life and the
synthesis of novel functional materials [115, 116]. Natural bioinorganic materi-
als exhibit a diversity of physical properties adapted for organismal fitness [117,

'Reproduced with permission from Jesse Prelesnik, Robert Alberstein, Shuai Zhang, Harley
Pyles, David Baker, Jim Pfaendtner, James De Yoreo, Akif Tezcan, Richard Remsing, and Christo-
pher Mundy. Ion-Dependent Protein-Surface Interactions from Intrinsic Solvent Response. Proc.
Natl. Acad. Sci. U. S. A., Accepted. (2021) (C) United States National Academy of Sciences.
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118] (e.g., nacre, composed of calcium carbonate platelets interconnected by pro-
teins and other biopolymers to provide both strength and flexibility, and collagen,
which forms bone, tendon, and cartilage as a function of mineral content) that
are selectively produced under controlled conditions that modulate heterogeneous
self-assembly. However, our fundamental understanding of such interfaces at the
molecular scale has remained limited, precluding the development of synthetic bio-
materials from first principles. Much progress has been made in experimentally
probing solid-solution interfaces. Surface sensitive techniques such as X-ray reflec-
tivity [119], second-harmonic spectroscopy [120], three-dimensional fast force map-
ping [121], dynamic force spectroscopy [122], and the surface force apparatus [123]
continue to contribute to our understanding of how the properties of the solid surface
in conjunction with the solution conditions (e.g., ionic strength, electrolyte type)
impact interfacial speciation and ultimately modulate the forces between surfaces.
These concepts become particularly important at the nanoscale where the length-
scales of molecular fluctuations near an interface becomes comparable to that of the
solution response (e.g., screening) [124]. This convergence of scales, in turn, enables
processes such as oriented attachment as a new pathway for synthesis of nanocrys-
tals, which is known to be inextricably tied to the nature of both the surface and the
solution conditions [125, 126, 127]. It is clear that our understanding of such inter-
facial phenomena requires a theoretical platform that effectively captures molecular
scale details to understand physical outcomes at the macroscopic scale.

Herein, we utilize designed proteins as a sensitive probe of the underlying so-
lution conditions and their effect on the synthesis of materials on a solid, tem-
plating surface. The construction of novel, synthetic biomaterials from designed,
information-rich macromolecular building blocks (e.g., proteins) promises precisely
tailored material properties, but is confounded by the vast parameter space un-
derpinning their self-assembly [128, 129]. Of these, materials that contain a high
degree of ordering are particularly desirable targets, as they are amenable to struc-
ture determination methods, can serve as scaffolds with well-defined spacings for
functionalization with chemical groups, and possess specific physicochemical prop-
erties based on the composition (and arrangement) of the individual building units
[130]. Template materials with near-perfect basal cleavage are naturally well-suited
to the production of low-dimensional ordered materials, as they provide atomically
flat crystalline surfaces with well-defined surface properties. The phyllosilicate min-
eral mica, particularly the C'2/c¢ symmetric pseudohexagonal muscovite, is an ideal
example owing to its other desirable physical properties: it is chemically and ther-
mally inert, insoluble, lightweight, insulating, flexible, inexpensive, and hydrophilic
[131]. Consequently, various nanoscale objects such as DNA have been successfully
adsorbed onto the atomically flat muscovite from aqueous solution in an orien-
tationally specific manner, an important step toward building complex structures
[132, 133].

Adsorbates of particular interest are proteins, which can be de novo designed
and /or mutated to modulate mica binding affinity. Recently, a Designed Helical
Repeat (DHR) protein featuring tandem repeats of helix-turn-helix subunits [134],
designated DHR10-micaX (where X equals the number of repeats), was designed
such that glutamate residues precisely matched the lattice spacing of the hexagonal
array of potassium ions on the muscovite surface [135]. This allows the rod-shaped
proteins to assemble in alignment with the three principal axes of the underlying
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ion lattice as measured by atomic force microscopy (AFM) in a variety of solution
conditions [135, 136]. Interestingly, its surface coverage and uniformity in orientation
are sensitive to the ionic strength of the aqueous medium, among other variables
such as protein concentration and ion species (Fig 3.1A/B).

At 3 M KCI, the 18-repeat DHR10-mical8 assembles into a 2D liquid-crystal-like
phase similar to smectic or nematic phases with protein rods co-aligned and ordered
into discrete rows that persist for many hundreds of nanometers, whereas at only
100 mM KCI, protein rods form clustered domains along all three available axes in a
phase not theoretically predicted for spherocylinders using hard-core models [137].
This phase is not merely a kinetically trapped state, evidenced by its reversible
transitions to and from this state upon adjusting ionic strength, suggesting that
some specific protein-protein and/or protein-surface interaction must act to stabilize
domains [135, 138]. Furthermore, exchanging potassium for sodium increases the
critical concentration at which the 2D liquid crystal phase is formed, indicating a
diminished binding affinity in sodium salt solution, and at low protein densities a
dominant binding orientation is not obtained (see Fig 3.1B).

The principle of heteroepitaxial growth of proteins on muscovite appears to be
quite general [139, 140, 141]. For example, the engineered protein “*RhuA also
shows surface-induced crystallization into condition-dependent morphologies [142]
despite an apparent disagreement between the inherent C; symmetry of the protein
and the C2/c¢ symmetry of the pseudohexagonal muscovite surface. This occurs
as the approximately square (~ 7 x 7 nm?) proteins form corner-to-corner disulfide
bonds to self-assemble into superstructures hundreds of nanometers across, locally
oriented along either one or two directions depending upon solution concentrations
of electrolytes as determined by AFM. Distinct crystalline morphologies can be
selectively formed by tuning the concentrations and identity of the solution ions,
despite using the same surface and building block (Fig 3.6) [142]. The examples of
DHR and RhuA systems clearly illustrate that protein-muscovite binding behavior
can be extensively tuned via ion effects to control the pathways and outcomes of
heteroepitaxial protein self-assembly. See Fig 3.7 for amino acid sequences and
protein schematics.

The inability of theory to accurately predict a priori each outcome hinders the
development of more sophisticated, hierarchically structured, assemblies. Simple
hard-wall packing models fail to capture all of the necessary physics, as specific
protein-surface and protein-protein interactions are not considered [137]. Further-
more, high ionic strength conditions and specific ion effects are theoretically chal-
lenging even in the bulk solution phase, as Debye-Hiickel coefficients cannot account
for electrolyte non-ideality beyond dilute concentrations [143]. The present work
approaches this knowledge gap with the intent of first understanding the solvent-
structuring properties of each assembly component in isolation to compute far-field
surface-protein interactions (Fig 3.1C).

We achieve this with three key modeling advancements:

1. We improve the accuracy of an empirical atomistic MD model of muscovite
mica relative to experiment by treating aluminosilicate substitutions using a
pseudo-atom with a mean-field philosophy, stoichiometrically averaging sim-
ulation parameters. Doing so enhances the chemical potential of muscovite
for bound cations (a well-documented deficiency of empirical models at aque-
ous interfaces [144, 145]) and also eliminates measurement artifacts associated

Chapter 3 Jesse Prelesnik 51



Interfacial Phenomena via the Molecular Dynamics Framework

£0E = D - P

Figure 3.1: (A/B): AFM images of DHR10-Mical8 assembly. (A) 0.1 M DHR10-
Mical8 in 3 M KCL (B) 0.1 M DHR10-Mical8 in 3 M NaCl. The insets are Fast
Fourier Transforms. The buffer is 20 mM Tris, pH 7. (C): Schematic representation
of our key finding that macroscopic water polarization over muscovite is reversed
in the presence of KCIl vs. NaCl, which leads to either constructive or destructive
interference with the polarization of a protein’s surface depending on specific ion
effects. For DHR10-mica6 (shown) the relative attraction strengths of the protein’s
front or back faces to muscovite correlate with reduced orientational specificity ob-
served in AFM (panel B). (D): Tllustration of decomposing the total electric field
E into displacement field D, consisting of background charges and the two surfaces
(treated as fixed), and the electric polarization P due to water orientations, which is
our focus here. This relation is written in SI units, where €, is vacuum permittivity.
Simulations of protein and muscovite are conducted separately.
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with specific substitution patterns.

2. We quantify aqueous response through the lens of Local Molecular Field (LMF)
theory, which isolates the low-intensity, long-range component of electrostatic
potential [146, 147, 148, 149]. Doing so resolves a dipolar solvent structure that
is otherwise hidden beneath higher-intensity, short range contributions to the

total signal. We apply this approach to measure far-field electric polarization
(Fig 3.1D).

3. We take the far-field polarization as measured from simulation as a scalar order
parameter in the Landau free energy expansion between two planar surfaces
that induce forces on one another via solvent polarization [150, 151]. Simu-
lation data provide boundary values and a reference curve to fit an analyti-
cal solution of the order parameter and extract phenomenological parameters
needed to compute the interaction pressure. By solving an analytical form of
the Landau order parameter for asymmetric boundary conditions, we apply
this approach to protein-surface interactions.

With this modeling approach, we quantify interaction strength between asym-
metrically polarized surfaces via the long-range polarization-induced pressure, and
relate intrinsic far-field specific ion effects from atomistic simulations to experimen-
tally observed changes in assembly outcome.

3.3 Accurate Mean-Field Model of Muscovite

In an effort to improve performance of the MD model relative to experiment, we
compared the behavior of a standard atomistic representation of muscovite to its
mean-field variant described here (both a 5x3 unit cell, using the INTERFACE force
field (IFF) [152]). We analyzed molecular densities normal to the surface (ZDFs)
to determine the fraction of muscovite binding sites occupied by cations, which
has been previously reported as underrepresenting the experimental limit of ~100%
(144, 153]. At 3 M KCl the explicit-substitution model retains less than 85% of its
first-layer cations, which are present on the surface in a bimodal distribution (Fig
3.2A).

The mean-field model improves this occupancy to 97 + 1% (Fig 3.2B) and pro-
vides a hexagonal lateral pattern that matches AFM measurements [135], which is
obscured in the explicit substitution variant because solvent patterning over mus-
covite is imprinted by the lateral positions of Al sites (Fig 3.2C,D). The mean-
field treatment provides much more realistic depictions of the bulk-scale surface
than standard explicit-substitution representations in terms of modeling the perfect
hexagonal array of ions that proteins are designed against.

Further simulations were conducted on large (20x12 unit cell) slabs of IFF or
CLAYFF [154] mean-field muscovite, comparing solution conditions 3 M KCl to 3
M NaCl to mimic experiments. Measurements of molecular densities reveal subtle
lateral inhomogeneity that persists despite the mean-field treatment, which is reflec-
tive of the pseudohexagonal symmetry of muscovite (Fig 3.8). A lateral probability
density of water oxygen within a narrow volume slice above the muscovite surface
shows characteristic striping (Fig 3.3). This finding is in alignment with prior simu-
lation studies of parallel muscovite slabs at close separations, which show preference
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Figure 3.2: For 3 M KCl aqueous conditions, we have (A/B): Averaged probability
density from atomic coordinates as a function of perpendicular distance from mus-
covite bedrock (ZDF), normalized to bulk, for (A) muscovite including explicit Al
substitutions, and (B) muscovite in the mean-field substitution representation. Both
are using the INTERFACE force field. Percentages are fraction of cation binding
sites occupied, measured by integrating up to the first minimum in the potassium
(C/D): Average probability density of lateral water oxygen positions a
distance of 3.0 £ 0.3 A from the muscovite surface as measured from the surface-
exposed oxygen atoms. Patterning is uneven under explicit Al substitution (C) and
organized under the mean-field treatment (D).
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o =0.0A

3 M NaCl

Figure 3.3: Lateral probability distribution of water molecules occupying the narrow
region of 3.5+ 0.1 A (top row, 3 M KCI with IFF mean-field muscovite) or 2.1 + 0.1
A (bottom row, 3 M NaCl with IFF mean-field muscovite). This same probability
density is smoothed by a Gaussian of width ¢ (a KDE of probability), in columns
left-to-right, from 0=0.0 A (no smoothing) to 0=4.5 A in increments of 0.5 A.
Characteristic streaking can be seen from the lower left to upper right corners of
each panel, up to a smoothing length of about 2.0 ¢. This illustrates that some
distinctive atomistic signatures are inaccessible to far-field smoothing procedures
that use Gaussians of width o = 4.5 A.

for a single alignment orientation that is mediated by multiple water layers [155].
The anisotropy of muscovite has been experimentally shown to universally impose
lateral asymmetry on the orientation of bound macromolecules, designed or natural
[135, 142, 132, 133].

The attractions that give rise to surface assembly are complicated and numer-
ous, but the electrostatic potential is particularly valuable here due to its slow
decay. Solvent-structuring properties intrinsic to muscovite permeate far into the
bulk and dominate the driving forces for macromolecules in solution, up to separa-
tions of ~1 nm. Before short-range interactions (i.e., confinement effects) manifest,
long-range assembly forces are responsible for orienting the preferred face pointed
toward the surface. As a starting point for understanding assembly, we have fo-
cused on the dilute limit in which protein-protein interactions are negligible. This
dilute limit coincides with experiments, which typically use less than 1 yM of pro-
tein (with mean interparticle separations @(100 nm)), and indications of solution-
phase protein-protein aggregation are absent. We would also like to emphasize that
polarization-induced interactions discussed here are long-ranged and are the driving
force until about a nanometer from the surface, at which point the protein cannot
easily reorient. The many-body effect of multiple proteins interacting on the surface
is beyond the scope of the current work.

3.4 Quantifying Long-Range Solvent Response

We seek to isolate the far-field component of the full electrostatic potential computed
from simulation, which is challenging to measure directly due to measurement noise
over an intrinsically low-intensity interaction [156]. By separating the slowly-varying
tail of the electric potential via the LMF formalism, we can accurately capture
surface-induced electrostatic interactions that emanate far into the bulk [148]. In
practice, this is accomplished by taking a convolution of atomic point charges with
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a Gaussian kernel, as in the LMF smoothed charge density:

7 (x) = / dr' p(r')pes(r — 1) (3.1)

p6() =~ o (— e /o). (3.2)

The optimum value for the Gaussian width ¢ has been well-studied, and in aqueous
solution is taken to be o = 0.45 nm [147, 157]. Because the density is being smoothed
or filtered over a length scale, o, that is larger than molecular scales, atomic-scale
features of the muscovite surface are washed out in the far-field representation. To
demonstrate, we take the lateral probability density of the water oxygens and filter it
through a Gaussian kernel density estimate (KDE) of increasing width, o, following
Eq. 3.1.

Lateral inhomogeneities observed in the oxygen density over muscovite persists
when the signal is smoothed using a KDE Gaussian smoothing parameter from ~0.5
A up to about 2 A, at which point the signal is laterally isotropic (Fig 3.3). When
using a Gaussian width of 4.5 A for the LMF far-field analysis lateral streaking is
not observed, revealing that this striping tendency is a subtle near-field effect that
cannot be captured using far-field dielectric theory. The same applies to explicitly-
substituted muscovite models, in which lateral inhomogeneities that arise from spe-
cific aluminosilicate substitution patterns are washed out by LMF smoothing (see
Fig 3.18).

Our present focus is in the direction of the surface normal, the vector along which
a macromolecule approaches the surface. We use the macroscopic (or smoothed)
polarization density as obtained through the LMF formalism as our order parameter.
To access this quantity, we compute the atomistic electric polarization — the dipole
moment per unit volume P(r) = n(r){fi(r)) for an ensemble averaged water oxygen
number density, n(r), and an ensemble averaged water dipole vector as a function
of spatial coordinates, (ji(r)) [158]. By the divergence theorem, Gauss’s law for the
polarization density field can be written in differential form, which we apply twice to
convert the polarization P;(z) into the LMF smoothed bound charge density pf(z)
and then back to the LMF smoothed polarization [159]:

7 =~ / 02/0:Px()pa(z — 2 (3.3)
P (z) = —47T/dz P (2). (3.4)

The smoothed bound charge density pf(z) is computed for these simulations over all
space. For proteins, a rectangular region (visualized in Fig 3.9) was isolated as being
confined between the protein’s binding face and its periodic image along 2. Signal
from this rectangular subvolume was projected onto the z-axis using an arithmetic
mean in x/y to isolate signal arising from the protein.

In comparing intrinsic properties of muscovite under KCI vs. NaCl in the LMF
representation, we find qualitative contrast between water polarization that is sub-
tle to detect at the atomistic scale. Strikingly, the LMF signal (far-field electric
polarization due to water) changes sign in the two cases, which can be seen in both
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p7(z) and P;(z) for muscovite (Fig 3.4A/B). This finding has ramifications for all
surface-induced organizational processes on muscovite, such as heterogeneous ice
nucleation, which occurs more efficiently in KCI than NaCl [160, 161]. We seek
to determine the impact of this unexpected field reversal on energetics of protein
attraction.

In alignment with the Landau description of two surfaces at z = +D/2, we
change the coordinate frame of reference such that opposing faces of a macromolecule
are at either end of the unit cell, and bulk solution is at z = 0. A visual example
is shown in Fig 3.4A, where opposing surfaces at z = +30 A provide boundaries for
the bulk. Simulations of proteins and muscovite individually were conducted in the
same bulk environment, so charge density profiles can be concatenated together in
bulk for a given salt treatment.

3.5 Theory for Polarization-Induced Interactions

Here we construct a theory for the polarization-induced forces felt by two planar
surfaces with surface fields of arbitrary sign and intensity. For this we use a Landau
theory framework described in detail by Netz and others [150, 151, 162]. The theory
is built on a free energy density expansion about a general order parameter 7,
that describes the response of the solvent to two planar surfaces that are fixed at
z = £D/2. Within Landau theory, the surface groups give rise to a surface field,
hy for the surface at z = £D/2. To be consistent with the literature, we derive the
Landau theory for a general order parameter 7(z), with the understanding that this
refers to the far-field polarization for the problem of interest. In this case, we can
write down the Landau free energy (per unit area) as

. /D/de [ar?(2) + e/ (2)) (3.5)

D/2
+hyn(D/2) +h_n(=D/2),

where 7(2) is the derivative of n(z) with respect to z, and a and ¢ are phenomeno-
logical parameters that give measure of the stiffness of the order parameter and the
spatial range of interactions, respectively. The parameter a is a property of the bulk
solvent, and when polarization in the relevant order parameter, one can show that
a = (1—1/¢e)/2¢y, where ¢ is the static dielectric constant of the solvent and ¢ is
the vacuum permittivity, as shown in the Supporting Information.

The functional form of n(z) is determined by minimizing the free energy den-
sity with respect to the order parameter, giving a family of solutions for different
boundary conditions (BCs). Prior work has used symmetric (hy = h_ = h) or
antisymmetric (hy = —h_ = h) BCs. Here we solve for a more general solution of
n(z), making no assumptions about the signs or relative magnitudes of hy, and use
this solution to determine the polarization-induced pressure II. We work at fixed
surface field hy and define n(D/2) = ni and n(—D/2) = n;, at the boundaries. We
obtain the following expression for the order parameter profiles,
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smh(% + §) smh(% — f)
=) = =g b T (D)) (3.6)

where A\ = (¢/a)'/2. With n(2) at the free energy minimum known, we are able to
determine the surface fields hy and h_,

2c

h:
* )

[nr/rcoth(D/X) — np resch(D/N))]. (3.7)

Substituting expressions 3.23 and 3.25 into Eq. 3.16 allows F /A to be evaluated in
terms of surface fields h4 and physical constants a and ¢ for some separation D:

F_—(huh) ( D) [1 . (hy =) coth(D/) } , (3.8)

A 2(ac)? 2\ 2hih_  coth(D/2))

We can now evaluate the polarization-induced pressure between the surfaces as

() = ~ 10 (3.9)
_ b e ( D ) {1 N (hy —h_)? sinhz(D/Q)\)} .

4c 2) h+h_  sinh®(D/\)

22

In this notation a negative pressure is attractive and occurs when h, and h_ are of
the same sign. For large D, the pressure scales as

hih_ hy —h_)?
H ~ —+T€7D//\ |:1 + (Jrh+—h>€D/)\} y (310)

which indicates an exponentially decaying attraction at the largest D values.

When the surfaces are asymmetric, |hy| # |h_|, a second relevant lengthscale
of 2D/ emerges that can compete with the behavior of the pressure on a scale of
D/, and this results in a nontrivial change in the sign of II at

D/\=2 Cosh_l( %) ~ ln<_(h;+—;h>2). (3.11)

The functional form of this intercept bounds the relative values of h for a crossing
to occur on D > 0. For example, Eq 3.11 is undefined for either symmetric or
antisymmetric h4, and so this was absent in previous work. An intercept is present
for all hyh_ < 0 if hy # —h_, and occurs at greater D/\ for ratios of hy far
from unity. In the present work, where X is on the order of 2 A, each instance that
matched these criteria produced intercepts at D/A < 5 A and so may not be relevant
to the far-field descriptors provided here. A detailed derivation of this theory and
further discussion is provided in the Supplementary Information.
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Figure 3.4: Demonstration of converting pj(z) obtained from LMF-processed
MD trajectories into polarization-induced pressure between muscovite and the
front/back faces of DHR10-mica6. (A) A concatenated bound charge density profile
is made by adjoining partial pJ(z) profiles from trajectories of protein or muscovite
in isolation at the bulk, where solution conditions are identical. (B) We compute
PZ(z) from pf(z) via Egs. 3.3 as in the main text, and then fit the functional form
of order parameter 7(z) (Eq 3.6) to polarization on the region [-30 A, 430 A] that
is solvent-accessible (fits are dashed lines). (C) Fitting 7(z) to P{(z) determines
the phenomenologica33l parameters needed to evaluate pressure II (Eq 3.9) as a
function of separation D, where a positive Il indicates repulsion. In all three panels,
red coloration indicates 3 M KCI solution, while blue indicates 3 M NaCl.
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There are two major results from this derivation: (1) By solving an analytical
n(z) (Eq 3.23) for asymmetric BCs we can fit the functional form of n(z) to P;(z)
computed from simulation, and (2) The parameters determined from fitting to data
(surface fields and A) can be inserted into II(D) (Eq. 3.27) which provides an
estimate of distance-dependent behavior.

It is apparent that, on the domain of z that is solvent accessible, the function
P?(z) has a sinh-like form that can be well-approximated by the analytical function
n(z). The fitted function 7n(z) is overlaid in Fig 3.4B to illustrate. We take the
parameters ng and 7y, from P?(£D/2) and fit A, which here ranges from 1.66 to
2.21 A, larger than similar results for membranes [151]. The extracted parameter A
permits the pressure II(D) to be estimated for a given polarization profile.

For discrete simulations of “mean-field” muscovite or protein isolated in 3 M
aqueous KCI or NaCl, we computed P{(z) for each surface. At large z these polar-
ization densities are the same (for a given ion treatment) and so a composite P{(z) is
generated by concatenating intrinsic polarization in the bulk region. The “compos-
ite” systems consist of the muscovite surface parallel to a flat protein face, either the
notional binding face or the reverse side. Comparing results under KCl and NaCl
conditions reveals qualitatively different far-field muscovite-protein interactions.

Figure 3.5 shows selected II(D) profiles for composite muscovite-protein systems.
The notional binding face of “»RhuA is attracted to muscovite under both KCI1 and
NaCl conditions, as indicated by the negative II(D). In contrast, the notional bind-
ing face of DHR10-mica6 is strongly attracted to muscovite under KCI conditions
but is repelled in NaCl solution. The reverse is true of the backside of DHR10-
mica6, which is not attracted to muscovite in the presence of KCI but is with NaCl.
The qualities of these pressure profiles are determined by the relative signs and
magnitudes of the surface fields generated by each body intrinsically, which can be
explained with atomistic evidence from simulation. These results are consistent with
experimental findings as detailed in the Discussion section.

3.6 Consistency with Atomistic Interpretations

One of the principal findings reported here is the change in sign of the far-field
components of electric polarization due to water when K is exchanged for Na™
over muscovite. Considering that both systems consist of an ionic double layer with
cations bound to mica, it is perhaps surprising that such a polarization reversal
should occur. This observation can be reconciled with atomistic data: There are
more surface vacancies for water molecules under NaCl conditions (as seen in Fig
3.10, close to the surface). Water molecules occupying cation binding pockets have
a strong tendency to orient with the positive end of the dipole toward mica (Fig
3.11). Conversely, water molecules slightly further from the surface tend to interact
strongly with the bound cations, and so orient their negative end toward the mica.
By virtue of having more ion binding vacancies, the Na' condition sees a shift in
relative intensity between these two populations of water molecules.

Furthermore, the presence of a secondary density peak in atomistic Na™ position
data reveals that the ionic double layer is less well-organized than with K+ and fails
to attract counterions as intensely (Fig 3.10). This gives rise to a broad orientational
distribution of water at the interface, particularly ~0.5 nm from the surface, and
peaks in the water oxygen density function correspond to local water orientations
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Figure 3.5: Selected far-field polarization-induced pressure curves demonstrating
impacts of K*/Na™ exchange. The eight traces presented are to be thought of as
four pairs, each representing a given muscovite-macromolecule pair under both 3
M KCI and 3 M NaCl conditions. These macromolecule pairings are: muscovite-
muscovite (as reference, in black), muscovite-DHRpinging (red), muscovite-DHRypacx
(blue), and muscovote-“*®RhuAyinaing (green). Pairs of traces are indicated by a
shared color (dark vs. light shade for KCI vs. NaCl, respectively) and correspond-
ing symbols: (@, %), (V, A), (<, »), (H, ®), listed in KC1/NaCl order. For example,
the red pair of traces (¥, A) correspond to those in Fig 3.4C. With II > 0 indicat-
ing repulsion we see muscovite-muscovite is repulsive under both KCI and NaCl,
muscovite-“®RhuA pinqing is attractive in both cases, and the muscovite-DHR inter-
action can be modulated to attractive or repulsive depending on which protein face
is presented and the salt treatment. See Fig 3.7 for renderings of the two proteins
to illustrate the notional “front” and “back” faces.
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opposite that of Kt (Fig 3.11). This is all to say that the LMF far-field polarity
reversal on muscovite is consistent with the underlying atomistic structural changes.
The other intrinsic property of muscovite reported here, lateral anisotropy, does
not contribute to far-field interactions as evidenced in Fig 3.3. The height(s) above
muscovite at which lateral anisotropy can be detected are narrow, indicating that
these streaking effects may only be felt by macromolecules when adsorbed. The
finding of this lateral anisotropy does not contradict a previous AFM study of the
azimuthal dependence interaction between two disjoining mica surfaces [163]. In
Ref. [163] the forces between the two mica surfaces was measured at a predicted
separation of roughly 1 nm. At this separation a weak azimuthal dependence of the
force between the mica surfaces is observed reflecting the underlying basal symmetry
of mica. However, no lateral anistropy was recorded that is consistent with Fig 3.3.
The predicted separation of 1 nm between the two surfaces in Ref. [163] is likely
too great a distance to sense the short-range lateral anistropy. Moreover, it was
suggested that the weak azimuthal dependence of the force between mica surfaces
at separations of ~1 nm cannot be predicted with electrostatics alone [164, 163]. To
the extent that the protein-mica surfaces remain close enough to sense the lateral
anistropy in Fig 3.3 is possible due to the polarization induced forces predicted in
Fig 3.5. This is distinct from Ref. [163] where two mica surfaces were found to
feel a repulsive long-range interaction (see Fig 3.15) and therefore remain further
apart. Additional study is needed to assess the interplay of lateral streaking and
polarization along the normal, which here are presented as distinct observations.
The ramifications of these striking features are currently being analyzed through
the lens of close-range protein/surface interactions in a separate body of work.
Differences in LMF signal near the faces of proteins can be corroborated atom-
istically as well. For example, when K% is exchanged for Na® the binding face of
DHR10-mica6 experiences a ~2- to 3-fold deamplification in water polarization den-
sity P7(z) (Fig 3.4A). This signal aligns with atomistic density distributions, which
reveal a competition between cations and water molecules at the protein surface.
While sodium ions show a marginally stronger affinity for the protein binding face
than potassium, this is balanced with a depletion in the water density profile, and
waters further from the surface showing a diminished angular preference. Density
profiles on either side of DHR10-mica6 are included in Fig 3.12 and the consequent
water orientation distributions are shown in Fig 3.13. Thus, atomistic simulations of
a lone macromolecule in solution can provide sufficient information to predict surface
adsorption behavior by evaluating the compatibility of its far-field response (due to
atomic-scale structuring near the molecule) with those arising from the solid-liquid
interface. Such relationships are challenging to disentangle without LMF analysis.

3.7 Discussion

Analyzing MD data through the lens of LMF theory has allowed us to connect intrin-
sic polarization to assembly processes via induced pressure from Landau theory. The
unexpected activity of the DHR10-mica6 “back face” in NaCl results in an attrac-
tive II(D) as the protein approaches the surface with this orientation, in contrast to
the binding face which interacts very weakly with muscovite in NaCl (Fig 3.5). The
low-intensity nature of far-field interactions mean that these directional electrostatic
biases on the protein are perturbations to its orientational distribution with respect
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to muscovite. These predictions are valid at large D, as eventually short-range
interactions become non-negligible and intrinsic far-field properties might interfere
nonlinearly. These bound-state interactions will be characterized explicitly in a
separate study.

The observation that the DHR10-micaX back face becomes well-ordered in NaCl
conditions leads to the hypothesis that DHR10-micaX proteins may have substan-
tive populations bound to muscovite through both of the protein faces in NaCl. This
contrasts KCI conditions in which the binding face designed to match the muscovite
potassium ion sublattice is expected to dominate. The back face of DHR10-micaX
is not designed to match the muscovite lattice, which reduces the tendency for the
protein to align along any of its pseudohexagonal axes. Indeed, experimental ob-
servations suggest diminished orientational specificity of protein binding in NaCl
solution on average. AFM results show that the protein DHR10-mical8 displays
weaker orientational specificity in aqueous NaCl than KCI (Fig 3.1). Furthermore,
the most intense protein-muscovite interaction as predicted by II(D) is with the
binding face of DHR10-micaX under KCI conditions, and our predictions are con-
sistent with the experimentally-observed increase in critical concentration required
to reach a 2D liquid crystal in NaCl solutions.

The other muscovite-binding protein “®RhuA has a relatively flat binding face
and contacts muscovite under both KCI and NaCl conditions, as demonstrated by
AFM experiments [142, 165, 166]. Our theory predicts that “**RhuA displays a
weak attraction to muscovite from afar via II(D) in both cases (Fig 3.5). The lack
of spatial ordering on the face of “®RhuA compared to muscovite, combined with
the highly-screened environment studied here, results in weak polarization, P?(z).
This polarization in response to “”RhuA is dependent on the size of the subvolume
used for analysis (see Fig 3.14), unlike DHR10-mica6. This is due to patterning of
amino acids on and the curvature of the binding face of “®RhuA. These two effects
wash out the signal from highly-charged residues at the center and our predictions
for ““RhuA can be improved through three-dimensional order parameters. The
large asymmetry between surface fields at muscovite and “**RhuA surfaces results
in pressure profiles with a nontrivial zero-crossing at finite D that may be relevant
for assembly. This non-monotonic form of TI( D) occurs only for asymmetric surfaces;
see the SI for further discussion on competing length scales that emerge when the
polarization profile is asymmetric.

The magnitudes of the polarization-induced pressures and characteristic length
scales reported here are similar to those reported in other computational, theoretical,
and experimental studies [167, 168, 169, 170, 171, 172]. Measurements of pressure
between two separated muscovite slabs vary depending on methodology and condi-
tions, with estimates that are higher or lower than what is reported here at ~2 nm
separation. In particular the result depends sensitively on double layer’s screening
of the surface, which seems to be underestimated in empirical simulation models,
as compared to experiment. Our predictions are consistent with pressure estimates
available in literature, and a discussion on comparisons among pressure estimates is
given in the SI subsection “Consistency with Simulation, Theory, and Experiment”.
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3.8 Conclusion

In this work we have shown how the intrinsic solvent-structuring properties of min-
erals and proteins with flat surfaces can be connected via a theoretical framework
to categorize far-field interactions as attractive or repulsive for a given protein ori-
entation. Relative interaction strengths in this picture correlate well with experi-
mental observations of surface assembly. We construct an empirical all-atom mus-
covite model with improved cation occupancy (as a percentage of available sites)
to compute solvent polarization in response to specific ion effects. The combined
simulation /theoretic framework presented is broadly applicable to surface assembly
problems and to predict a macromolecule’s orientation upon approach.

The philosophy of this work takes water molecules as reporters for the underlying
electric fields generated by ion organization in the vicinity of a liquid-solid interface.
That is, by studying electric polarization rather than the entire electric field, we
avoid boundary condition issues that arise from Poisson-Boltzmann analyses and
omit the electric displacement field associated with punpound. The Landau theory
approach taken here is advantageous because inputs are computed directly from
simulation. While the present work demonstrates the efficacy of this strategy in
high-concentration alkali salts in order to emulate experiments, we emphasize that
this computational strategy is generally applicable to surfaces without well-ordered
ion double layers at more typical ionic strengths.

One of the key findings from these simulations is that exchanging the identity
of the aqueous salt from KCI to NaCl over muscovite results in a sign reversal in
far-field electrostatic measurements p7 and P? due to water molecules. This sign
reversal can be understood as arising from the multi-binding-well character of Na*
on muscovite, an observation that has been corroborated in XRR measurements
[173]. Such a sign reversal is likely not exclusive to muscovite, and may occur on
related clay surfaces (i.e., montmorillonite, kaolinite, etc.) due to differences in
surface organization for each ion.

This finding leads us to consider other polarization changes that occur on mineral-
binding proteins that would impact the ability of the binding face to specifically
orient toward the surface when approaching from solution. Qualitative changes to
the long-range component of the electrostatic potential due to water is observed
at some protein faces but not others, highlighting the importance of computing
intrinsic properties from atomistic simulations. Furthermore, while atomistic mea-
surements corroborate the LMF picture, this processing is essential to disambiguate
the far-field character.

Ion-specific differences in surface polarization are potentially exploitable prop-
erties in engineering self-assembling materials: Taken in conjunction with high-
intensity close-range interactions that do not flip sign with exchanging salt, it may
be plausible to dynamically control heteroepitaxial growth by modulating salt condi-
tions in order to amplify or deter far-field attraction while not disrupting the bound
layer.

While the present work focuses on protein-surface interactions on nanometer
length scales by extracting the far-field, macroscopic polarization, it is in principle
possible to extend this framework to capture short-range oscillatory behavior in
Landau theory as well. This combined simulation-theoretic approach will be valuable
in coming to a predictive understanding of the conditions in which proteins assemble

64 Chapter 3 Jesse Prelesnik



Interfacial Phenomena via the Molecular Dynamics Framework

on surfaces. The simulations required to extract intrinsic surface properties are
simple to conduct and inexpensive, providing a potential high-throughput route to
assessing the driving forces of assembly.

3.9 Materials and Methods

The geochemistry of muscovite is well-studied for the bulk material and reliable all-
atom MD force fields have been published, particularly INTERFACE (IFF) [152]
and CLAYFF (CFF) [154]. However, there are a number of practical issues with
capturing the structural characteristics of the liquid-muscovite interface using either
model: 1) the chemical potential of ion adsorption does not agree with experimental
observation at low concentration and surface ion occupancy is underrepresented;
2) ion adsorption at the interfacial double layer depletes the aqueous environment
due to finite size effects; and 3) lateral organization of water and ions is sensitive
to aluminum substitution patterns within muscovite, which may be assigned in a
variety of ways.
These are addressed as follows:

1. The fraction of surface cation binding sites that are occupied vs. vacant is
underrepresented in MD simulation compared to experiment (both CFF and
IFF), which is combated by utilizing a high chemical potential aqueous bath:
Here we use 3 M monovalent salt, emulating experimental conditions in which
DHR10-mica6 and “®RhuA bind muscovite. The high salinity simulated here
is in emulation of experimental surface coverage near 100% occupancy, an
“overcharged” surface with a strong ion double layer [135]. High occupancy is
maintained down to 1 M salt, at which point competition from hydronium ions
becomes an important factor, a situation that cannot be accurately captured
in classical simulation.

2. Freshly cleaved, electrically neutral muscovite (as is prepared in default IFF or
CFF repositories) only includes 50% of available cation sites occupied. When
exposed to solution, vacancies are populated with ions from the bath. To
prevent the finitely sized aqueous bath in MD from being depleted of ions due
to surface sequestration, while also avoiding an enormous simulation box, the
aqueous phase is prepared in MD with the anticipation that some number of
ions will adsorb to the surface. That is, a simulation of aqueous muscovite
includes sufficiently many ions to both 100% saturate the muscovite surface
and maintain the desired aqueous concentration.

3. The lateral positioning of surface-exposed Al substitution sites (prevalent at
a 1:3 stoichiometric ratio with Si) is adjustable and measured lateral inhomo-
geneities correlate with the substitution pattern chosen. To prevent measure-
ment artifacts associated with specific Al distributions and to match ion dis-
tributions that mica-binding proteins are designed against, a novel mean-field
approach is presented. Where explicit substitutions are used for comparison,
the NMR-derived “random” pattern from IFF is preferred.

In this work we combine Si and Al into a statistically representative pseudo-atom,
which removes lateral Al organization from consideration when conceptualizing far-
field interactions. Briefly, this “mean-field” pseudo-atom approach was accomplished
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by taking 1:3 weighted averages of the parameters for Al and Si. Conveniently, some
parameters such as the Lennard-Jones well depth € are identical for Al and Si both
in CFF and IFF, and so the statistical average is trivial. In both CFF and IFF the
radius ¢ was taken to be a weighted arithmetic mean of Al and Si, following the
Lorentz-Berthelot combination rule [174]. Mass and charge were averaged similarly,
for example yielding mass: (3*mg; + 1%ma;)/4 = 27.25764 amu. The CFF topology
does not include explicit bonds linking inorganic bodies, and so for CFF no further
adjustments are required. Within IFF, such bond and angle definitions do exist,
but parameters are identical for Si or Al in the same environment. Finally, oxygen
atoms adjacent to substitution sites have their partial charges adjusted as well, in
the same mean-field philosophy of lateral homogeneity.

Slabs of mica were prepared three double-layers thick (= 6 nm total) in order
to thoroughly insulate periodic images from one another. To further ensure that
the muscovite slab did not bend due to thermal fluctuations, 1000 kJ/mol harmonic
restraints were placed on a single layer of potassium ions embedded nearest the
surface’s center. This way, the surface as a whole retains its planar geometry while
leaving surface layers flexible to respond to solvent. Models were constructed from
force field to a 5x3 unit cell lattice (~ 2.6x2.7 nm?) or a 20x12 unit cell lattice
(~10.4x10.8 nm?). The larger simulation cell is beneficial for identifying lateral
inhomogeneities that persist despite usage of the mean-field Al substitution treat-
ment, which would be reflective of the asymmetric hexagonal surface structure of
muscovite.

Solvent-exposed alkali metal parameters were taken from the work of Joung and
Cheatham (JC) [175], which have been specifically parameterized to prevent crys-
tallization at high concentration (up to 3 M in this work). Protein simulations were
conducted with the well-established CHARMMS36 force field [18]. The CHARMM
family of force fields was developed for use with the CHARMM-modified TTP3P
water model (mTIP3P), which differs from the original TIP3P by the addition of
Lennard-Jones sites to the hydrogen atoms. To apply the mTIP3P water model to
CHARMM-based proteins while retaining the original TIP3P behavior with JC ions,
NBFIX was used to set Lennard-Jones interactions to zero only for water hydrogen-
ion pairs [176]. Doing so permits JC ions to interact with original TIP3P water
while permitting the protein to interact with mTIP3P.

Proteins were restrained at four alpha carbons using harmonic potentials within
GROMACS (1000 kJ/mol spring constants) to keep a fixed frame of reference. The
restrained sites were selected to be at opposite corners of the protein to prevent
tumbling motions, while permitting side chain and protein loop fluctuations to thor-
oughly sample interactions with the aqueous environment. For DHR10-mica6 these
were alpha carbons 8A, 150A, 180A, and 258A, while for ®“®RhuA these were 79F

on each tetrameric subunit.

Simulations were conducted using GROMACS 2018.3 [177, 178]. All simulations
described utilized Particle Mesh Ewald electrostatics with 0.08 nm Fourier spacing,
neighbor list and electrostatics cutoffs at 1.0 nm, and were conducted at 300 K. The
Berendsen barostat was employed for NPT equilibration over 25 ns with bulk com-
pressibility 0.000045 normal to the surface (z) and semiisotropic coupling preventing
deviations in x/y. The full equilibration period is required to ensure that ions ini-
tialized in the bulk phase have sufficient time to adsorb onto the surface prior to 100
ns of production NVT. For the proteins, only 15 ns NPT equilibration is required
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since these proteins do not sequester ions the same way muscovite does. However,
a total of 150 ns of NVT simulation were conducted due the lower symmetry (and
therefore reduced data quality) of proteins compared to muscovite. Error bars were
computed by the method of bootstrapping, subdividing the simulated trajectory
into ten non-overlapping subsections and computing standard deviations from the
repeated results.

For slabs of muscovite only 5x3 wide, the system was sufficiently small to perform
Parallel-Bias Well-Tempered Metadynamics with Partitioned Families (PBMetaD-
PF) [179]. Briefly, this technique includes a time-dependent energetic bias on the
z-coordinates of all K™ and Cl~ ions using the redundancy of their coordinates to
converge the bias potential in little time. Biasing ion z-coordinates in this way
expedites the exploration of phase space and can reveal hidden energetic basins.
PBMetaD-PF used Gaussian width sigma 0.01, with bias factor 5, initial hill height
1.25 kJ/mol, and pace 500 steps, at a target temperature of 300 K in accordance
with previous ion-binding PMF studies [180]. Production runs were on the time
scale of 200 ns in the NVT ensemble. Due to the fact that ~150 ions of each kind
contribute to each PMF, many may be surface-bound at once, and typical cation
residence times on the order of nanoseconds, convergence was quickly achieved (Fig
3.15). We concluded that further PBMetaD-PF would not be required.

3.10 Derivation: Landau Theory of Induced Forces
Between Asymmetrically Polarized Surfaces

3.10.1 The Landau Free Energy

We consider two planar surfaces, one fixed at z = D/2 and the other at z = —D /2.
Each surface polarizes the solvent (water) in its vicinity, generally due to polar or
charged surface functional groups. Within the Landau theory we presently derive,
the surface groups give rise to a surface field, hy for the surface at z = £D/2. To
be consistent with the literature [151, 150, 162], we will derive the Landau theory
for a general order parameter 7(z), with the understanding that this refers to the
polarization for the problem of interest. In this case, we can write down the Landau
free energy (per unit area) as

D/2
f /D/2 ) +c(0/(2))°| + hin(D/2) + hon(=D/2), (3.12)

where a and ¢ are expansion coefficients thought of as phenomenological parameters
pertaining to bulk properties and decay rate of solvent ordering, respectively. In
this notation 7/(z) is the derivative of n(z) with respect to z.

3.10.2 Minimizing the Energy

We want to minimize the free energy to determine the order parameter 7(z) and
surface fields h. To do this, we take the functional derivative of the free energy with
respect to the order parameter, which will eventually be set to zero. This derivative
is written
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D/2
O(F/4) = / dz [2an(2)0(z — 2') + 2¢1(2)0(2 — 2')]

D/2

D D
+ hyd <5 — z’) +h_o <5 - z’) (3.13)

D/2 D/2
= / dz [2an(2)6(z — 2') — 2en"(2)0(z — 2")] + 2en/(2)0(2 — 2')

D/2 —-D/2

+ hyo (g — z’) + h_0 (g + z’) (3.14)
= 2an(z') — 2en"(2)

+6 (g — z’> [hy +2cn(D/2)] + 6 <g + z') [h_ —2cn (—=D/2)], (3.15)

such that
0(F/A) "
TONE 2a1(z) — 2cn"(2)
+0 (g - z) [hy +2en (D/2)] + 6 (g + z) [h_ —2cn(—=D/2)]. (3.16)

At this point, we can set the bulk and surface terms to zero independently of one
another,

1) = (5)n'(z) =0, (3.17)
hy +2en'(D/2) =0, (3.18)
h_ —2en'(—=D/2) = 0. (3.19)

We can evaluate the free energy at the minimum for any 7(z), without making any
further specifications about the system.

D/2 D/2
Fla= [ i [wpG) - of @] +ef @)+ he(D/2) +hon(-Dj2)

D/2

—-DJ2

(3.20)
/2 D/2
B / dzn(z) lan(z) — en"(2)] + en'(2)n(2)

D/2

he(D/2) + hoy(=D/2
(3.21)
D/2

=o' (2)n(z) +hn(D/2) + hon(=D/2), (3.22)

—D/2

where the term in brackets of the integrand is zero at the minimum via Eq. 3.17.
We can now proceed by using the surface terms in Eqgs. 3.18 and 3.19 to note that
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hy = —2cn/(D/2) and h_ = 2cn/(—=D/2). Now, the free energy is given by
D/2
F/A=of ()| —2e(D/2n(D/2) + 20/ (~Dj2)n(~DJ2),  (3.23)
—D/2

which is equal to

D/2
FJA = —cn(2)n(2) / (3.24)

which is the general expression for the free energy at the minimum.

3.10.3 Order Parameter Profiles

We can determine 7(z) at the free energy minimum by solving Eq. 3.17, which has
the general solution

0(z) = k1e”? + kpe ™, (3.25)

where A = y/c/a. To determine the coefficients k; and ks, we specify the boundary
conditions (BCs) for asymmetric order parameter profiles as,

n(D/2) = nr (3.26)
and
n(=D/2) =1z (3.27)
This leads to two equations, ng = ky exp(D/2\) + ke exp(—D/2X) and

N = kiexp(—D/2)) 4+ kyexp(D/2)), which can be solved for the two coefficients.
These coefficients are

1
ki = Esinh_l(D/)\) (nReD/Q)‘ — nLe_D/Q)‘) : (3.28)
and
1
ko = Esinh_l(D/)\) (nLeP/?r — npe=P/?Y). (3.29)

We can plug these coefficients into Eq. 3.25, and, after some algebra, we obtain the
following expression for the order parameter profiles,

sinh (& + %) sinh (& — £)
)

) =nr=g oy T sinth/)\ ' (3.30)
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3.10.4 Surface Fields

The surface fields h, and h_ can now be determined via Egs. 3.18, 3.19, and 3.30.
For this, we need the spatial derivative of the order parameter profile, which is

z

_ ngcosh (% + f) L cosh (% — X)

1) = (DN A smb(D/N) (3:31)

We can now readily obtain the surface fields by evaluating 7/(z) at the boundaries,
z ==+D/2, to obtain

hy = —¥ npcoth(D/A) — npesch(D/A)] (3.32)
and
h_ = —QXC [nrcoth(D/AX) — nresch(D/N)]. (3.33)

3.10.5 Working at Fixed Surface Field

We now have what we need to compute the free energy and the pressure between the
two surfaces. However, we want to make sure that we are working at fixed surface
field and not fixed order parameter, because fixed surface field corresponds to the
experimental situation (the surface chemistry is not changing with D). In order to
work at fixed surface field, we need to determine ngr and 7, in terms of h, and h_,
and we need to write 1(z) as a function of the surface fields. To do this, we can
write hy = Ang + Bnr and h_ = Ang + Bng, where A and B can be determined
by looking at Eqgs. 3.32 and 3.33. We can solve this system of equations to get
nr, = (Ah_ — Bhy) /(A% — B?) and ng = (Ah, — Bh_)/(A? — B?). Using the values
of A and B, one can show that A> — B? = 4¢*/\%. Then, we can write the order
parameters at the boundaries as functions of the surface fields,

nL = _%CSCh(D/A> [h_cosh(D/X) 4+ hy] (3.34)
and
N = —%CSCh(D/)\) [hi cosh(D/X) 4+ h_]. (3.35)

With these expressions for the order parameter at the boundaries, the order param-
eter profile is given by

n(z) = —%cschQ(D/A) [hy cosh(D/A) + h_]sinh(D/2X 4 z/))
— %csch2(D/)\) [h_cosh(D/A) 4+ hy]|sinh(D/2X\ — z/)). (3.36)

The spatial derivative of the order parameter can also be evaluated as
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1
n'(z) = —2—Ccsch2(D/)\) [hi cosh(D/X) 4+ h_] cosh(D/2)\ + z/\)
1
+ Q—CSChQ(D/)\) [h—cosh(D/A) + hy]cosh(D/2)\ — z/)). (3.37)
c
While these are somewhat ugly expressions, we will see that they simplify when

evaluated at the boundaries, as needed for the free energy.

3.10.6 Free Energy for Asymmetric Profiles

In this section, we finally evaluate the free energy, F/A. To do so, we use Eq. 3.24,
FJA=—cn(D/2)n(D/2) + en' (=D /2)n(D/2). (3.38)

We proceed by evaluating each term separately, then plugging them into this ex-
pression for the free energy (rather than evaluating the product n(z)n/(z) directly).
We find

n(D)2) = _Qiccsch(D/A) Iy cosh(D/A) +h_] (3.39)
n(=D/2) = _Qiccsch(D/A) (h_ cosh(D/A) + h,] (3.40)
W(D/2) = 5 [Pcoth?(D/A) — hesch’(D/A)] (3.41)
n(-=D/2) = —ic [h_csch*(D/X) — h_coth?(D/))] (3.42)

which we use to evaluate the two boundary terms in the free energy. After a lot of
algebra, these two terms are

—en(D/2)n'(D/2) = —%Ccsch(D/)\) (7% cosh(D/X) + hyh_] (3.43)
and
en(—=D/2)n (—=D/2) = —%csch(D/)\) [h? cosh(D/X) + hyh_] . (3.44)

Putting everything together, and rearranging, we can write the free energy as

FA - —4% [(12 + h2)coth(D/A) + 2h h_csch(D/A)] . (3.45)

3.10.7 Comparison with Anti-/Symmetric Profiles

All of the results above are completely general. We did not make any assumptions
about the sign of ng,; or hy,_. In order to compare with previous derivations
for symmetric or antisymmetric order parameter profiles, we can choose to re-write
Eq. 3.45 in equivalent forms that are more comparable to previous results by Netz
and coworkers [151]:

We can rearrange this expression for the free energy by noting that (h3 +h?) =
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(hy—h_)24+2h, h_, and then using the trigonometric identity sinh(z)/[cosh(z)+1] =
tanh(x/2). This gives a form that resembles that of a symmetric order parameter
profile,

A 2(ac)l?

2\

F hiho (D> [1 L (B = h_)? coth(D/N) (3.46)

- 2hi h_  coth(D/2)) |

In a completely equivalent way, we can alternatively rearrange Eq. 3.45 into a form
that resembles the antisymmetric order parameter profile by making the substitution
(h2+h2) = (hy+h_)*—2h;h_, followed by the trigonometric relation coth(D/\)—
csch(D/A) = tanh(D/2)). Doing so results in the following free energy (completely
equivalent to Eq. 3.46):

F_ o hh o (D) {1 ~ (hy + h)? tanh(D/2))

A 2(ac)? 2hih_  tanh(D/))

2

. (3.47)

Re-writing the free energy in the form of Eq. 3.46 reduces to the Netz et al. result
when the polarization profile is symmetric, i.e. hy = h_ = h [151]. Correspondingly,
the free energy from Eq. 3.47 reduces to the antisymmetric result when hy = —h_ =
h. Eqgs. 3.45-3.47 are all equivalent and are re-written to highlight competing terms
in different parameter limits.

3.10.8 Polarization-Induced Pressure Between Surfaces

We can now readily evaluate the pressure between surfaces as

(F/4)

d
I=—
dD

(3.48)

While the pressure will be mathematically equivalent using any of Eqs. 3.45-3.47,
we will evaluate this derivative twice using the free energy expressions that connect
to the symmetric and antisymmetric order parameter profiles in order to highlight
competing length scales that arise for asymmetric profiles.

For Comparison to Symmetric Order Parameter Profiles

Using Eq. 3.46 as the Landau free energy, the pressure between the surfaces may be
evaluated as

el () [ ]

which indicates an attractive interaction when hy > 0 and A_ > 0. For large D, the
pressure scales as

hiho _p)» (hs —h-)® _p)
IT e 1+ e e , (3.50)

which indicates an exponentially decaying attraction at the largest D values. An-
other pressure component, that depends on the relative values of h, and h_ (and
vanishes when they are identical) emerges at a length scale of 2D /), and this can
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be attractive or repulsive.

For Comparison to Antisymmetric Order Parameter Profiles

The pressure can be obtained by taking the negative derivative of Eq. 3.47 with
respect to D, as above. This yields

- _hyhe coc? (D) {1 N (hy +h_)? [sinh2(D/2A) tanh(D/2)\)] } '

4¢ 2\ hoh_ sinh®(D/\)  tanh(D/))

(3.51)

At large D, the pressure scales the same as before, but we can rewrite it differently
due to the substitution made for the surface fields:

2
I ~ _h’-i-h‘— e—D/)\ [1 + M (e_D/A — 1):| s (352)
e Ik

or, to highlight the second, competing lengthscale that emerges for asymmetric
profiles, we can write

2
- _’”‘+Ch—e—D/A N M [P =20 (3.53)

We emphasize that the asymmetric order parameter profile approach taken here ex-
tends previous work and is capable of reproducing earlier results in the corresponding
symmetric/antisymmetric parameter limits [151].

3.10.9 Competing Length Scales: Zero Crossing

The expressions for II provided (Egs. 3.49 and 3.51) have two characteristic length
scales: (D/X) and (D/2)). Having different prefactors, these terms compete with
one another at small D for some combinations of h.. We seek to identify conditions
under which these terms contrast so strongly that a nontrivial zero in Il emerges.

We first re-write Eq. 3.49 multiplying through the square brackets and then set
I1=0.

_ hiho (D —(hy — h_)?csch?(D/2)) sinh?(D/2))
1= P csch (2/\) + " smh?(D) ) (3.54)
=0 csch (2>\) + ” csch V)= 0. (3.55)

We see that the factor of 4¢ can be cancelled. Then, re-arranging to separate D and
h4, we may write

—(hy —h_)* csch?(D/2)) D
e = 2D 4cosh (2)\) (3.56)

where the last equality utilizes the trigonometric identity sinh(2z) = 2 sinh(x) cosh(z).
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We may finally solve for the value D/\ where IT = 0 to obtain

D/A=2 cosh*l( %) (3.57)

The inverse hyperbolic cosine function cosh™'(x) is only defined for arguments z >
1. This places the following bounds on h. in order for a nontrivial zero to exist:

—(hy —h)?

| 3.58
b (3:58)

This indicates that in order for a sign reversal to occur for I, A, must have a
different sign than h_ and their magnitudes must satisfy

hyih_(hy+h_ )*<0. (3.59)

via Eq. 3.58. This inequality is not satisfied for either the symmetric nor antisym-
metric boundary conditions (neither hy = h_ = h nor hy = —h_ = h), illustrating
how the second competing length scale only manifests for asymmetrical surface po-
larization as derived here. Any asymmetric combination of h4 having opposite signs
will result in characteristic nonmonotonic behavior.

3.10.10 Competing Length Scales: Pressure Turnaround

We further compute dII/dD to identify the abscissa of its stationary point. Using
Eq. 3.55 as a starting place, we evaluate the derivative term-wise with the identity
4 (csch?(Az)) = —2a cosh(Az)/sinh®(Az) for arbitrary constant A. This gives

dIl  hyh_ cosh(D/2)X)  (hy —h_)? cosh(D/\)

— = + . 3.60
dD  4eX sinh®(D/2)) 2cA  sinh®(D/)) (3.60)

We now set the derivative equal to zero and rearrange to separate D and A,
—2(hy —h_)? _ cosh(D/2)) sinh®(D/)) (3.61)

hyh_ ~ sinh®(D/2)) cosh(D/A)’
We take advantage of the fact that sinh®(D/\)/sinh®(D/2)\) = 8cosh®(D/2)) via
the half-argument formula sinh(x) = 2 cosh(x/2) sinh(x/2) to write

—2(hy —h_)? _ 8cosh*(D/2))
hyh_ ~ cosh(D/\) "’

(3.62)

followed by a second half-argument identity cosh®(z/2) = 1(cosh(z) + 1) to finally
express
(b —h)?

e = cosh(D/\) + sech(D/X) + 2. (3.63)

The general relation cosh(z) + sech(z) + A = 0 with constant A has an accessible
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solution x = 4cosh™ (%(\/ — A)) on the domain A < 2, which can easily be
checked. In our case, A = (h+ h-)?/hyh_ = (h2 + h%)/hyh_, and we take

the positive solution:

B2 -2
hoh

1
D/X\ = +cosh™" (5 {

hi + h?
— = 3.64
hih- D (364

which can be equivalently expressed with the conditional statement,

D/n = {cosh_l(—h+/h_), if B3 h_ < B3 h

3.65
cosh™'(=h_/h,) otherwise. (3.65)

This illustrates that the polarization-induced pressure profile will have a stationary
point at larger D /X values for dissimilar h, and h_. This expression is only valid
when the inequality in Eq. 3.59 is satisfied.

As a visual demonstration, we plot IT as a function of D/A and illustrate the
stationary point and intercept for relevant parameter choices hy (Fig 3.17).

3.11 Polarization-Induced Interactions in the
Presence of an Electric Field

In this section, we evaluate how the above results are changed by the presence
of an external electric field £. We will show that this enables us to relate the
phenomenological parameter a in the Landau free energy to the static dielectric
constant of the bulk solvent. In this system, the electric field couples to the total
(macroscopic) polarization density of the system, P. The electric field modifies the
free energy density as

FF
—=——-¢-P 3.66
T =T ¢oP, (3.66)
where
P= ! /dr (r) (3.67)
—= V 77 s .
which becomes
1 b/
P, =— dzn(z) (3.68)
D J_p)s

for the planar system studied here, and
‘FO D/2
= D/ dz [an )+ | Vn(z)] } + hyn(D/2) + h_n(—D/2) (3.69)
D/2

is the free energy density in the absence of the electric field.

Now, we consider applying the field only in the z-direction. In this limit, the free

Chapter 3 Jesse Prelesnik 75



Interfacial Phenomena via the Molecular Dynamics Framework

energy per unit area is
F D/2
= [ | AT £n(e)| - hen(D2) (=D 70
D/2

The functional derivative of this free energy allows us to minimize it, and this is
given by

= 2an(z) — 2cn"(2) = €. + 6(D/2 = 2)[hy + 201/ (D/2)]
+0(D/2 4+ 2)[h- — 2en'(—D/2)]. (3.71)

At this point, we again set the bulk and surface terms to zero independently of one
another. This gives:

an(z) — () = & (3.72)
hy +2en'(D/2) =0 (3.73)
and
h_ —2cn'(—=D/2) = 0. (3.74)
We can solve for the order parameter, as above, to obtain
n(z) = g sinh(Z+%)  _ sinh( - %) (3.75)

~ 2 T (DN " (DN

where fr/r = nr/L — €/2a. To explicitly illustrate the effect of the electric field on
the order parameter, we can rewrite it as

1 — sinh™(D/)) (smh<2DA A) + sinh<£ - ;))] . (3.76)

where 79(2) is the order parameter profile without the electric field. We can write
the surface fields as

”(z) = m() + =

2c, _ -
hy = —X[nR/Lcoth(D/)\) — Nr/resch(D/N)] (3.77)
or, emphasizing the effect of the electric field,
hy = h + AE.[coth(D/N) — csch(D/N)]. (3.78)

where hgg ) are the surface fields in the absence of the electric field.

To determine the free energy at the minimum, we need to evaluate

/2 D/2
= _—/ n(z)dz — cn (2)n(z2) : (3.79)

—-D/2 -D/2
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Evaluating this expression, using the form of 7(z) given in Eq. 3.76, yields

=T Bt = D(52) = 2+ il (D)) — sinh ™ (D/)L
(3.80)

where Fp /A has the form of the free energy in the absence of the field, but with
the surface fields implicitly depending on the renormalized 7g, 1, as denoted by the
tilde. The pressure can also be obtained by differentiating with respect to D,

IT =TI, — (i—a) + %(ﬁR + iz )[esch?(D/A) — coth(D/A)esch(D/N)],  (3.81)

where Iy = d(Fy/A)/dD.
At this point, we can determine a. To do so, we first note that the static dielectric

constant of a bulk liquid, €, can be obtained from a slab-like system in the presence
of an electric field through the following relation:

&

E=—",
Stot(z = 0)

(3.82)

where &t (2) is the total electric field in the system as a function of z, and we
assume that the center of the slab (z = 0) is bulk. To ensure that this is correct, we
will take D — oo later below. From macroscopic electrostatics, we know that the
total electric field in this case has two components, the static field £, that physically
arises from some fixed external charge distribution and the polarization field of the
water in response to &,,

Eot(2) =&, — AT P,(2), (3.83)

where P,(z) is define as above and was evaluated in order to obtain the free energy,

P,(2) = g—a + %(fm +7ip)[tanh ™ (D /) — sinh ' (D /\)]. (3.84)

We can see that the static field generates a static polarization in response, as ex-
pected macroscopically. We can then evaluate the value of & at the center of
slab,

Eior(0) = &, <1 — 2%) + %(fm + 7z )[tanh ™ (D /) — sinh (D/A)],  (3.85)

which upon taking the infinite separation limit becomes

lim E,00(0) = £, (1 - 2-”) (3.86)

D—oo a

The dielectric constant is then given by

- ﬁ - (1 - 2%)_1. (3.87)

Chapter 3 Jesse Prelesnik 7




Interfacial Phenomena via the Molecular Dynamics Framework

which can be rearranged to obtain an expression for a,

0= (1 _ 1) - (3.89)

3

In ST units, a is given by

o= L (1 - 1)_1, (3.89)

260 9

which has units of energy times length divided by charge squared, and ¢, is the
vacuum permittivity. Variability in a can then be linked directly to bulk dielectric
constants via this expression.

3.12 Additional Discussion

We have developed here a framework for computing polarization-induced pressure
between stationary planar surfaces as a function of separation. Distance-dependent
character of I1 is to be treated cautiously at small D when surface fields may couple
nonlinearly. The present work emphasizes intersurface distances, D, larger than
molecular sizes, because the order parameter — the far-field electric polarization
— is obtained by LMF smoothing over a scale of 0. We note that such a smooth-
ing is consistent with that often performed in standard textbooks to move from
microscopic to macroscopic electrostatic descriptions [158]. The Gaussian (LMF)
smoothing used here is performed over a lengthscale of o = 0.45 nm, and we expect
the validity of the theory to be questionable as D approaches this scale.

Due to limits of model applicability at small D/\, one must determine whether,
if a pressure turnaround should occur, it is physically relevant to the system at
hand. As indicated by Eq. 3.65, this determination can be made by comparing
the abscissa of the stationary point (or of the root) to the lower bound of model
applicability. While the characteristic length A is expected to vary between systems,
in the present work it is found to be on the order of ~2 A. For a liberal lower bound
of model predictability, D/\ ~ 5, the difference in relative magnitude between h,
and h_ must be greater than ~75-fold in order for a stationary point in Il to occur
on D/XA > 5. Such an extreme is not reported here, and all observed pressure
turnarounds were found on D/A < 5 where van der Waals and other close-range
interactions are expected to dominate the pressure. The relevance of these attractive
basins on protein-surface adsorption are yet to be determined.

This work does demonstrate that in principle I1(D) can show highly non-monatonic
behavior, and the emergence of an attractive well is an exploitable property for the
purposes of controlling assembly. In the limit where one surface polarizes solvent
very weakly compared to the other (giving rise to a stationary point at large D /A
and a low-intensity IT at that abscissa) it is plausible for the attractive Il to dominate
far-field electrostatics at intermediate D even if the signs of hy suggest repulsion at
D — oo. This complex and nuanced behavior provides new insight for the design
of protein-surface interfaces.

78 Chapter 3 Jesse Prelesnik



Interfacial Phenomena via the Molecular Dynamics Framework

3.13 Consistency among Simulation, Theory, and
Experiment

Here we compare the distance-dependent magnitude of muscovite-to-muscovite pres-
sure obtained herein to previous studies of related systems. Our pressures, like in
many other simulation studies, overestimate disjoining pressures observed experi-
mentally in a way consistent with poor electrostatic screening in non-polarizable
classical empirical molecular models.

A relevant experimental paper on disjoining pressure measurements is the recent
work by Smith et al. [172]. They measured a total disjoining pressure (converted
from force) of ~107!° nN/nm? at a separation of 2 nm (between mica) at 2 M NaCl.
This is a total disjoining pressure as obtained by Surface Force Apparatus (SFA).
This value is independently corroborated by Pashley and Israelachvili, obtaining an
almost identical result at 2 nm separation [168]. Our calculated polarization contri-
bution to this pressure with appropriate units set by a (in 3 M NaCl/KCl) is ~107°
nN/nm?. Interestingly, the discrepency in simulated versus measured pressures of
Ref [172] are further corroborated by Li et al using AFM [169]. Here the geometry
is that of a mica “chip” fastened to an AFM tip probing a macroscopic mica sur-
face. The measurements of Ref. [169] were estimated to be at separations of O(1)
nm and results in a force of 1073 nN/nm?. This study used continuum theory to
estimate specific ion effects due to screening and charge regulation. Importantly,
the estimate of pressure to desolvate an ion (while pushing hard) is roughly 107! to
10 nN/nm? [169]. We view this as an upper bound of disjoining pressures beyond
which you are seeing other phenomena e.g. oriented attachment where desolvation
is necessary. Theoretical estimates of disjoining pressures obtained by Sushko and
Rosso [170] are much larger than the desolvation estimates even at mineral separa-
tion distaces > 2 nm. Nevertheless, we believe that obtaining accurate disjoining
pressures to compare to either simulation or experiment is beyond the scope of the
classical density functional model (water is modelled as a neutral hard-sphere) and
are designed to point to length-scales where important new phenomena may exist.

The agreement with the high-quality simulations of Shen and Bourg [167] is ex-
cellent. The agreement with Shen and Bourg also corroborates our LR smoothing
procedure as the disjoining pressures obtained herein show agreement to ~ 1 nm
separation between mineral surfaces. Caveats are the different mineral surfaces (al-
though related to muscovite) and ionic strength of the solution (1 M salt). Shen and
Bourg subtract a DLVO-like term from the computed atomistic potential of mean
force to isolate a remaining “hydration-like” component of the interaction. We be-
lieve that a similar analysis could be applied with the results and methods presented
in this research. Specifically, our work provides an additional reduced description of
the electrostatic interaction that is consistent with underlying simulation that can
be subtracted from the raw (unsmoothed) atomistic force or pressure data. The
remaining piece will contain SR electrostatics and additional LR forces not due to
polarization. Because the SR electrostatics are known, the remaining LR scaling
of the interactions can be isolated and compared to DLVO theory. Previous works
have indicated that electrostatic hydration repulsion can exceed the magnitude of
DLVO attraction at small separations [151], highlighting the importance of isolating
competing terms to uncover driving forces.

We hypothesize that the (significant) overestimation of computed long-range
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Figure 3.6: AFM images of “®RhuA assembly on muscovite. (A) 0.05 uM “®RhuA
in 3 M KCL. (B) 0.05 uM ““RhuA in 3 M NaCl. The insets are Fast Fourier
Transforms. The buffer is 20 mM Tris, pH 7. Exchanging KCI for NaCl is found to
diminish protein coverage and reduces orientational specificity.

polarization pressure relative to measurement is due to the double layer’s screening
effect on the surface. As a simple exercise we can demonstrate the effect of screening
length in our estimated disjoining pressures. If we review our muscovite-muscovite
pressure data and change the screening length from 2 A to 1 A (otherwise staying
consistent with the Landau theory framework) we recover values predicted by Perkin
(see Figure 3.19). Importantly, the forces/pressures that are measured by Perkin et
al. beyond 2 nm are due to LR electrostatic correlations (as opposed to dispersion)
and thus, we believe, are a good comparison to our method. Our study suggests
that empirical models under-screen the mineral surface. For ordered dipoles in a
flat hexagonal array with lateral spacing on the order of d = 5A, a decay length
of A ~ /3d/4r has been suggested [181], which amounts to A < 1 nm, again
pointing toward an under-screening in our model. This is not surprising, in light of
well-known issues that arise from neglecting dielectric contrast [182, 183] using the
framework of non-polarizable empirical potentials. Overestimation of pressures in
simulation have been reported previously, for similar and dissimilar systems [151].
It should be noted, however, that attempts to estimate A from computer simulations
have varied from 0.6 to 6 A depending upon situation, illustrating the sensitivity
of pressure outcomes to fitted boundary terms [181]. This suggests that faithful
models of the double layer are important to be predictive — and that comparison to
SFA force data and colloidal theory are relevant paths to connecting the simulation
framework with experiment.
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(A) DHR10-mica6 ball-and-stick/cartoon

(B) “8RhuA ball-and-stick/cartoon
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DHR10-mica6: 300 residues
C8RhuA: Homotetramer, 274 residues per monomer
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Figure 3.7: (A/B) Protein structures for (A) DHR10-mica6 and (B) “®RhuA as
rendered using both a cartoon backbone and ball-and-stick side chain model, col-
ored corresponding to depth in the z-dimension. The notional binding face appears
in green (low z) while the opposite end, the “back” face, is blue (high z). For
DHR10-mica6, the designed binding glutamate residue alpha carbons are marked
by green vDW spheres to highlight the hexagonal patterning to match muscovite.
(C/D) Amino acid sequences for the two proteins are color-coded according to the
z-dimension in agreement with panels (A/B).
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Figure 3.8: Lateral positioning of cations in their primary muscovite binding wells,
measured from simulation for cations within the first density peak (within 0.2 to
0.3 nm from the surface bridging oxygen). The periphery of the binding pocket
is outlined for reference with oxygen atoms (purple) and silicon (green). Panel
(A) shows 3 M KCI conditions and potassium is in red. Panel (B) shows 3 M
NaCl conditions and sodium is in blue. Panel (C) is a composite of (A) and (B),
taking a difference between K and Na™ probability densities with regions of greater
K* probability in red and greater Na™ probability in blue, with white indicating
equivalence. Panel (C) reveals that sodium is more likely than potassium to be
displaced from the center of its cation binding well.

Figure 3.9: Visual representation of volume region attributed to the protein-confined
space (yellow), with panels (A-C) corresponding to different viewing axes. Solution
outside this volume was ignored when projecting p(r) onto p(z) (transparent gray).
The three images are different angles of DHR10-mica6. Isolating a subvolume of
space in this way amplifies the signal attributed to the protein compared to project-
ing averaging over all space, which includes excess solvent.
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Figure 3.10: Probability densities from atomic coordinates of (A) cations, (B) an-
ions, and (C) water oxygen, normalized by concentration in the bulk. Each panel
compares six simulated salt treatment and mean-field substitution muscovite force
field combinations: 3 M KCI, IFF (red); 1 M KCI, IFF (light red); 3 M KCl, CFF
(green); 3 M NaCl, IFF (blue); 1 M NaCl, IFF (light blue); 3 M NaCl, CFF (light
green). No qualitative change in density profile can be seen with changing concen-
tration, only quantitative intensity relative to bulk. IFF and CFF disagree only in
how closely a Na*t ion can approach the surface.
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Figure 3.11: (A/B) Positional probabilty densities from atomic coordinates of water
oxygen, normalized by concentration in the bulk, for (A) 3 M KCl, and (B) 3 M NaCl
conditions. (C/D) Corresponding probability density of a water molecule dipole
vector taking an angle 6 with respect to muscovite surface normal given that the
water oxygen is some distance from the surface. The value cos(d) = 1 corresponds
to the positive-to-negative vector of water being parallel to the surface normal into
solution (positive end into the surface). Differences in water orientations from an
atomistic perspective rationalize the surface polarization reversal observed in the
LMF formalism.

84 Chapter 3 Jesse Prelesnik



Interfacial Phenomena via the Molecular Dynamics Framework

2.0
1.5;
01.0
3 M KCI cation
= 3 M NaCl cation
0 5 3 M KCl anion
) —— 3 M NaCl anion
— 3 M KCI OW
- 3 M NaCl OW
0057 > 3 6 8 10

z Distance (nm)

Figure 3.12: Probability density of cation and anion in the region between one face
of DHR10-mica6 and the other (as in Fig S4). The binding face is at ~ 10 nm
and the opposing face is just above 0 nm. A small Cl~ adsorption peak can be
seen in the NaCl case at ~1.5 nm. Differences in ion aggregation tendences are
an atomistic signature of solvent polarization and provides further evidence for the
changing character of the back face of DHR10-mica6.
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Figure 3.13: Probability distribution of water molecule orientation as a function of
distance from either the back face (A/C) or the binding face (B/D) of DHR10-mica6,
under 3 M KCI (A/B) or 3 M NaCl (C/D) conditions. The angle 6 is between a
water molecule dipole, negative to positive, and the vector {0,0,-1} (here running
right to left). The left two panels represent water near the back face of the protein
(overlaid as a ghost for visual reference) while the right two panels show the protein
binding face, under KCI conditions (top) or NaCl conditions (bottom). Atomistic
differences between aqueous K™ and Na™ corroborate the LMF result in terms of
polarization intensity. The non-specificity of the side chain-cation interaction results
in a similar cation density distribution adjacent to the protein binding face for both
K* and Na™.

86 Chapter 3 Jesse Prelesnik



Interfacial Phenomena via the Molecular Dynamics Framework

(A)

(B)

(C)

D)

(E)

(G)

5 10 0

5 10

5 10

0 5 10 0 5 10 0 0
z Axis (nm) z Axis (nm) z Axis (nm) z Axis (nm) z Axis (nm)
(L) (M) (N) 0) (P)
>
-4 -4
X X X
1@ ®)

| 3MNaCl
| 3 M KCI

5 10
z Axis (nm)

0

5 10
z Axis (nm)

0

5 10 0
z Axis (nm)

5 10
z Axis (nm)

0

5 10
z Axis (nm)

Figure 3.14: Ramifications of taking different =/y cuts on the projection pj(z). Pan-
els (A-E) show the lateral positioning of this cylindrical subvolume relative to the
protein, with radii increasing from 7 A to 24 A. Panels (F-J) show correspond-
ing projections pf(z).
NaCl, while at larger subvolume radii the two begin to differ. The comparison is
then replicated for a rectangular subvolume, represented in panels (L-P) and (Q-U),
respectively.

At smaller subvolume radii, pJ(z) is similar for KCl and
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Figure 3.15: Assorted osmotic pressure profiles, complementary to Fig 4 in the main
text in format. The functional form of 7(z) (as in Eq. 3.30 above) is fitted to electric
polarization P?(z). In each panel on the left side, the function 7(z) is shown as a
dashed line over the solid trace P?(z) from simulation. In each case, red represents
3 M KCI aqueous conditions while blue represents 3 M NaCl. Data from discrete
simulations are concatenated at z = 0 in bulk, as marked by a dashed black line.
Extracted parameters are used to evaluate Eq. 3.49 as a function of D, which are
represented in the right column with any given row of panels corresponding to the
same pair of macromolecules. Predictions about protein binding to muscovite are
consistent with experiment.
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Figure 3.16: Progression of metadynamics PMF of ions over INTERFACE force field
mean-field treatment muscovite in contact with 3 M KCl as a function of simulation
time, from faint shades to darker in 10 evenly-spaced increments 10 ns apart from
time 100 to time 200 ns out of 200 ns total simulation, which was the segment used
for analysis. The lines all lie on top of one another, indicating a well-converged free
energy landscape.
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Figure 3.17: Osmotic pressure II is plotted as a function of D/X for ¢ = 1 and
a = 1. With h_ = 1.0 for all traces, the value of h, varies from -1 to 1. Dashed
traces do not satisfy the inequality from Eq. 3.59 and so have neither intercepts
nor stationary points for finite D > 0. Solid traces do satisfy Eq. 3.59 and so have
intercepts marked closed circles and stationary points marked by triangles.
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Figure 3.18: Average probability density of lateral water oxygen positions a distance
of 3.0 £ 0.3 nm from the muscovite surface as measured from the surface-exposed
oxygen atoms. After smoothing on the length scale of 0=0.45 nm, lateral inho-
mogeneities are washed out under both explicit Al substitution (C) and mean-field
treatment (D).
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Figure 3.19: Demonstration of the effect of manipulating Landau decay length \ for
muscovite-to-muscovite interactions. Panels (A)-(C) show how choosing a A value
other than ~2 A results in a poor fit relative to P?(z) from simulation, while panels
(D)-(F) reveal the substantive ramifications of this change on estimated pressure.
Importantly, if A = 1A, coinciding with a more heavily screened surface, then pres-

sure decays quickly and a value of 107!° nN/nm

2

is obtained at 20 A separation

as in the experiments of Perkin et al.. If A=4A, coinciding with a weakly-screened
environment, then larger pressures are maintained and have magnitudes comparable
to other simulation works [171]
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Chapter 4

Coupled Charge Carrier /
Counterion Mobility in Organic
Electrochemical Cells

4.1 Abstract

Development of continually improved electronic devices from flexible and biocom-
patible organic semiconductors is hindered by a limited understanding of the molec-
ular mechanisms by which electron carriers along the polymer backbones are coupled
to the diffusion of aqueous counterions that are present for charge compensation. To
shed light on the slow pair diffusion of electron hole and molecular counterions in the
model material polythiophene, a two-sided computational study is presented that
probes the ability of disordered polymer strands to confine intercalated counterions
and of those counterions’ abilities to restrict those electron transfer (ET) reactions
that are favorable. A key modeling advancement, a fixed point charge model of the
delocalized electron hole in a classical molecular dynamics force field, provides a
sufficient driving force for counterions to permeate the polymer phase at low doping
levels, with molecular stoichiometries that correlate with their relative hydropho-
bicities. Interestingly, the identity of an intercalated counterion has little impact on
the distribution of ET reactions observed, pointing toward the importance of the
number of counterions present and overall solution intercalation rather than specific
polymer-ion interactions.

4.2 Introduction

Conjugated organic polymers that have been electrochemically doped are semicon-
ducting materials with applications in device manufacture (actuators, capacitors,
etc.) that are preferable to traditional inorganic materials in medical applications
due to an improved bio-compatibility [184, 185, 186]. They benefit from a number
of technical advantages as well, including flexibility of the polymer that permits
spin coating or ink jet printing deposition techniques onto various substrates, and a

'Reproduced with permission from Jesse Prelesnik, Ramsess Quezada, David Ginger, and
Christopher Mundy. Coupled Charge Carrier / Counterion Mobility in Organic Electrochemical
Cells. Work in progress.
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diversity of conjugated backbone moieties and side chain functionalities [187]. This
presents an opportunity to develop neuromorphic transistors and other such devices.
The flexible nature of organic polymers permits aqueous solution to permeate the
semiconductor, which couples intermolecular electron transfer (ET) between poly-
mers with the motions of diffusive counterion species [188, 189]. The resulting device
performance is exquisitely sensitive to design choices such as counterion identity and
polymer side chain functionalization, among other things, which are relationships
that must be fully understood to develop better-performing materials.

Of particular interest is the reversible doping/de-doping process, by which the
polymer phase swells with aqueous solution in response to an applied potential
and a steady state is reached [190, 191]. This occurs as the conjugated polymer
backbone accepts electron carriers, and the oxidized or reduced polymer is charge-
balanced by counterions from solution. The rate at which this occurs is dependent on
specific polymer-ion interactions, as electronic and ionic transport rates are coupled
[192]. Poly(3-hexylthiophene-2,5-diyl) (P3HT) is a benchmark conjugated polymer,
in part due to its facile synthesis, regioregularity, and efficient 7-7 stacking, which
gives strong optical and electronic responses [193]. While many of its properties
have been well-studied, such as threshold voltage or the thickness of the polymer
layer, the role of electrolyte identity is seldom emphasized [194]. The electronic
properties of PSHT are altered in the presence of dopant, altering 7-7 stacking
distances, which contributes to a delicate interplay between polymer chain charge
transfer and compensatory ion transport.

Interestingly, polyatomic ion dopants such as hexafluorophosphate (PFy) and
bis(trifluoromethane)sulfonimide (TFSI™) produce greater currents than halides,
and the degree of ion mobility within the polymer phase is not simply a func-
tion of ion volume [194]. In fact, the doping process has been found to occur more
quickly for bulkier anions. Further development of the devices that rely on these
physics would be expedited with a more complete mechanistic understanding of the
ion/polymer pair properties that result in enhanced ion mobility.

Particularly vexing is the coupling between counterion diffusivity and electron
hole inter-chain reaction rate, which requires co-localization as they propagate across
the device for neutralization. This coupling means that the overall pair mobility is
rate-limited by the inability of either species to diffuse freely. The pair mobility
can be assessed via “moving front” experiments in which half of a polymer film
is doped and the gradual oxidation of the un-doped section of the polymer film
can be monitored via optical response [195, 196]. It is this pair mobility that we
ultimately seek to maximize, and to do so it is vital to understand the motions of the
counterion and electron hole independently of one another in order to disentangle
their coupling, to understand what components are rate-limiting for charge transfer
in devices.

Molecular models have the potential to shine light on the mechanisms underly-
ing these complex interactions, with precise control over polymer morphology and
the ability to identify interactions between functional groups atomistically. P3HT
has been well-studied at various levels of theory, from comparisons of quantum
mechanical methods [197, 198, 199, 200, 201] to coarse-grained beads [202, 203,
204, 205, 206], with a delicate interplay between molecular detail and scalability.
On one hand, the extensively delocalized conjugated 7-system along the thiophene
backbone requires a high level of theory to accurately capture its propensity for po-
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larization, while on the other hand the solvent-intercalated polymer system is highly
heterogeneous and involves length scales well beyond what quantum mechanics can
practically investigate. The middle ground chosen here is with empirically param-
eterized atomistic molecular dynamics (MD) simulations, which allow for systems
spanning nanometers and many thousands of atoms while maintaining control over
molecular charge distributions.

This model is used to approach the problem of counterion/polaron co-diffusion
from two sides: (1) A biphasic polymer/aqueous system with a bath of counterions
is allowed to intermix as a result of polymer doping, revealing molecular stoichiome-
tries in the swollen polymer phase and providing counterion diffusivity when in the
presence of a doped polymer to assess the polymers’ ability to confine the ion, and
(2) When in the presence of a counterion, the rate of polymer-polymer electron
hopping is estimated from classical simulation to assess the ability of a counterion
to direct the electron transfers that are viable. These two components feed into a
complexation mechanism by which charge hopping and counterion diffusion operate
in succession along favorable “percolarion” pathways [207].

(A) S lons: of Qo (C)
CI_ PFG_ BF4_ CF3/S\N/_S\CF3 % s
“tail” \ / “head”

“TFSI”

Figure 4.1: Schematic of the systems used herein. (A) illustrates the structure of
the thiophene backbone, with “head” and “tail” directionalities labeled relative to
the side chain attachment point to illustrate the difference between regioregular
(head-to-tail connectivities only) and regiorandom (where head-to-head or tail-to-
tail connections are also permitted, with random distribution). The R-group two
side chains considered here are also illustrated, alongside the counterions employed
to neutralize the electron hole on thiophene. Aqueous counterions are always KT in
this study. Panel (B) illustrates the biphasic simulation setup used here, in which
128 hexamers (in teal) constitute the organic phase and an excess of water solvent
(transparent red) at 0.5 M ionic strength (ions in purple) is driven to intercalate
into the polymer phase due after doping has occurred. Panel (C) illustrates the
electron transfer systems used, with 32 hexamers (transparent teal) and a single
counterion/water cluster with some number of water molecules determined by sim-
ulations from panel (B). In this illustration, an electron hole is transferring from the
blue polymer to the red to better neutralize with the purple cluster of counterion
and waters.

A key modeling advancement presented here is the reparameterization of a pop-
ular force field for P3HT to accommodate a delocalized electron hole along the
backbone, which is used for both parts (1) and (2) of the theoretical strategy. In
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part (1), the presence of oxidized polymers provides a sufficiently hydrophilic envi-
ronment to drive solvent influx from an adjacent aqueous bath, drawing counterions
into polymer-confined spaces along with some water. Such penetrance is not ob-
served in un-doped polymer systems [208], which are quite hydrophobic with relative
permittivity typically less than 5 [209] and remain phase-segregated with aqueous
solution. In part (2), a single counterion and its accompanying water molecules
(as determined from part (1)) are placed within a polymer melt containing a sin-
gle oxidized polymer. By applying an MD-based strategy to estimate the rate of
polymer-polymer ET via Marcus theory [210], as has been applied in the biochem-
ical community previously [211, 212], the impact of the counterion on ET rate can
be directly estimated.

The remainder of this article describes the molecular model applied and then
presents results and discussion on the ability of counterions and electron holes to
influence one another in this framework. Polymer side chain identity, counterion
identity, and polymer side chain regioregularity (uniformity of head-to-tail connec-
tivity) are varied to assess their ramifications for bulk transport in operable de-
vices. This information can then be extrapolated to other polymers and ion types
to predict conditions that would promote efficient charge transport in the absence
of experimental data.

4.3 Methods

4.3.1 Validation of Oligomeric Thiophenes to Represent Poly-
mers

In choosing the theoretical model to apply, three specific prior findings were ac-
counted for:

1. Experiments on the same patch of spin-coated P3HT indicate an anti-correlation
between swelling and stiffness, where swelling is greatest in the softest areas of
the film [213]. These correspond to the least-ordered regions of the P3HT film,
in contrast to the well-aligned crystalline regions that have been well-studied.
That is, amorphous regions of the P3HT melt swell the most with solvent, and
are therefore most relevant to studying intercalated aqueous solution in the
polymer phase.

2. A disordered polymer melt contains a disjointed conjugated 7w system, dis-
rupting the extensive electronic delocalization that is typically seen [214]. The
persistence length of the amorphous polymer has been debated [215, 216, 217],
but is widely acknowledged to be on the order of 10 repeat units before kinks
in the backbone effectively randomize the relative orientations of disparate
polymer segments in the disordered phase. Moreover, electron carriers in the
polymer backbone can only be delocalized across a conjugated system, and
are therefore confined to linear regions of the polymer [218]. This permits
molecular models of PSHT to effectively capture the behavior of disordered
polymers using shorter oligomers on the order of the persistence length. Here
we choose to model hexamers that have been thermally annealed, which we
show reproduce structural and dynamical features of the disordered polymer
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phase modeled with longer chains. The hexameric alkylthiophene modeled
here will be abbreviated as P3HT, despite being insufficiently long to be a
polymer by conventional standards.

3. Prior simulation works have suggested a number of classical empirical force
fields for PSHT, with different parameterization philosophies. A recent com-
parative paper [219] established the force field of Moreno et al. [39] as most
accurately reproducing the disordered phase as determined by X-ray scattering
distances. The P3HT force field in question is based on the OPLS-AA family,
maintaining features of the original wherever applicable — for example, alkyl
groups share parameters with small organic molecules like propane [17]. This
permits facile side chain functionalization to adjust counterion coordination
abilities.

Disordered oligomers of P3HT have been previously reported in literature, pro-
viding a protocol for orientational randomization and thermal annealing [220, 208,
219]. These same works provide torsional distributions, backbone planarity metrics,
and radial distribution functions for comparative purposes and to validate that our
hexamers preserve the desired properties. All classical simulations reported herein
were conducted using GROMACS 2020.4, with ensembles and simulation durations
reported where relevant.

An important feature of the P3HT film is its glassy character, displaying long-
timescale self-diffusivity and rotational autocorrelation [214, 221]. To ensure that the
hexameric P3HT modeled here is in the appropriate phase at 300 K, we determine
the glass transition temperature T; via a change in the thermal expansion coefficient,
a = %(8V/8T)p for volume V', temperature 7', and pressure p. The derivative
of system volume with temperature is determined via Replica Exchange Molecular
Dynamics [222]. This strategy was employed on a slab of polymers that was annealed
first at 550 K (12 ns NPT), then 435 K (10 ns NPT), and finally 300 K (10 ns NPT,
20 ns NVT), both above, below, and near the expected glass transition temperature.
The high temperatures (and excessive initial volume giving a density of <0.1 g/cm?)
ensure that molecular configurations are well-randomized to mimic the disordered
phase before being completely condensed at the target temperature.

Once all replicas have thoroughly exchanged and visited the other temperature
settings, an average volume is determined at each temperature and a plot of volume
as a function of temperature is generated. On either side of the glass transition tem-
perature the temperature dependence is linear, as schematized in Figure 4.10. The
intersection point of the two linear trend lines indicates the glass transition tempera-
ture, which here is approximately 435 K. Knowing the glass transition temperature,
the polymers can be annealed according to previously established protocols involv-
ing both high and low temperatures. Indeed, this phase transition can be confirmed
by determining the end-to-end molecular autocorrelation time, which displays qual-
itatively different behavior for temperatures above and below the glass transition
temperature 7, (Figure 4.2). Importantly, below 7, the polymer end-to-end vector
does not substantively decorrelate over the simulation length, illustrating the slow
characteristic time scales of the system at hand.

The homogeneous polymer phase was characterized structurally and dynamically
for regioregular and regiorandom side chain connectivities, for hexyl and ether side
chain functionalities (polymers named P3HT and P3APPT, respectively). Relevant
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parameters include torsional distributions, the radial distribution functions g(r)
between bodies, bulk diffusivity, and ring planarity as a function of distance (Figure
4.3).

P3HT regioregular end-to-end autocorrelation

1.0
= 0.8
—
|
—~ 0.6
2 — 550K
§ 0.41 --- curve fit
) 435 K
0.2 300 K
0.0 ' ' ' ' ' '
0 1 2 3 4 5
Time (ns)

Figure 4.2: End-to-end autocorrelation function of regioregular P3HT with hexyl
side chains. Above T, = 435 K the end-to-end autocorrelation (black) obeys a
standard exponential decay and can be fitted (dashed red) with a characteristic
time constant on the length scale of nanoseconds. At 7" > T,, however (light gray
trace), the autocorrelation obeys roughly exponential behavior but on such a long
time scale that a function cannot be appropriately fit on time scales relevant to
chemical simulation. This resistance to molecular reorientation is what characterizes
the glassy polymer state and is why simulations are to be conducted in replicates
rather than extended to great lengths.

The radial distribution functions g(r) between inter-chain thiophene ring cen-
ters of mass show little deviation as a result of side chain or regioregularity (Fig
4.3A). The ¢(r) functions between thiophene ring centers of mass and intermolecu-
lar side chain terminal CH3 groups similarly show small differences when comparing
regioregular and regiorandom chemistries (Fig 4.3B). The alkyl side chain variant
P3HT displays a diminished side chain-backbone interaction compared to the the
hexyl functionalized P3APPT. This may be due to enhanced side chain-side chain in-
teractions, since the the dipoles introduced by ether linkages allow those side chains
to engage in stronger Coulombic attractions. While consistent with prior simulation
works that report on the disordered P3HT melt via chemical simulation [220, 219],
it is worth noting that experimental characterizations report more substantive dif-
ferences between regioregular and regiorandom polymer films on the whole, which
include some degree of crystalline and amorphous regions both [213, 223].

Torsional distributions show no statistically significant differences between side
chain identities, which is to be expected since the most important dihedrals being
considered (backbone planarity and side chain-backbone orientation) are defined via
atoms that are unchanged from one model to another (Fig 4.3B, 4.3E). However,
differences can be observed when regioregular chemistry is exchanged for regioran-
dom, particularly in the backbone S-C-C-S dihedral (Fig 4.3C). The regiorandom
chemistries tend to prefer the trans backbone configuration (7 rad) so as to avoid
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Figure 4.3: Characterization of homogeneous oligothiophenes functionalized with
hexyl or ether side chains, and either regioregular or regiorandom connectivity. (A)
The radial distribution function g(r) between intermolecular backbone thiophene
ring centers of mass, and its counterpart (B) the function g(r) between thiophene
ring center of mass and the center of mass of side chain terminal CH3 groups, in-
termolecularly. (C) Probability distribution of thiophene-thiophene dihedrals in a
homogeneous melt, as measured from S-C-C-S, with an angle of 7 corresponding to
a trans configuration, and its counterpart (D), the dihedral distribution of the side
side chain with respect to the backbone, as measured between the first two carbons
of the side chain and the nearest two Cg and C,, carbons of the thiophene ring, such
that /2 corresponds to a perpendicular orientation. (E) A thiophene-thiophene co-
planarity metric obtained from the second Legendre polynomial of the angle formed
between the normal vectors of two intermolecular thiophene rings, in which a value
of unity corresponds to perfectly co-planar rings and a value of zero indicates no cor-
relation. (F) Molecular diffusion constants for individual oligothiophene molecules,
obtained from mean-square-displacement, as a box and whisker plot. All values are
less than 1077,
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side chain steric clashes. In all cases, the side chain tends to be nearly perpendicular
to the plane defined by the thiophene ring (Fig 4.3D), with only slight differences
between regioregular and regiorandom chemistries. Again, the regiorandom func-
tionalization tends toward a direction that reduces steric clash when adjacent side
chains are put in close proximity.

The extent of backbone-backbone co-planarity may be assessed on a thiophene-
by-thiophene basis, analyzing the distribution of angles 6 formed between the nor-
mal vectors of each ring. By taking the second Legendre polynomial of this value,
Py(0) = ((1/2)(3cos*(8) — 1)), three distinct states may be produced: Pp(f) = 1
corresponds to perfectly co-planar rings, in which at all times cos(0) = £1; P»(0) =
—0.5 corresponds to perpendicular rings with cos(f) = 0; and P»(f) = 0 indicates
no correlation between ring-ring angles. With this metric evaluated as a function
of distance, one may observe how ring-ring co-planarity decays with separation. In-
deed, Fig 4.3E shows that for all side chain functionalizations and regioregularities,
at the closest separations thiophene rings must be perfectly co-planar for steric rea-
sons. At larger distances, regioregular P3HT retains co-planarity better than does
its regiorandom counterpart to a minor extent, while for P3BAPPT the distinction
between regioregularities cannot be made.

Finally, molecular diffusivity of each polymer molecule (Fig 4.3F) is on the or-
der of <1078 ¢cm?/s. While side-chain dependent differences are observed, these
magnitudes are all ~1,000-fold slower than the self-diffusivity of water, once again
confirming that the polymers are in an extremely glassy state. When mobility is
this low, differences between polymers are near-negligible. These characteristics
demonstrate that the hexameric functionalized thiophenes presented here display
the desired properties of a polythiophene.

4.3.2 Force Field Modification: Oxidized Polymer

Prior atomistic simulations confirm the observation reported here that P3HT in its
neutral state is highly hydrophobic and does not swell without prior oxidation [208,
224]. Useful information about the nature of polymer-counterion interactions may
be obtained from such simulations, but without solvent influx the doping process is
not well-described. To extract quantities like counterion diffusivity in the polymer
phase (a proxy for its doping and de-doping rate), it is necessary to model the
polymer in its oxidized form to drive the swelling process. This presents a challenge
because no existing classical force field attempts to model the delocalized electron
hole along the polymer backbone.

Since no chemical bonds are made nor broken when the polymer is oxidized, the
protocol to re-parameterize the P3HT hexamer to its charged form can be taken
directly from the parent publication of the neutral form [39]. Specifically, bond, an-
gle, and Lennard-Jones parameters are maintained as originally specified in Moreno
et al., and the parameters of side chains (those taken directly from OPLS-AA) are
identical. The quantities of principal interest are atomic partial charges, namely
those along the polymer backbone and extending to the first carbon atom of the side
chain directly bound to the oxidized backbone. Partial charges are determined via
the Restrained Electrostatic Potential (RESP) method, which secks to reproduce
the electrostatic potential felt at grid points outside the molecule’s own van Der
Waals radius [225, 30]. Atomic partial charges are refined according to least-squares
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fitting to most accurately reproduce the field produced from QM calculations. The
level of electronic structure theory chosen is ground-state unrestricted density func-
tional theory (DFT), using the Becke 3-parameter Lee-Yang-Parr (B3LYP) hybrid
exchange-correlation functional and 6-311G** basis set which includes polarizing d-
and p-functions for second-row elements and hydrogens, respectively [226]. RESP
calculations were conducted using the Gaussian 16 electronic structure package [227].

The target molecule for RESP is a hexamer of thiophenes with regioregular ethyl
side chains. Side chains were truncated from the hexyl groups on P3HT to accel-
erate calculation convergence, since alkyl groups are not being reparameterized.
First, a geometry optimization is performed. Notably, the ground state geometry of
P3HT differs in its neutral and cationic states, with the latter having an enhanced
propensity for planarity. This phenomenon is well-known for radical cations in con-
jugated m-systems [228, 229]. Since the partial charges that emerge from RESP are
dependent on single-point geometry, RESP was performed for both ground state ge-
ometries in both of the two possible charge states for a total of four QM calculations.
This produces two sets of point charges for both the neutral and cationic states, and
atom-by-atom charge differences dq were taken at each geometry between the two
charge states.

In empirical classical force fields, different atoms that have identical bonded envi-
ronments should have the same underlying parameters. Since the P3HT model here
is subtly asymmetrical due to the regioregular side chain configuration, atoms that
should have identical charges in the final force field differ slightly at the QM level.
To reconcile this, differences dq of atoms belonging to the same “atom type” are av-
eraged. The atom types defined by Moreno were then adjusted by this dq, ensuring
that the sum of atomic charges per molecule remained an integer. It is worth noting
that while the Moreno force field was parameterized using multiple oligothiophene
molecules for a transferable force field that permits building arbitrary chains, the
reparameterization presented here applies only to the hexameric oligothiophene, as
charge delocalization along the backbone is sensitive to the unbroken conjugation
length.

While bond and angle terms are rather stiff and not expected to change sub-
stantively upon oxidation, the dihedral terms in a classical force field tend to be
much smaller in magnitude and the resulting torsional distribution is sensitive to
changes in atomic partial charges. Therefore, the dihedrals must be reparameter-
ized following charge adjustment. This is accomplished by comparing energies from
the classical force field against a QM “ground truth”, scanning along the dihedral
coordinate. The relevant torsions here are the thiophene-thiophene backbone twist
and side chain torsion relative to the backbone ring. Because these two degrees of
freedom are coupled, QM calculations (at the same level of theory as before) were
conducted as 2D scans spanning 180° each and including 7 state points along each
axis for a total of 49 conformations. Each degree of freedom scanned exhibits even
two-fold symmetry. Since the molecule is composed of repeat units, only one torsion
(the inner-most) for each of two dihedral types needed to be considered. Geometries
were optimized with an applied restraint to prevent deviation from the dihedral state
point specified, and all other degrees of freedom were allowed to relax. Then, the
49 resulting geometries from QM calculations were exported and relaxed according
to the MD force field with dihedral coefficients set to zero (while freezing the atoms
that constitute the relevant dihedrals). Energy differences between QM and MD
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Table 4.1: Summary of atomic partial charges adjusted following RESP employed
in DFT minimizations as detailed in the main text. Charges are given in units of
e~ . Atom descriptions are taken from the Moreno et al..

H Atom description ~ Neutral Polymer Positive Polymer H

RCH2-Cg centrale -0.045 -0.075
RCH2-Cg terminale -0.060 -0.080
S centrale HR -0.051 -0.031

S terminale HR -0.006 0.029
C, centrale -0.0045 0.0355
C, terminale -0.182 -0.127
Cjs centrale to R -0.015 0.005
Cj centrale to H -0.1475 -0.0975
Cj terminale to R -0.015 0.025
Cj terminale to H -0.1475 -0.1175
H thiophene 0.1475 0.1575

Table 4.2: Fitted torsion coefficients (as in Fig 4.4) in kJ/mol as written in the
Ryckaert-Bellemans functional form, V(¢) = 32°_, C,(cos(¢))™.

(kJ/mol) CO  CI 2 C3 C4 C5
Backbone 37.450 4.099 -85.547 -5.104 41.505 3.008

(kJ/mol) CO  CI 2 c3 (4 C5
Side chain  -0.212 -9.936 19.057 37.218 -8.858 -15.880

across all 49 state points were then projected onto a single axis for each dihedral
via the formula F(x;) = —kgT In [ exp(—F(z1,22)/ksT)dzs [230], generating a
potential energy curve to be added into the MD model to match the QM energies.
Finally, the functional form of this potential in terms of Fourier coefficients (in the
Ryckaert-Bellemans representation) was determined by least-squares fitting.

The torsional coefficients are included in Table 2. Compared to the neutral
torsions, the backbone penalty for rotation becomes much steeper, and the trans
basin remains preferable to the cis. The side chain torsion differs from that published
in Moreno et al. in two ways: Firstly, Moreno fitted the side chain dihedral based
upon 3-ethylthiophene, a monomer. The parameterization here, on the central unit
of an oligomer, introduces substantive steric clash when the side chain is oriented
toward its nearest neighboring ring (at the 0° mark). Furthermore, the 180° state is
stabilized and 0° destabilized as a result of backbone oxidation, which is verified on
dihedral scans of 3-ethylthiophene in the neutral and charged states (Figure 4.11).

With both atomic partial charges and torsions successfully reparameterized, the
classical P3HT model has been re-cast in its oxidized state. Characterizing the poly-
mer film in its oxidized state as a homogeneous condensed phase cannot be done
without some counter-charge to ensure net neutrality, and so one cannot directly
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Figure 4.4: Graphical illustration of the fitting procedure. Panels (A) and (B) show
2D total energy plots about 49 state points in the torsion space as computed first
from DFT and then those same configurations minimized in the MM force field with
the relevant torsions set to zero, as detailed in the main text. In both cases the
torsions that define the state point were constrained. Panels (C) and (D) illustrate
the projections of the QM - MD energy difference onto a single torsional axis (blue),
and the final fitted function (red) that is inserted into the MD engine.
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compare distribution functions of the polymer slab in its neutral and charged states.
Moreover, a polymer slab with every molecule containing a positive charge corre-
sponds with some of the highest applied potentials seen in literature [194], and is a
regime that we avoid. Rather, some molar ratio of charged and neutral polymers are
inter-mixed to generate some average polymer charge density that is finely tunable
to modulate the extent of solvent intercalation. When dihedral distributions are ob-
tained from oxidized oligomers in production runs with neutral polymers and coun-
terions present (as in the next section), differences between the neutral and cationic
distributions are in line with expectations, showing an enhanced preference for a
planar backbone and the side chains remain in a predominantly 90°conformation
(Figure 4.12). Due to the glassy nature of the neutral polymer, large conformational
changes are not expected on the time scales simulated, and ensemble sampling is
ensured by simulating eight independent replicas of the same systems.

By utilizing a classical force field based upon the well-developed OPLS-AA
model, it is also possible to modify the side chain identities to a wide range of
chemical functionalizations. One important caveat to doing so is that, if the side
chain contains an electronically donating/withdrawing group immediately adjacent
to the thiophene backbone, the electronic character of the w-system will be altered
and force field modifications will be required even in the case of the neutral polymer.
In the present study, this was avoided as a form of control, such that differences be-
tween systems with different side chains differ only in their side chains, rather than
also modifying the backbone parameters. Furthermore, side chain functionalizations
that contain labile protons were also avoided, as the chemical environment within
the polymer phase that determines the resulting protonation state of each group
is unclear. The present work emphasizes aliphatic and ether side chains, due to
their prevalence in experimental works and well-behaved nature from a simulation
perspective [208, 231].

4.3.3 Measuring Solvent Intercalation

With a model for charged and neutral P3HT on-hand, the first question to be an-
swered is to what extent the oxidized polymers will drive solvent influx. Equilibrated
polymer slabs were put into contact with an aqueous bath at 0.5 M K /counterion
salt concentration and run for 10 ns at 300 K with 1 fs time steps as a pre-run before
45 ns at 300 K with 3 fs time steps as a production run. The ensemble employed
was semiisotropic N P, T, with pressure coupling only in the z dimension, and at-
mospheric pressure as set by the Berendsen barostat. To achieve a 3 fs time step
without destabilizing the system, the Hydrogen Mass Repartitioning (HMR)) scheme
was employed [58]. In brief, HMR artificially inflates the mass of hydrogen atoms
by distributing some mass from adjacent heavy atoms onto the hydrogen, preserv-
ing the total mass of the system. By making hydrogen atoms slightly heavier and
heavy atoms slightly lighter, the fastest bond oscillations in the system are slowed,
allowing for longer time steps and more efficient simulations. While the dynami-
cal properties of molecules like water will differ with and without HMR, trends are
still clearly detectable: the bulk diffusivity of ions in solution will be slowed across
the board relative to their non-HMR counterparts. For the purposes herein, it is
pertinent only to rank the diffusivity of different ions, rather than extract exact
values.
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Each production run simulation was evaluated thermodynamically using prob-
ability density functions of each species along the z-coordinate, normal to the
polymer-aqueous interface. These probability density functions serve to provide
average molecular occupancy within the polymer phase. Since the particle number
N is constant, the number of molecules within the polymer phase may be obtained
by integrating the probability density function, accounting for the total number of
a given species. The polymer “interior” is defined as the inner-most 3 nm (~50%
polymer peak FWHM) of the polymer phase so as to avoid edge effects. Statistical
uncertainty was estimated from the eight independent simulation replicas. From
these measurements, both the number of counterions that penetrate the polymer
phase and the number of accompanying water molecules per counterion may be
evaluated (Fig 4.5). At the low doping levels chosen, volume swelling of the poly-
mer is on the order of 1% and not statistically significant.

The other quantity of interest is determining some characteristic time scale of
counterion-polymer interactions, which can be captured with diffusion rates. This
observable is complicated by the interfacial nature of the polymer/aqueous compos-
ite system, with at least three distinct populations of counterions depending upon
their location (bulk aqueous solution, at the interface, and in bulk polymer). Molec-
ular diffusivity from mean-squared-displacement (MSD) is defined in the limit of
infinite time, and presents a challenge to measure accurately because a counterion is
liable to transition from one region of the simulation to another in finite time, and
within the two regions the ion will in general have a different diffusion constant D
[232]. Here, it is observed that ions that intercalate into the polymer phase tend to
stay there for the remainder of the simulation (>20 ns), which in practice is sufficient
to compute D from MSD [233]. Those ions that come and go from the interfacial
region to aqueous bulk are not of principal interest, and so an exact report of their
diffusion constant is unimportant. Each molecular diffusion constant obtained is
assessed in conjunction with the counterion center of mass z-coordinate at the time
origin to verify its membership to a group identified as bulk polymer phase. The
slope of MSD with time is determined via linear fit from 10% to 90% of the domain
along time, as is performed in the GROMACS MSD implementation.

4.3.4 Computing Electron Transfer Rates Classically

The performance of a device that utilizes organic semiconductors is dependent on
both the counterion diffusivity in the polymer phase and the electron transfer rate
from one 7w backbone to another. Of particular interest is the way in which a
counterion influences electron transfer rate, by proximity energetically favoring some
transfers over others.

The polymer phase presents many candidate donors and acceptors at any given
time point, with the number of combinations rising like the number of candidate
thiophene rings squared, considering all intermolecular ring-ring combinations both
forward and reverse. To avoid self-interaction finite size effects, these condensed
phase simulations must contain dozens of thiophene oligomers, and so the expense
of analyzing ET rates for a single counterion species/side chain combination can be
exorbitant at a sophisticated level of theory. Therefore, liberal assumptions must
be made in their computations.

The electron transfer rate in question occurs without changes in chemical bonds,
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with the two entities remaining intact before, after, and during the transfer. Such
a redox reaction, called an “outer sphere” electron transfer (ET) [234], is well-
described by the Marcus rate equation [210, 235] so long as electronic coupling is
weak (compared to kgT'). The resulting equation takes its form from transition state
theory [236]:

2
B Hg o T

L C(AA+ N2
ET= "1\ \egT

ANkgT

(4.1)

exp

where h is the reduced Planck constant, Hpy is the electronic coupling between donor
D and acceptor A (one of which will carry a positive charge at any instant), AA is
the Helmholtz free energy of reaction, and A is the so-called reorganization energy
which comes from solvent realignment that must occur for the charge transfer to
occur. The form of the Marcus rate equation follows from describing the donor and
acceptor energetic basins as being parabolic along the reaction coordinate, molecular
charging in this case, with the point of parabolic intersection (the transition state
energy) being

AAY = (AA + )% /4N (4.2)

The exponential prefactor contains the probabilty of an electron jump via Landau-
Zener theory [237, 235]. The relevant quantities to be computed are then Hpa, A,
and AA, each of which are to be computed as an average.

A fundamental quantity in the Marcus formulation which is used to compute
A and AA is the energy gap coordinate AFE, the order parameter defined as the
vertical ionization energy between the initial (0) and final (1) states of the redox
reaction evaluated for a set of molecular coordinates {R;} [238]:

AE({R/}) = E1({R1}) — Eo({R.}). (4.3)

A given set of molecular coordinates are obtained from a simulation trajectory that
samples either the 0 or 1 states, which is indicated on the energy gap coordinate with
a subscript, i.e. AF; indicating an ensemble of states propagated in the product
state.

For some coordinate-dependent observable O({Ry}), its canonical average in the
ensemble M = 0 or 1 may be defined as [239],

_ JO{R}) exp(—En({Ri})/ksT) [T, dRy

Jexp(—Ex({Ri})/ksT) [1; dR;
Using this notation, the probability distribution of the energy gap taking on a given
value X may be expressed in terms of the Dirac delta function as,

(O)m (4.4)

pu(X) = (O(AE({R}) = X)) (4.5)

A key assumption in Marcus theory is that this probability distribution is Gaussian
along X with an effective spring constant kj;, taking on the form [238],

par(X) = | /%’“k”; —expl—hu(X — AEw)?/2hoT], (4.6)

where the exponential argument is a harmonic oscillator and the prefactor normalizes
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the probability distribution. The oxidation free energy AA is defined through a
thermodynamic perturbation formula known as the Zwanzig relation [240],

AA = —kgTIn{exp(—E({R;})/ksT))o. (4.7)

This relation may be re-written as a cumulant expansion, which for Gaussian proba-
bility distributions may be rigorously truncated at the second moment [239], giving

2 2

g, g
AA=AE,— —2 = AFE L 4.8
0 T 1 Sk T (4.8)

for variance of energy fluctuations in each oxidation state given by

oy = (AE({R}) — AEy)")ar (4.9)

A second key assumption in Marcus theory is that the curvatures of the two parabolic
basins are the same as one another, an approximation that is particularly well-
grounded in situations where the donor and acceptor species are chemically identical.
This approximation means that ki = ko = k and 02 = 0? = 0. As a result, the
expression for AA in Eq. 4.8 may be added to itself for M = 0 and M = 1 and
divided by two, removing the dependence on o2 by cancellation and leaving

AA = —(AE; + AB). (4.10)

1
2
This is the expression provided most frequently in applications such as constrained
density functional theory (CDFT). To understand the effort involved in such a simu-
lation, it is informative to expand A E); in terms of its constituent ensemble-averaged
energies, written in a notation where the subscript on £ indicates whether the po-
tential energy function describes the electron hole as being on the donor or acceptor
molecule, and the brackets indicate the ensemble of states from which the average
is taken:

AA = ({(E1)1 — (Eo)o) + %[((Eﬁo — (E1) — ((Eo)1 — (Eo)o)]- (4.11)

The first parenthetical term can be identified as the total internal energy of the
reaction, AU, while the latter terms constitute the entropic contribution. It is
noteworthy that an ET reaction which incurs little change in system entropy will
exhibit a symmetry between n; = ((E1)o — (F1)1) and no = ((Fo)1 — (Eo)o), which
cancel, n; —ny =0, if TAS = 0.

When this quantity is being computed classically, an additional term AIPpa
also appears as an additive constant, the difference in vacuum ionization potential
of the bodies carrying the positive charge [211]. This quantity is computed quantum
mechanically and inserted as a correction term for the deficiencies of the classical
force field. In the present situation, since the donor and acceptor molecules have
identical thiophene backbones, AIPps ~ 0. In the case of regiorandom side chain
appendages this expression is not exact due to subtle differences in electron local-
ization due to the locations of side chain appendages between molecules, but the
difference is expected to be small.

The reorganization energy arises from the separation of time scales between
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electrons and nuclei, by which the electron transfer is considered near-instantaneous
compared to the time scale of nuclear relaxation [241]. This is combined with the
notion that in order for the electron transfer to occur, the nuclei must be positioned
in a configuration compatible with the successor complex, which arises as a result
of the Franck-Condon principle [242]. That is, one must evaluate the energetic
penalty of the nuclear coordinates of the precursor complex “reorganizing” to that
of the successor complex before the ET reaction has the ability to occur. This
reorganization of the surroundings is referred to as an outer-sphere reorganization,
and is denoted here as A;. The reorganization energy can be identified as related to
the difference between the vertical excitation AE, and free energy of reaction AA,
written A = AFEy — AA, from the Marcus parabolas. With an expression for AA
on-hand, A\ can be similarly defined in terms of AFE), as

A = %(AED N (4.12)

Similarly to AA, it is useful to re-write this expression in terms of the constituent
energy terms that must be computed,

A= %(<E1>0 — (Eo)o — (E1)1 + (Eo)1) = %<[<E1>0 — (Eh] + [(Eo)1 — (Eo)o))-

This can be further simplified in the event that entropic contributions can be ne-
glected. That is, if 79 = m1 = n, then the average A\, = (1/2)(no + m1) = n. This
assumption is often in the literature for applications of Marcus theory to MD sim-
ulations, but is an approximation that will not be used here because doing so saves
little computational expense when all of the necessary energies are already being
computed.

When computed via classical simulations, A, is corrected by a scalar factor s,
that accounts for the lack of polarizability in classical force fields. Its necessity
has been discussed before in aqueous systems and it tends to be less than unity
to compensate for over-estimations of A, from empirical simulations [243, 244]. Its
value is related to the relative magnitudes of the optic and static dielectric constants
€ and €g, respectively. This relationship is [245, 246]

Spol = (€00 — €0 ) /(1 — &5 ). (4.13)

In aqueous solution, taking ¢y = 78.4 and €., = 1.4 — 2.0, prior works have given
Spol = 0.5 — 0.7 [245, 247, 248, 249]. In P3HT, where ¢y = 3.75 [209] and €, ~ 2
250, 251], the value of spe could be as low as 0.25. In the simulations conducted
here, with the number of thiophene oligomers outnumbering the number of waters,
we err on the lower side with s, = 0.3.

The reorganization energy should also include an internal contribution from un-
derlying electronic structure changes in the donor and acceptor molecules and their
differing geometries [211]. Since MD simulations are incapable of accurately captur-
ing this quantum mechanical phenomenon, the “internal” contribution is computed
separately with electronic structure theory (DFT, at the same level of theory as be-
fore) from in vacuo single point energies E®M of donor and acceptor in both ground
state geometries [252]. That is, for an energy ESM(D) computed for the charge state
in parenthesis and the optimized geometry of the state in subscript [253],
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A = (ESD) - EQHDY)) + (BL(4) - EBR(A)). (4.14)

In the case of oligothiophenes, where the ground state geometries of the neutral
and cationic states differ (and the latter experiences a strong energetic penalty for
deviations from planarity), A; is found to be just over 75 kJ /mol, which is larger than
what tends to be observed for the external contribution As. The total reorganization
energy A is then given by

A=A+ A (4.15)

The final piece, electronic coupling Hpa, cannot be reliably estimated from classi-
cal atomic coordinates without quantum mechanical benchmarking, and must be
evaluated from tabulated data obtained at a higher level of theory. In the case of
thiophene (C4H4S, as a standalone molecule), the intermolecular transfer integral
for two planar bodies has been tabulated and an exponential decay function fitted to
data [219]. The resulting function is C'exp(—ad;;) with C' = 24.5eV, o = 1.455A7",
and ring-ring separation d;;, which is used to estimate electronic coupling here. In
aqueous media a “pathway model” is often applied [254, 255] that permits descrip-
tions of electron transfers over hydrogen bonds as well, but in the present work water
molecules do not H-bond with the polymers and so these contributions are neglected.
Furthermore, in principle a sinusoidally-dependent term could be appended to ac-
count for lack of ring-ring co-planarity between donor and acceptor polymers, but
is thought to be unnecessary since those rings at closest contact (where transfers
will be most likely) have a strong tendency to indeed be planar, as indicated in Fig
4.3E with ((1/2)(3cos?*(0) — 1)) ~ 1, and those transfers far enough away to be
un-correlated will have poor electronic coupling by any measure.

Initial configurations of 32 polymer molecules, one counterion (BF,, PFs, Cl~,
or TFSI™), and some number of waters (as determined by the prior biphasic simu-
lations) were annealed as described previously to equilibrate polymer configurations
and the ion/water cluster. These configurations were initialized eight times for each
molecular combination and each replicate was taken as an initial configuration from
which to compute electron transfer rates. For each replica, 32 short simulations (500
ps in the NVT ensemble) were conducted, each with a different one of the polymers
containing a backbone cation to redirect solvent polarization. These short trajecto-
ries correspond to some (E)) s for an initial (0) or final (1) state corresponding to
the electron hole being localized on one polymer or another. Then, each trajectory,
with coordinates propagated according to the ensemble (-),;, was re-evaluated using
a different potential energy function that describes the oxidized polymer as being a
different molecule than the trajectory was propagated under. Evaluating the system
energy FEy/; of simulation frames obtained from sampling ensemble (-); /o provides
(Eo)1 or (E1)o, which is computed for all 322 combinations of donors and acceptors.

For any pair of molecules assigned donor D and acceptor A, electronic coupling
Hp, is estimated for all individual thiophene ring-ring combinations, which for a pair
of hexameric molecules includes 36 evaluations. Since the electron hole is thought
to localize to as small a volume as one thiophene unit in order to charge transfer
[201, 197], only the top-ranking ring-ring pair was used to estimate Hpa between
molecules. A matrix of molecule-molecule couplings is produced from the trajectory
corresponding to the “final” state of the reaction, which is so to align with the no-
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tion of reorganization energies and that the electron transfer will not actually occur
until the nuclear coordinates are in-line with the product state. With this, all three
of the key Marcus parameters have been established within a short MD simulation
and electron transfer rates kgt can be computed. Additional information can be
extracted using the Marcus formalism by identifying the dominant contributions to
kg, and thereby better understand the underlying principles (free energy, reorga-
nization energy, or electronic coupling) that result in a desirable value for device
performance.

4.4 Results and Discussion

The simulations performed here describe two halves of a related problem: In or-
der for the electron holes to diffuse macroscopically across the polymer phase in an
electronic device, the polarons’ and counterions’ motions are coupled with one an-
other, with their combined diffusivity being slower than the expected diffusion rate
of either the polaron or counterion independently. Mechanistically, this coupling is
two-sided, in which the diffusion rate of a counterion is tied to the current loca-
tion of the electron hole, and the electron transfer probability is intrinsically related
to the current location of the counterion. The simulations presented here address
both sides of this coupling: In the biphasic aqueous/polymer simulations conducted,
the diffusion of a counterion when residing in the polymer phase may be measured
directly, providing a metric of how tightly associated the counterion is with the
electron hole when the electron hole is stationary. Conversely, the electron transfer
calculations performed assess the likelihood of the electron hole to shift from one
chain to another when in the presence of the counterion. That is, the co-diffusion
of the counterion and electron hole together is stepwise, in which the counterion
localizes in the vicinity of neutralizing polymer charge, which by Coulombic inter-
actions stabilize the polaron in its current location. There are many hypothetical
electron transfers which may occur at any instant, but their likelihood is related to
the charge-countercharge separation that is imposed on the system upon a success-
ful transfer. By simulating both sides of this co-diffusion problem, insight is shed
on the nature of the counterion-polymer properties necessary for an effective device
with high bulk conductivity.

4.4.1 Counterion Intercalation and Confined Diffusion

When driving solvent influx into the polymer phase by increasing the polymer doping
levels, the charge per thiophene required to observe measurable intercalation is on
the order of 1/8 (16/128) hexameric molecules oxidized, equating to 1 unit of charge
per 48 thiophene rings, a doping level of ~2% or 12.5% of molecules with a positive
charge. This is gentle doping for many experiments, and illustrates the capability of
counterions and solvent to penetrate into the disordered polymer phase even when
large (nm-sized) cavities are not present. This is visualized in probability density
distributions, a sampling of which is provided in Fig 4.5 for P3HT with regiorandom
side chains in the un-doped and doped states. Additional panels can be found in
the Supplementary Information, Figure 4.13.

The number of water molecules per counterion that make their way into the
polymer phase tends to be independent of regioregularity in this study and follows
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Figure 4.5: Probability density traces for molecular species in each simulation cell.
The polymer slab, in green, is at the center of each cell and is flanked on either
side by water in red. The cation, K*, is in blue, while the counterion of interest,
denoted on the lefthand-side of each row, is in black. When the polymer phase is un-
doped (left column) the polymer and aqueous media remain phase-separated, with
some propensity from TFSI™ and PFy to aggregate at the interface, accompanied
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by some compensating cations. Following doping (right column, at a level of 0.02

positive charge per thiophene ring), all four counterion species intercalate into the
polymer phase. The probability density of water in these instances is nonzero, but
is fractionally small compared to the aqueous bulk. Upon doping, both BF; and to

a lesser extent Cl~ also show some minor propensity to aggregate at the surface.

110

Chapter 4

Jesse Prelesnik



Interfacial Phenomena via the Molecular Dynamics Framework

expected trends in terms of relative hydrophilicity (Fig 4.6A). The lack of distinc-
tion between regioregular and regiorandom morphologies likely arises from the highly
disordered state simulated, in which structural metrics such as g(r) are hardly dis-
tinguishable. The number of total counterions that penetrates the polymer phase
tends to be greater for regiorandom side chains than regioregular, but only when
hexyl side chains are present. With ether side chains this difference vanishes, which
is likely due to increases in the accompanying water molecules due to the more

hydrophilic environment (Fig 4.6C).
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Figure 4.6: Molecular counts within the polymer phase as determined by integrating
probability densities over the inner-most 3 nm of the polymer phase averaged over
8 simulation replicas. The left column, (A,C), shows the number of counterions
that are within the polymer phase, while the right column (B,D) shows the number
of water molecules per counterion present. In panel (D), the water molecules per
chloride in the case of regiorandom side chains is omitted because the computed
value has error bars larger than the quantity itself, and is off the scale compared to
the others.

It is clear that the anion TFSI has a high affinity for the polymer phase due to its
hydrophobic nature. This manifests itself both with un-doped films, in which case
the TFSI ion aggregates at the aqueous-polymer interface to shield its hydrophobic
CF3 groups from water, and can also be seen when the polymer phase has been
doped, in which case the number of TFSI ions that enter the polymer phase tends to
be greater than the other species considered (Fig 4.6A). The relatively hydrophobic
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nature of TFSI means that it brings relatively few water molecules with it into the
polymer phase.

At the other end of the spectrum is Cl~, which is the most hydrophilic ion
studied having a relatively strong interaction energy with water. As a result, at low
doping levels where the polymer phase remains rather hydrophobic, few counterions
enter the polymer phase and when such penetrance does occur, the volume swelling
observed is largely due to the accompanying water molecules, which may be present
alongside chloride at greater than a 50:1 ratio (Fig 4.6D). The counterions BF,
and PFg fall in an intermediate regime, again with an anti-correlation between the
number of counterions that penetrate the polymer phase and both the number of
water molecules that accompany them.

Counterion mobility in the polymer phase was assessed via diffusion constants
computed via Mean Square Displacement (MSD), with control simulations con-
taining no polymer chains as a benchmark for aqueous mobilities. For each 3 ns
subdivision of the simulation, counterions were assigned membership to the set of
molecules in the polymer phase if at time ¢ = 0 the counterion center of mass was
within the polymer phase, using the same spatial criteria as previously. In aqueous
bulk, counterion mobilities are influenced by their place on the Hofmeister series.
That is, those counterions that reside on the more chaotropic “structure-breaking”
end of the Hofmeister ranking tend to increase the viscocity of their aqueous solutions
[256], which intuitively correlates with overall diffusivity. Additional influences on
molecular diffusion include total mass and the number of degrees of freedom. That
is, complex molecular structures with many degrees of freedom can absorb energy
from molecular collisions as rotations and oscillations rather than center of mass
motion. While the molecules rank on the Hofmeister series (in terms of increas-
ing chaotropism) as Cl- < BF; < PF; < TFSI~, molecular mass and number of
chemical bonds increase with the same trend. As a result, the observed diffusion
constants of the four counterions in aqueous bulk are very near one another, with
little apparent trend and TFSI™ having the slowest motions in aqueous bulk. The
magnitudes observed align with the diffusion constant of the solvent, TIP3P water
(with HMR), ~ 5% 107° cm?/s.

The counterions’ diffusion constants decrease substantively while residing in the
polymer phase, changing more than an order of magnitude (to ~107% cm?/s) but
still remaining faster than the polymers themselves (at ~107% cm?/s). In the P3HT
phase, regioregular or regiorandom, the mobility of counterion species do not differ
in a statistically significant way. In P3APPT, the same is true with the possible ex-
ception of C17. The number of chloride anions in the polymer phase is low compared
to the other counterions and so the number of observations are fewer, contributing to
statistical uncertainty. It is interesting that the number of water molecules per coun-
terion increases from P3HT to P3APPT side chains, which from the counterion’s
perspective makes the polymer phase appear more aqueous-like, and yet counterions
in P3APPT appear to have slower mobilities than those in P3HT (where statistically
significant). This is attributed to the polymers’ diffusivity decreasing with ether side
chains compared to alkyl and an enhanced side chain-counterion interaction ability.
At the doping levels used here, the number of water molecules present is insufficient
to truly emulate the aqueous bulk.

The surprising takeaway from these counterion diffusion studies is that the clas-
sical MD model applied here does not differentiate the ions” mobilities well either in
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aqueous medium or the polymer phase. Experimentally, the electron hole/counterion
pair diffuse with orders of magnitude different rates than one another, and these MD
data suggest that these differences cannot be simply explained by counterion diffu-
sion rates about a stationary electron hole. However, counterion diffusion is sub-
stantively slowed in the polymer phase compared to aqueous, and the proportion of
counterions in the two phases could underpin the observed experimental results.
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Figure 4.7: (A) Demonstration of an MSD plot for a counterion (TFSI™) within
the polymer phase (regioregular P3HT, doped at 0.02 positive charge per thiophene
ring) to illustrate the goodness of fit and demonstrate the regular diffusion behavior.
(B) Diffusion constants as obtained for each type of counterion in the polymer
phase of P3HT, P3APPT, or in aqueous bulk. Counterions have distinctive markers
(TFSI™ in blue, circles; PFg in orange, squares; BF, in green, diamonds; Cl~ in
red, triangles) and regiorandom side chain conditions are indicated by transparency.
All diffusion constants were computed at the 2% doping level.

4.4.2 FElectron Transfers

The “mobility” of an electron hole is assessed in two ways: its maximum elec-
tron transfer rate, the singular most probable reaction, and the breadth of available
transfers. While the former is enticing to focus on because it is the most likely to
be observed, the single most favorable ET reaction tends to be one that moves the
electron hole to a polymer immediately adjacent to the counterion. This motion
is not especially productive, since the electron hole is thus confined to a proximity
around the counterion, which itself has a limited diffusion rate in the confines of
the bulk polymer phase. The latter metric of electron hole diffusion, measuring the
breadth of the distribution of favorable electron transfers, is perhaps of greater inter-
est (so long as the maximum rate does not substantively suffer) because it illustrates
the capability of the electron hole to move independently of the counterion. If the
cation-anion pair remain tightly associated at all times, and any move to separate
them is penalized, then diffusion of the pair will be hindered.

Chapter 4 Jesse Prelesnik 113



Interfacial Phenomena via the Molecular Dynamics Framework

Interestingly, the rate of electron transfer is rather unaffected by either the iden-
tity of a counterion or polymer regioregularity, as measured by either maximum
transfer rate or by sorting the top 10 transfers. This is observed in Figure 4.8, in
which the electron transfer rate kg (obtained from the Marcus rate equation, Eq.
4.1) is computed between every pair of polymers for a single initial molecular config-
uration and then ranked greatest to least and plotted. While deviations are observed
replica to replica, with independent initial conditions, the spread is nearly identical
across counterion intercalants and side chain regioregularities for a given polymer
side chain chemistry. On average, the ether side chain chemistry on P3APPT tends
to result in slower ET rates than the alkyl side chains on P3HT, although with the
variance observed from replica to replica there is still substantive overlap in their
distributions. To understand why these observations are being made, it is perti-
nent to deconstruct the top-ranking ET rates for each trajectory and evaluate the
components of Marcus Theory (free energy, reorganization energy, and electronic
coupling) that contribute to reaction favorability.

Considering that there are hundreds of possible electron transfers in each system
here, a distribution of free energies, reorganization energies, and electronic couplings
are observed. For free energy and reorganization energy, these distributions are
approximately Gaussian in nature, centered about zero for reaction free energy and
reorganization energies are shifted in the positive energy direction due to the internal
contribution A; > 0 in the overall reorganization energy A = A\, + \;. In each case,
the top-rated ET rates in terms of kgr magnitude correspond to AA values that
tend to fall on the lower-energy half of the distribution curve, but are not necessarily
the most extremely favorable (Figure 4.9). This is because the resulting kgt is also
dependent on electronic coupling Hpa, which across all possible electron transfers
shows a roughly exponentially decaying probability distribution with the maximum
observed coupling ~0.1 eV. When the values of Hps that correspond to the top-
ranked ET reaction for each replica are highlighted along the distribution of all
couplings, a wide spread is observed (see Supplementary Information, Figure 4.17),
illustrating that no one component of the Marcus rate equation seems to dominate
the resulting rate. That is, the top-ranked ET reactions must achieve a compromise
between the energetics of ET and electronic coupling.

It is possible to convert ET rates from Marcus theory into effective diffusion
constants in organic crystals via the relation [257]

1 2
Averaging over all possible transfers, the reaction rates kgr reported convert to
diffusion constants on the order of 107> cm?/s. This is comparable to the diffusion
of liquid water, and much faster than the diffusion of the polymer or counterion
molecules themselves. This would suggest that counterion diffusion is rate-limiting

in the electron hole/counterion pair mobility.

Remarkably, all of the ion species and side chain regioregularities analyzed (for a
given side chain identity) displayed the same behavior: Not only did they show the
same maximum ET rate kgr and the same distribution among the top-ranked ET
reactions, the analysis of these top reactions in terms of contributions from AA, A,
and Hpa were also indistinguishable. This observation is surprising in light of ex-
perimental observations that counterion identity and regioregularity have profound
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Figure 4.8: Distribution of electron transfer (ET) rates for select counterion species
and both regioregular (left column) and regiorandom (right column) polymers with
hexyl side chains. Of the hundreds of ET reactions for any given molecular con-
figuration, the top 10 greatest magnitude ET rates in units of 1/s are ranked in
descending order from 1 to 10. Each thin colored line corresponds with an indepen-
dent replicate of the calculation, while the bold black line is the average of the eight
replicates. ET rates are statistically indistinguishable in each case, both in terms of
maximum rate and in distribution of the secondary rates.
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impacts on the resulting coupled electron transfer rates. In as far as this coarse
model is to be trusted to describe the quantum mechanical ET process using clas-
sical simulations, these data suggest that the influence of an individual counterion
on the polymers’ ET rate is rather insensitive to the exact nature of the counterion,
but rather it is the mere presence of a counter-charge that permits a diversity of ET
reactions in the vicinity of neutralization. If this is true, it would suggest that it is
the number of counterions that penetrates the polymer phase that is more impor-
tant for facilitating charge transfer than it is specific ion-polymer interactions that
promote ETs.
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Figure 4.9: Of all inter-polymer ET reaction free energies AA measured, which
are histogrammed in black, those reactions that correspond to a top-rated reaction
(giving the greatest magnitude of kgr) are marked by vertial lines, one for each
replica. Select results compare the same counterions and P3HT regioregularities
as Fig 4.8, with regioregular (left column), regiorandom (right column), and two
counterions C1~ (top row) and PFg (bottom row). The ET reactions that occur
most quickly in terms of kgt for each case are not the most energetically favorable
in terms of AA, because a compromise must be made with other terms in the Marcus
rate equation, reorganization energy A and electronic coupling Hpa.

This conclusion regarding the inability of a counterion to influence the ET rate
between polymer chains is one that is made in the “dilute limit” — that is, only a
single counterion is present with a single electron hole among 192 thiophene rings.
At this low doping level, cooperative effects between multiple charge reorganizations
cannot be discerned. Indeed these may be pertinent at higher doping levels, as even
single chains of P3HT are known to take on bipolarons [258, 259], a doubly cationic
state along a single backbone. This is in addition to polaron-polaron effects from
nearby chains. Such effects become increasingly difficult to assess in simulation due
to the extra layer of combinatoric complexity this places on the number of states
to consider: For each inter-chain ET reaction already considered, they must be
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performed in replicate for each instance of a second oxidized polymer. It is for this
reason that we do not investigate beyond the dilute limit presented here.

The picture presented from this data is incomplete, because the polymer phase
in question is highly disordered and therefore the differences between regioregular
and regiorandom side chains are subtle. In more crystalline polymer phases, the
regioregular side chain functionalities are highly interdigitated and more well-ordered
than their regiorandom counterparts [214], and so are expected to display differences
in quantities like reorganization energy and ring-ring coupling strength. As reflected
in the characterization of the bulk polymer in this work from Fig 4.3, it is clear that
the disordered nature of the polymer slab results in similar structural character
between the two regioregularities, which explains the lack of differences observed in
ET rate distributions. The polymer phase used in this study is only representative
of a fraction of the polymer bulk in experiments, which contain crystalline and
disordered regions, along with vacancies that flood with aqueous solution [231].
Further studies involving these other phases are warranted.

4.4.3 Potential for Model Improvements

The present work has endeavored to capture ion-polymer and ion-mediated polymer-
polymer interactions via a classical two-body force field, which relies on a number of
approximations in order to achieve the high-throughput necessary to identify trends
among molecular configurations. While trends are ultimately what this work sought
to produce, it is worthwhile to consider further modeling advancements to increase
the accuracy of the predictions made. For example, the model at hand does not
incorporate molecular polarizability, which is of great importance when delocalized
electrons have an energetic driving force to transfer. For instance, the Coulombic
interaction between a polymer and an adjacent cation is not accurately captured in
this model, since the electron hole is liable to shift in response to a counter-charge.
The lack of polarizability manifests itself in water molecule and p-block atoms as
well, albeit to a lesser extent. While polarizable water and ion models have been
proposed previously, achieving such an effect with the polymers is a much more
challenging feat. While many polarizable atomic models, for instance crystalline
silver [260], employ movable psuedo-atoms within the atom’s van Der Waals radius
to permit anisotropic charge distributions (via the Drude model [261]), such minute
adjustments in atomic partial charge may not be capable of capturing the (com-
paratively) large fractional changes necessary to capture a unit e~ charge localizing
on different places of the polymer backbone. As a result, capturing polarizability
in P3HT is best achieved through quantum-mechanics-based methods, which for
the system size being considered might be as detailed as the DF'T level of electronic
structure theory. Typically scaling with O(N?2_) for number of electrons N,- [226], a
Kohn-Sham approach scales among the best of electronic structure theory methods,
but for each molecule containing more than 1,000 electrons each propagated time
step is prohibitively lengthy.

Less expensive models that still incorporate multipolar electrons are semiempir-
ical models such as the recently published GFN2-xTB functional [262]. By incor-
porating density-dependent dispersion contributions, electron localization along the
polymer backbone could be easily captured, and improvements in recent years to the
empirical training set have vastly improved the torsional distributions of conjugated
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organic molecules such as P3HT. By still using an atom-centered minimal valence
basis set of contracted Gaussian functions and parameterizing only on an element-
by-element basis (rather than explicitly parameterizing any pairwise interactions),
modern semiempirical methods like GFN2-xTB remain somewhat inexpensive (built
for linear scaling [263]) while also building in multipolar electrostatic interactions
and exchange-correlation effects (up to second order in the multipolar expansion).
Such an intermediate approach, using inexpensive parameterizations like classical
MD but incorporating a Kohn-Sham theoretical basis, provides a potentially attrac-
tive alternative approach to probe PSHT systems of many atoms.

Ultimately these methodologies are problematic for systems at hand, however,
in which the disordered polymer phase is highly heterogeneous and clean crystal
lattices cannot be taken advantage of. The number of atoms in the system, at
least tens of thousands, are prohibitive to obtaining molecular diffusion constants
with any sort of statistical certainty. Even for electron transfer reactions, which
are inherently a quantum mechanical phenomenon, the present system with its high
degree of disorder presents a manifold of available electron transfer reactions, many
of which are potentially relevant to a given molecular configuration. Even if the
liberties are taken to reduce computational cost, such as using short oligomers of
P3HT as in the present work, the number of molecules that must be considered
in the ET problem leads to combinatorically many possible electron transfers. It
is therefore imperative that the model used to describe these processes scales well
enough that all of the computations can be made, even if sacrificing in accuracy.

4.5 Conclusion

The present work has endeavored to model the intercalation of aqueous ions into
disordered oligothiophene derivatives for the purposes of understanding the po-
laron/counterion pair diffusion rates that are observed experimentally, which is
complicated by a tight coupling between the two species’ mobilities. To better
understand the rate-limiting steps in this collective motion, we have modified a
classical empirical force field that has been well-benchmarked to model the dis-
ordered polymer phase to include a delocalized electron hole along the backbone,
thereby providing a driving force for ion intercalation into an otherwise hydrophobic
phase that prior theoretical works have established remains phase segregated from
aqueous when no doping has been performed. With this new model, we observe
the extent of counterion intercalation stoichiometrically, in terms of the number of
counterions that penetrate the polymer phase and the number of water molecules
that accompany each. These counterions are also characterized kinetically, measur-
ing diffusion constants when in and out of the polymer phase to assess the ability
of polymers to localize different counterion species. Finally, borrowing methodology
from the biochemical community, we assess the rates of Marcus electron transfer
between different polymer chains via classical simulation and tabulated quantum
mechanical data, to assess the ability to each counterion to localize the electron hole
in its vicinity.

Simulated findings from counterion diffusion studies and electron hole transfer
studies agree in that neither detects specific counterion-dependent interactions that
have direct ramifications on charge mobility. Exchanging one counterion species
for another is not found to change the diffusion constant of the counterion in the
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polymer phase nor change the distribution of ET reactions that occur adjacent to
the counterion. However, the very presence of a counterion, any counterion (of those
studied here), does have an impact on observable rates: Counterions in the polymer
phase are slowed by more than an order of magnitude compared to aqueous bulk,
and the most favorable ET reactions occur in such a way that charge is localized
near the counterion. The key difference between counterion treatments, then, is
the number of counterions that penetrate the polymer phase. The hydrophobic
ion TEFSI™ intercalates most readily, with BF, and PFy rather comparable, and
Cl™ penetrates the least. This trend both aligns with published schematics that
represent Cl~ as being averse to intercalation, and agrees with trends in macroscopic
counterion/hole mobility in moving front experiments. Under this premise, the most
successful devices will be those that allow the greatest extent of polymer intercalation
into the polymer phase, namely those with sizeable hydrophobic domains to drive
influx with polymers like P3HT. The same can be said for more hydrophilic polymers
like P3BAPPT due to the hydrophobic thiophene backbone, although the trend is
somewhat diminished as water enters the polymer phase much more readily.

Further studies are warranted to confirm this finding, as the system studied here
uses classical fixed point charge models to describe highly polarizable molecules,
and the disordered morphology of the polymer phase is not representative of the
whole polymer bulk used experimentally. This work does illustrate, however, that
even for hydrophobic polymers like P3HT the influx of aqueous counterions can be
measured in simulation at low doping levels, even with non-polarizable thiophenes
in dense configurations. Such findings are sufficient premise to further investigate
the counterion / electron hole pair mobility using multiple charged sites to better
reflect experimental doping levels and explicitly measure counterion diffusion and
hole mobility in tandem.

4.6 Supplementary Information
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Figure 4.10: Demonstration of applying Parallel Tempering to obtain system vol-
ume as a function of temperature. (A) The end result of the calculation provides
a thoroughly-sampled volume/temperature relationship in the vicinity of the glass
transition point, T, (dotted line), which is well above 300 K. (B) Zoom-in of simu-
lation replicas, indexed 1 through 16 (with temperatures assigned according to an
exponential distribution, 7; = (370K) exp(0.02*i) from i = 0 to i = 15), illustrating
that as time proceeds, the coordinates of one simulation replica exchange with an
adjacent replica. Panel (C) shows the same data, but along the whole simulation
trajectory, illustrating that over time replicas will thoroughly exchange and explore
all temperature settings.
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Figure 4.11: The side chain dihedral scan performed by Moreno was done on the
molecule 3-ethylthiophene, a thiophene monomer which does not capture the steric
effects of ratating the side chain in the presence of an adjacent linked thiophene
ring. To rationalize the dihedral distribution obtained in the main text, in which
a multidimensional dihedral scan was performed on an oligothiophene, the study of
Moreno et al is reproduced here using DFT and B3LYP 6-311G** as in the main
text. A dihedral scan about the 3-ethylthiophene side chain in the neutral (A) and
cationic (B) states are shown, with 0° corresponding to the ethyl CH3 pointing in the
direction of the thiophene alpha carbon to which a neighboring thiophene would be
attached in an oligomer. In the neutral state, 3-ethylthiophene shows an energetic
minimum at 0°, while in the cationic state a change in electron localization on the
thiophene ring makes this same position an energetic maximum. This difference,
observed for a monomeric thiophene, illustrates that the presence of a maximum at
0° in the cationic state is not due to the presence of a neighboring thiophene ring.
In the main text, where parameterization is performed on a thiophene oligomer, the
0°maxima is even more pronounced due to steric hindrance with the neighboring
ring.
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Figure 4.12: Dihedral characterization of charged oligothiophenes compared to their
neutral counterparts, validating the parameterization performed here. (A) The back-
bone S-C-C-S dihedral is shifted in the directions of 0 or 180 ° in accordance with
an increased barrier to breaking planarity. (B) The side chain dihedral between the
backbone thiophene and the first two carbons of the side chain (where 0 ° points to-
ward an adjacent thiophene ring and 180 ° points toward the neighboring hydrogen
atom) is also narrower in distribution, reflecting the steeper energetic barrier now
present.
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Figure 4.13: Density plots for all combinations of counterions, polymer side chains,
and regioregularities, for un-doped polymer (all polymers electrically neutral) and
doped at the level of 16/128 hexamers, or ~2% of thiophene rings carrying a positive
charge. Columns are Cl=, BF,, PFy, and TFSI™, while rows are changing the
polymer identity, doping level, or side chain regioregularity as marked.

Chapter 4 Jesse Prelesnik 123



Interfacial Phenomena via the Molecular Dynamics Framework

P3HT P3HT P3APPT P3APPT
Regioregular Regiorandom Regioregular Regiorandom

| 1013

SRCI (A) (B) (C) (D)

s:::'lo i i ]

£ 8 1011 { - ]

Lo S

5[_‘1010_ i 4

o H

O 109 T 1 1 1 1 1 1 71T 1 1 1 1T 1T 1T 71T 7 T 1 1 1 T 1 1T T 1 T 1 1 1 T 11711
12345678910123456789101234567891012345678910

¢ 1013

=

iﬁlolz_}\j _ (F) (G) (H)

%%1011_ i 4

-

g 1010 1 5\_\_\h¥

=gl

8 ].09 T 1 1 1 1 1 1 71T T 1 1 T 1 1 1T 7T 1 1 r r 1 1 1711 T 1 T 1T T T 71T 1T
12345678910123456789101234567891012345678910

|q,ﬁ1013

Eémlz- m | | ) ()| | (L)

28 11_¥ . N _

S~ 1010 4 . . 1

2/

O 10°
1

;7;»«1013

%)

Ealoﬂ_

.5%1011_

j

8h1010_

g6

8 10°

U T 1 1 1 1 1 1 71T T 1 1 T T 7T T 1 1 1 1° 1 1 T 1 1 T 1 1 1

1234567891012345678910123456789101234567 8910
Ranking Ranking Ranking Ranking

Figure 4.14: For all possible ET reactions from a given initial condition, ET rates
(in units of 1/s) are ranked from greatest to least and the top 10 displayed here
in descending order. Each row corresponds to a different counterion, TFSI™, PFy,
BF,, or Cl7, while each column corresponds to a different polymer setup, either
varying regioregularity or side chain identity. Thin colored lines are different replicas
of the same system with independent initial conditions, while the bold black line is
an average over the eight replicas. Each row corresponds to a different counterion
identity, while each column indicates a different polymer setup, with different side
chain regioregularity of side chain functionality.
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Figure 4.15: For all possible ET reactions from a given initial condition, the free en-
ergy of reaction (in kJ/mol) is histogrammed, summing over replicas, and displayed
in a black trace as an un-normalized probability density. Eight vertical lines mark
the reaction free energy of the top-rated ET reaction (that with the greatest rate)
from each of eight replicas to illustrate that the most favorable ET reactions for each
replica do not exhibit the lowest free energies of all possible reactions. Each row cor-
responds to a different counterion identity, while each column indicates a different
polymer setup, with different side chain regioregularity of side chain functionality.
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Figure 4.16: For all possible ET reactions from a given initial condition, the corre-
sponding reorganization energy (in kJ/mol) is histogrammed, summing over replicas,
and displayed in a black trace as an un-normalized probability density. Eight verti-
cal lines mark the reaction free energy of the top-rated ET reaction (that with the
greatest rate) from each of eight replicas to illustrate that the most favorable ET
reactions for each replica do not exhibit the lowest reorganization energies of all ob-
served reactions. Each row corresponds to a different counterion identity, while each
column indicates a different polymer setup, with different side chain regioregularity

of side chain functionality.
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Figure 4.17: For all possible ET reactions from a given initial condition, the elec-
tronic coupling (in eV) is histogrammed, summing over replicas, and displayed in

a black trace as an un-normalized probability density.

Eight vertical lines mark

the reaction free energy of the top-rated ET reaction (that with the greatest rate)
from each of eight replicas to illustrate that the most favorable ET reactions for
each replica exhibit a breadth of electronic couplings. Each row corresponds to a
different counterion identity, while each column indicates a different polymer setup,
with different side chain regioregularity of side chain functionality.
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Chapter 5

Conclusion

This body of work has examined three case studies of aqueous interfaces and the
ramifications of including different ion species on interfacial phenomena such as
molecular orientation and relative affinities. These phenomena occur on the length
scale of nanometers, and so can be challenging to capture with ab initio techniques
that scale poorly with the number of electrons, but are also below experimentally
resolvable resolutions and so are inaccessible to optical techniques or even sophis-
ticated surface force apparatuses. MD is an excellent tool for accessing systems on
the scale of many thousands of atoms, because it is computationally inexpensive
enough to sample many configurations of the system for a rigorous treatment via
statistical mechanics. Particularly in soft matter systems where many configurations
are accessible, the ensemble properties measured macroscopically are only predicted
reliably from an atomistic scale when thorough sampling of the relevant degrees of
freedom is accomplished.

The first project presented here, “Decoupling of the Water-Ion Density Fields
Adjacent to Molecular-Sized Cavities”, belabors thorough solution sampling of an
aqueous-hard wall interface via an Umbrella Sampling scheme. Technical challenges
are addressed with respect to calculating free energies of a hard wall system in a
framework where potential energies must be differentiable, relying on the notion that
two distinct ensembles (the hard-wall system of interest and a soft-walled system
that was sampled) can be related to one another by clever manipulations of prob-
ability. The curved hard-wall aqueous interface considered, studied via Umbrella
Sampling with two-dimensional WHAM), revealed that the local density fields adja-
cent to the cavity wall undergo qualitative changes at different levels of curvature
depending on the molecular species considered. While water molecules retain their
close-packed hydrogen bonded network around small radius (< 0.5 nm) cavities, the
density fields of ions are highly sensitive to the underlying curvature and begin to
deplete from the interface at different cavity radii. Such ion depletion is known to
occur in the limit of a planar interface (an infinitely large spherical cavity), and a
similar phenomenon is observed here for cavity sizes that water molecules respond
to as being “small”. Conversely, in the limit of very small cavities, CI~ is found to
accumulate at the interface, and these findings are relevant to understanding the
generic problem of small molecule solvation, especially hydrophobic groups. While
some anion adsorption is known to occur near a water liquid-vapor planar interface,
water molecules in the small cavity limit have not yet formed such a liquid-vapor
coexistence. Furthermore, the model used here to ascertain this adsorption behav-
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ior does not allow for explicit ion polarization, which in the planar limit is known
to diminish adsorption tendencies. This presents the ion adsorption and depletion
behavior found near small cavities as distinct from adsorption to the planar inter-
face, and is likely relevant to simulation studies both with and without polarizability
explicitly included. In an addendum, a novel umbrella sampling alignment scheme
is proposed based upon minimization of residuals, and its performance is found to
be comparable to the standard algorithm, WHAM. Ultimately, the newly devel-
oped method did not out-shine the tried-and-true WHAM for the application at
hand, but is potentially useful for circumventing the curse of dimensionality. In
particular, the least-squares fitting procedure suggested is generally applicable to
simulations where many one-dimensional biases are placed on the many bodies in
the system, and may be advantageous in situations where the dimensionality of the
biasing problem exceeds 2.

The second project discussed here, “Ton-Dependent Protein-Surface Interactions
from Intrinsic Solvent Response”, considers the role that the aqueous environment
has on the long-range attraction between two solvated planar bodies. Spatial pat-
terning of highly-organized molecular building blocks polarize solvent, giving rise to
an electrostatic signal that permeates far into bulk solution. This signal is measured
atomistically via MD simulations that were carefully catered to match experimental
observations of self-assembling protein-mineral systems, and the far-field compo-
nent of the polarization was isolated via a perturbation theory-like method called
Local Molecular Field theory. By relating far-field polarization to a Landau energy
density expression, the polarization-induced pressure between two parallel planar
bodies can be estimated, indicating attractive or repulsive forces depending upon
solvent interference patterns arising from the chemical nature of the planar inter-
face. Particularly, we found that different adsorption tendencies of Na®™ and K*
to the muscovite surface results in two qualitatively different far-field electrostatic
responses that we attribute to the presence or lack of a well-ordered electric double
layer. This has ramifications for face-specific protein-mineral attractions, and sug-
gests that exchanging K™ for Na®™ diminishes far-field orientational preferentiality
and ultimately gives rise to a less well-ordered bound layer of protein. The the-
oretical platform presented is found to give quantitatively comparable results to
other far-field theories such as DLVO (Derjaguin, Landau, Verwey, and Overbeek)
reported in literature but has the advantage that key model parameters such as a
characteristic decay length are determined directly from molecular simulation. This
is in contrast to directly solving Poisson-Boltzmann equation because the necessary
surface potentials are not easily obtained from a molecular model. Furthermore,
our LMF-Landau interaction theory reveals the exquisite sensitivity of polarization-
induced interactions on the electrostatic screening length, which can result in several
orders of magnitude difference in attractive strength. This points to the necessity of
developing more accurate (but still computationally inexpensive) atomistic models
including features like atomic polarizability in order to accurately predict the nature
of many-body interactions.

Finally, in the third project discussed, “Coupled Charge Carrier / Counterion
Mobility in Organic Electrochemical Cells”, a soft-matter aqueous interface is pre-
sented in the context of organic semiconductors with an emphasis on understanding
their tunable properties as a consequence of solvent intercalation. Of particular
interest is the co-diffusion of electron holes along the semiconducting polymers’
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backbone and the aqueous counterions that intercalate into the polymer film for
net neutrality. To maximize pair diffusivity and improve the performance of elec-
tronic devices that utilize these materials, we attempt to identify attributes of poly-
mer /counterion pairings that are rate-limiting for bulk transport. The problem was
approached from two sides: We assessed the ability of stationary electron holes in
the polymer phase to localize counterions in their vicinity and conversely analyzed
the ability of a localized counterion to steer which electron transfer reactions are
favorable between polymers. This project necessitated force field modification to
drive the solvent influx that facilitates charge transfer experimentally. With these
parameter modifications, counterion intercalation into the polymer phase has been
achieved, an advance on previous works, permitting experimental observables such
as volume swelling and water molecules per counterion in the polymer phase to
be directly observed in simulation. Furthermore, being able to observe the local
environment of a counterion while inserted into the polymer phase permits local dy-
namics to be probed, providing key insight into the polaron/counterion co-diffusion
problem. Then, using mole ratios of polymer / water / counterions from solvent in-
flux simulations, a separate set of simulations were conducted to estimate the rates
of electron transfer between pairs of polymers in the presence of a single counterion
in a classical framework. Interestingly, counterion diffusion while in the polymer
phase was found to be largely independent of counterion species, a trend that held
for two different polymer side chains and different side chain attachment patterns.
Additionally, the identity of a counterion failed to produce significant differences in
the distributions of electron transfer rates. While individual counterion molecules
behave similarly to one another in their interactions with the polymer, it was ob-
served that the total number of counterions that intercalate into the polymer phase
differs substantively depending on the species, and it is likely this attribute that
gives rise to the experimentally observed differences in pair mobility. This work
suggests that to develop more successful devices, one should maximize the num-
ber of counterions in the polymer phase, with the caveat that the influx of water
does not become inhibitory. This is in alignment with experimental observations
that hydrophobic counterions have good bulk charge transfer properties, because
the counterions do not need water accompaniments to penetrate the hydrophobic
polymer phase.

In all three of the case studies presented, there are opportunities for model ad-
vancement: (1) In the study of cavity formation in water, polarizable force fields
and careful comparisons of different water models would lead to a more complete
view; (2) In the development of LMF-Landau theory for macromolecule-surface
interactions, describing the hydration of highly-charged interfaces at low salinity
would be improved by considering the self-ionization of water; and (3) The study of
counterion-polymer interactions via classical simulation neglects important quantum
mechanical effects pertaining to electronic coupling. In each case, the considered im-
provements require substantively more computational effort to implement, with only
modest gains to be made. The classical molecular dynamics framework has been im-
mensely successful in describing a breadth of soft-matter systems, as benchmarked
against available experiments and high-level electronic structure calculations. While
the models omit some real-world physics, the framework permits the study of com-
plex systems that may be otherwise inaccessible. In the words of statistician George
Box, “All models are wrong, but some are useful” [264].
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