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ABSTRACT OF THE DISSERTATION

Molecular Simulation Frameworks for Mechanistic Investigation of Complex Nanomaterials

by

Robert Scanlon Ramyji

Doctor of Philosophy in NanoEngineering

University of California San Diego, 2026

Professor Darren J. Lipomi, Chair
Professor Tod A. Pascal, Co-Chair

Fully understanding the behavior of functional nanomaterials requires insight into atomic
motion, electron delocalization, bond formation, and interparticle interactions. The resolution
required to study these phenomena, particularly under experimentally relevant conditions, often
exceeds the capabilities of modern nanocharacterization equipment. Molecular simulation offers
a computational microscope with which to investigate these systems at the necessary scale. Yet
for many nanomaterial systems of practical interest, the simulation infrastructure needed to gain
that insight simply does not exist. This dissertation constructs missing infrastructure across

three nanomaterial systems of increasing complexity, enabling mechanistic questions about these
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systems to be answered with molecular-scale precision for the first time.

Chapter two considers the smallest system: a single conjugated polymer chain. A
method to quantify the effects of intermonomer improper torsion on electron delocalization in
conjugated polymers is introduced. Calculations across P3HT, PTB7, and PNDI-T reveal that
improper torsion generally disrupts conjugation, though PNDI-T maintains delocalization at
significant bending angles due to its extended 7-system, suggesting a mechanism by which
certain donor-acceptor polymers retain charge transport under strain.

Chapter three scales to molecular behavior influencing a mesoscale network. Pho-
tocrosslinking in quantum dot films is modeled using molecular dynamics combined with a
Monte Carlo percolation model, achieving quantitative agreement with experimental film re-
tention data. The model reveals the mechanism by which films using ligand-type crosslinkers
reach the needed film retention threshold at roughly one-quarter the UV dose of those with
additive-type crosslinkers.

Chapter four examines the most complex system: citrate-capped gold nanoparticles
functionalized with peptides. A complete simulation framework is developed to measure aggre-
gation free energies across a twelve-peptide series, reproducing the class distinctions observed
experimentally and identifying counterion release followed by peptide bridging as the molecular
mechanism of assembly.

Together, these projects extend the reach of molecular simulation as a tool for nanoscale

characterization, and lay the groundwork for future exploration and development.
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Chapter 1

General Introduction and Overview

1.1 Preface

This dissertation presents three computational studies of functional nanomaterials, each
addressing a system where the molecular-scale mechanisms governing macroscopic behavior
were previously inaccessible to experiment alone. The chapters are organized by increasing sys-
tem complexity, from a single conjugated polymer chain, to a mesoscale crosslinked nanoparticle
network, to a colloidal gold nanoparticle dispersion mediated by peptide interactions. Each study
constructs simulation infrastructure that did not exist before this work, enabling mechanistic
questions to be answered at atomic resolution for the first time.

The unifying theme is the use of molecular simulation as a characterization tool, and
the development of reusable tools and frameworks to allow the extension of the work. Just as
electron microscopy extended the reach of structural characterization below the diffraction limit,
molecular simulation extends the reach of characterization below the resolution of any physical
instrument. The phenomena studied here (electron delocalization, covalent network formation,
and interparticle free energy) operate on length and timescales that are simultaneously too small
for conventional spectroscopy and too large for routine quantum chemical treatment. Bridging
that gap is the central challenge this work addresses.

Each chapter is written to be self-contained, with its own introduction, methods, results,

and conclusions. This preface and the sections that follow provide the conceptual and method-



ological background common to all three studies, so that the methods sections in individual

chapters may focus on system-specific details rather than first principles.

1.2 Research Motivation and Introduction

Nanomaterials are defined by the dominance of surface and interface effects over bulk
behavior, and by the emergence of properties, optical, electronic, mechanical, and chemical, that
have no direct analog in macroscopic matter. Understanding and controlling these properties
requires knowledge of atomic-scale structure and dynamics. That knowledge is extraordinarily
difficult to obtain experimentally. Techniques such as X-ray scattering, electron microscopy, and
atomic force microscopy provide structural snapshots, but they do not directly reveal the forces,
energies, or dynamic processes that produce those structures.

Molecular simulation fills this gap by providing a physically grounded, fully atomistic
picture of nanomaterial behavior. Given a sufficiently accurate model of interatomic interactions,
a simulation can, in principle, predict any measurable property and, more importantly, reveal
the underlying mechanism responsible for it. The practical value of this approach depends
critically on having the right simulation infrastructure for the system of interest: appropriate
force fields, model construction pipelines, equilibration protocols, analysis tools, and, where
necessary, enhanced sampling methods to access rare events or long timescales.

For many nanomaterial systems of current practical interest, this infrastructure does not
exist. The three systems studied in this dissertation each represent a case where the absence of
appropriate simulation methods has left central mechanistic questions unanswered. Chapter 2
asks how out-of-plane bending between monomers in a conjugated polymer affects electron de-
localization, a question that existing force field methods were not designed to address. Chapter 3
asks why two chemically similar photocrosslinking strategies for quantum dot films differ by a
factor of roughly four in their UV dose requirements, a question that requires connecting atomic-

scale reaction geometry to macroscopic network connectivity. Chapter 4 asks what molecular



events govern the reversible, peptide-mediated aggregation of gold nanoparticles, a question that
requires computing interaction free energies for complex, multi-component colloidal systems.
In each case, answering the mechanistic question required developing new simulation
methodology, validating it against available experimental data, and applying it to generate physi-
cal insight. The following sections introduce the three computational frameworks common to
this work: quantum mechanical methods, molecular dynamics, and Monte Carlo and percolation

theory.

1.3 Quantum Mechanical Methods

Quantum mechanics (QM) provides the most accurate available description of interatomic
interactions and electronic structure. Its application to nanomaterials problems in this dissertation
falls into two categories: direct calculation of energies and electronic properties for small
model systems, and the derivation of force field parameters that encode QM accuracy into

computationally efficient classical models.

1.3.1 Foundations

The central object in quantum chemistry is the electronic wavefunction, which encodes
the probability amplitude for finding each electron at each point in space. The total energy of a
molecular system, and all properties derivable from it, follow from solving the time-independent
Schrédinger equation. Except for the simplest one-electron systems, this equation cannot be
solved exactly. Practical quantum chemistry therefore relies on approximate methods that trade
accuracy for computational tractability.

The two principal approximations used in this work are density functional theory (DFT)
and second-order Mgller-Plesset perturbation theory (MP2). DFT replaces the many-electron
wavefunction with the electron density, a scalar field in three dimensions, using the Kohn-Sham
framework to map the interacting system onto a set of fictitious non-interacting electrons in an

effective potential. The exchange-correlation functional captures all effects not treated exactly;



the choice of functional governs the accuracy and cost of the calculation. MP2 treats electron
correlation as a perturbative correction to the Hartree-Fock reference wavefunction, recovering a
significant fraction of correlation energy at moderate computational cost.

Both methods require specification of a basis set: a finite set of mathematical functions
used to represent the molecular orbitals. Larger basis sets approach the complete basis set limit
and generally improve accuracy at greater computational cost. The basis sets used in this work
(6-31G*, def2-SVP, 6-311++G**) span a range of sizes appropriate to the different accuracy

requirements of each application.

1.3.2 Application to Conjugated Polymer Torsion (Chapter 2)

Chapter 2 requires QM calculations at two levels of theory for distinct purposes. Torsional
scans of conjugated polymer dimers, used to characterize how electronic delocalization energy
depends on backbone geometry, are performed at the RI-MP2 level. MP2 is appropriate here
because it captures the dispersion interactions between 7 systems that DFT functionals without
dispersion corrections can underestimate. For geometry optimizations used to set equilibrium
angles in the modified force field, DFT at the BP86/def2-SVP level is sufficient, as these
calculations are used only to locate the energy minimum rather than to obtain accurate absolute
energetics.

A key methodological challenge in Chapter 2 is isolating the electronic delocalization
contribution to the torsional energy from the steric (nonbonded) contribution. The two con-
tributions are not independently observable in a standard QM torsional scan: rotating two
monomers simultaneously changes both their conjugation and their van der Waals overlap. The
approach taken uses a series of chemically modified dimer structures (a hydrogenated dimer that
blocks conjugation, and a methylated monomer that eliminates inter-monomer interactions) to
decompose the total energy into components attributable to electronic delocalization and steric
interactions separately. All QM calculations were performed using Q-Chem.

Visualization of electronic delocalization in Chapter 2 relies on the anisotropy of the



induced current density (AICD) method, which computes the electronic current density induced
by an external magnetic field. AICD isosurfaces provide an intuitive three-dimensional picture of
where electrons are delocalized across a molecule, making the abstract concept of 7 conjugation

directly visible as a spatial density. These calculations were performed using Gaussian 16.

1.3.3 Application to Force Field Parameterization (Chapters 3 and 4)

Chapters 3 and 4 use QM primarily to derive partial atomic charges and optimized
geometries for use in classical molecular dynamics simulations. Partial charges are obtained
using the restrained electrostatic potential (RESP) method, in which the molecular electrostatic
potential is computed at the QM level and atomic charges are fitted to reproduce it subject to
constraints that enforce chemically reasonable values. In Chapter 3, RESP charges for ligands
and crosslinkers are computed at the wB97X-D/6-311++G** level, a range-separated hybrid
functional with empirical dispersion corrections that provides accurate electrostatic potentials
for organic molecules. In Chapter 4, the same functional and basis set are used for citrate and

peptide molecules under implicit solvent conditions.

1.3.4 Basis Sets and Levels of Theory: A Summary

The choice of QM level of theory in each chapter reflects a balance between the accuracy
required for the application and the computational cost imposed by the system size. For the small
dimers of Chapter 2, MP2 with polarized basis sets is tractable and warranted by the need to
accurately resolve small energy differences (less than 1 kcal/mol) between torsional conformers.
For the charge derivation tasks in Chapters 3 and 4, DFT with a large basis set is sufficient
and provides good electrostatic potentials at reasonable cost. For geometry optimization of
conjugated polymer dimers, a smaller basis set (def2-SVP) is acceptable because the objective is

identifying the minimum, not characterizing the energy landscape in detail.



1.4 Molecular Dynamics

Molecular dynamics (MD) simulation propagates the positions and velocities of all atoms
in a system forward in time by numerically integrating Newton’s equations of motion. Given
a force field that describes interatomic interactions, MD generates a trajectory from which
thermodynamic, structural, and dynamic properties can be computed. MD is the workhorse
method of this dissertation, used in all three chapters to equilibrate molecular systems, generate
conformational ensembles, simulate chemical reactions (crosslinking), and compute mechanical

properties.

1.4.1 Force Fields

A force field is a mathematical model of the potential energy surface of a molecular
system, expressed as a sum of terms describing bonded interactions (bond stretching, angle
bending, torsional rotation) and non-bonded interactions (van der Waals and electrostatic).
The parameters in a force field are fitted to reproduce properties calculated from QM, from
experiment, or both.

The bonded and non-bonded functional forms most relevant to this dissertation follow
the OPLS, AMBER, and DREIDING conventions. The OPLS framework uses a cosine series to
represent torsional potentials and Lennard-Jones 12-6 potential for van der Waals interactions,
with geometric mixing rules. AMBER employs a similar functional form but uses Lorentz-
Berthelot mixing rules; GAFF (the general AMBER force field) extends AMBER parameters to
arbitrary organic molecules and is used for citrate and peptide parameterization in Chapter 4.
DREIDING is used for intermolecular ligand-ligand interactions in Chapter 3, where its simple,
transferable parameterization is appropriate for describing alkyl chain packing.

Force field accuracy is the dominant source of uncertainty in classical MD simulation. For
the conjugated polymer systems in Chapter 2, the inadequacy of standard OPLS parameters for

capturing intermonomer torsional energetics is precisely the problem being solved: the existing



force field omits the improper torsion contribution entirely. For the quantum dot systems in
Chapter 3, the parameterization of the inorganic core uses a Stillinger-Weber potential developed
for II-VI semiconductor materials, while the organic ligand-surface interface requires empirical
tuning of Lennard-Jones cross-terms because validated parameters are not available. For the
gold nanoparticle systems in Chapter 4, Lennard-Jones parameters for gold are taken from Heinz

et al., which accurately reproduce FCC metal surface properties.

1.4.2 Equations of Motion and Thermostats

The equations of motion integrated in all simulations in this dissertation follow the time-
reversible, measure-preserving Verlet algorithm derived by Tuckerman et al. This formulation
ensures that the integration scheme preserves the phase space volume defined by the extended
Hamiltonian, which is essential for producing correct statistical mechanical averages.

Temperature control in NVT (constant number, volume, temperature) and NPT (constant
number, pressure, temperature) ensembles is achieved using a Nosé-Hoover thermostat, which
introduces a fictitious degree of freedom coupled to the kinetic energy of the system. Pressure
control in NPT simulations uses either an Andersen barostat (Chapter 3) or is implicit in the
isochoric simulation setup (Chapter 4). All simulations are performed using LAMMPS (Large-

scale Atomic/Massively Parallel Simulator).

1.4.3 Enhanced Sampling: Steered Molecular Dynamics and Umbrella
Sampling
Standard MD simulation explores only the region of configuration space accessible
within the simulation time, which for systems with high energy barriers may be far from the full
Boltzmann distribution. Chapter 4 requires computing the free energy profile (potential of mean
force, PMF) for separating two gold nanoparticles from contact to large separation, a process
that involves crossing barriers far larger than the available thermal energy.

Steered molecular dynamics (SMD) addresses this by applying a moving harmonic



restraint to the collective variable of interest (here, the inter-nanoparticle center-of-mass distance),
driving the system along a reaction coordinate while recording the force required at each point.
The work performed against this force, accumulated over many independent pulling trajectories,

in principle yields the free energy difference between states via the Jarzynski equality:
e BAF _ <e—l3W>7 (1.1)

where 8 = 1/(kgT), AF is the free energy difference, and W is the irreversible work performed
in each trajectory. The angle brackets denote an average over independent non-equilibrium
realizations of the process.

In practice, the exponential average in Equation 1.1 is dominated by rare low-work
trajectories, and when dissipation is comparable to the free energy difference itself, a feasible
number of realizations cannot sample them. This is precisely the regime of the nanoparticle
pulls in Chapter 4. That chapter therefore adopts the symmetric bidirectional estimator, the
Gaussian-work limit of the Crooks fluctuation theorem! and of the Bennett acceptance ratio, 2
in which the free energy is the half-difference of the mean work measured on compression and
expansion legs, AF = ((Wpush) — (Wpuit)) /2, and the frictional contribution cancels by symmetry
rather than by exponential reweighting. SMD is implemented in Chapter 4 using the PLUMED 2
plugin interfaced with LAMMPS, applying push-pull cycles that drive the nanoparticles through
repeated contact and separation.

Umbrella sampling provides a complementary, fully equilibrium route to the same free
energy profile. Rather than driving the system along the coordinate, a series of static harmonic
restraints confines independent simulations to overlapping windows spanning the coordinate, and
the biased distributions sampled in each window are recombined into an unbiased profile using
the weighted histogram analysis method (WHAM)* or its binless generalization, the multistate
Bennett acceptance ratio (MBAR).> Because umbrella sampling shares no machinery with the

nonequilibrium estimator beyond the force field and the coordinate, agreement between the two



constitutes a genuine cross-validation, and Chapter 4 uses it in that role.

1.4.4 Crosslinking Simulations

Chapter 3 requires a non-standard MD application: simulating the progressive forma-
tion of covalent bonds during UV-induced photocrosslinking. Standard MD force fields treat
bonded topology as fixed; crosslinking requires dynamically modifying the topology during the
simulation to reflect newly formed bonds.

The protocol adopted in Chapter 3 implements crosslinking iteratively. In each cycle, the
system is equilibrated, and reactive contacts (atom pairs within a specified cutoff distance meeting
the criteria for bond formation) are identified. The geometrically closest contact is selected, the
bond is formed by modifying the topology (adding a C-C bond and transferring a hydrogen to
the benzophenone oxygen, faithfully representing the ketyl-radical mechanism), and the cycle
repeats. This iterative approach captures the progressive nature of the crosslinking reaction
and produces structurally realistic crosslinked networks without requiring explicit simulation of

radical chemistry.

1.4.5 Stress-Strain Simulations

Chapter 3 also employs tensile deformation simulations to characterize the mechanical
stiffness of crosslinked quantum dot films. In these simulations, the simulation box is stretched
along one dimension at a constant rate while the resulting stress (force per unit area, computed
from the virial pressure tensor) is recorded as a function of strain. Although the strain rates acces-
sible in MD (roughly nanometers per nanosecond) far exceed those achievable experimentally,
the relative stiffness between systems, and the qualitative shape of the stress-strain curve, are
meaningful and interpretable. This approach follows established practice for comparative MD

mechanical studies.



1.5 Monte Carlo and Percolation Theory

Monte Carlo (MC) methods use random sampling to estimate properties that are ana-
lytically intractable. The name refers to the use of random numbers, after the Monte Carlo
casino.

Percolation theory studies the conditions under which a connected cluster spanning an
entire system can form from randomly distributed local connections. The canonical model is
bond percolation on a lattice: each bond between adjacent lattice sites is present independently
with probability p. Below a critical threshold p. (the percolation threshold), all clusters are finite
and no spanning cluster exists. Above p., a spanning cluster appears and grows with increasing p.
At p. itself, the cluster size distribution exhibits a power-law form characteristic of a continuous
phase transition.

The percolation threshold depends on the lattice geometry and dimensionality. For the
three-dimensional hexagonal close-packed (HCP) lattice, which is an appropriate model for
close-packed colloidal films, the critical bond probability is approximately p. = 0.12. This value
represents the minimum fraction of nearest-neighbor bonds that must be present for macroscopic

connectivity.

1.5.1 Application to Quantum Dot Film Crosslinking (Chapter 3)

Chapter 3 uses Monte Carlo bond percolation simulations to connect the local crosslink-
ing probability computed from atomistic MD simulations to the macroscopic connectivity of
crosslinked quantum dot films. The relevant quantity for film performance in photolithographic
patterning is not simply percolation (the existence of a spanning cluster) but rather a practical
threshold: the fraction of UV dose required to connect 95% of all nodes in the film, which corre-
sponds to the experimentally observed film retention ratio of greater than 0.95 after development.

The MC percolation simulations are implemented on model HCP lattices representing the

colloidal QD array. Each lattice node represents a QD, and each bond is present with probability

10



P, which is taken directly from the atomistic crosslinking simulations as the nearest-neighbor
bond probability (the fraction of neighboring QD pairs connected by at least one bridging
crosslink). By sweeping p across its range and measuring the resulting connected fraction,
the simulations determine the value of p required to achieve 95% macroscopic connectivity:
pos = 0.31 for the film geometry studied.

This value of pgs serves as the critical target for both crosslinker types. Because the atom-
istic simulations show that the ligand-type crosslinker reaches p = 0.31 after reacting far fewer
benzophenone groups than the additive-type crosslinker, the percolation model directly predicts
the observed fourfold difference in required UV dose. The MC approach thus functions as the
quantitative bridge between molecular-scale simulation results and macroscopic experimental

observables.

1.5.2 Validation

The MC percolation implementation was validated by computing the percolation thresh-
old for a 10 x 10 x 10 cubic HCP lattice and comparing it to the published theoretical value of
approximately 0.12. The agreement between the simulated and theoretical thresholds confirms
that the implementation is correct and that finite-size effects are negligible at this lattice size
for the purposes of threshold estimation. Simulations on a film geometry lattice (50 x 50 x 3)
yielded the same pgs value as the bulk lattice, indicating that the 95% connectivity threshold is

insensitive to the lateral-to-thickness aspect ratio at the dimensions studied here.
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Chapter 2

Quantifying the Effect of Intermonomer
Improper Angles on Electron Delocaliza-
tion in Conjugated Polymers

Robert S. Ramji, Andrew T. Kleinschmidt, Shruti Bhamidipati, Leon Zhang, Alexander X. Chen,
Tod A. Pascal, and Darren J. Lipomi. Quantifying the Effect of Intermonomer Improper Angles on
Electron Delocalization in Conjugated Polymers. J. Phys. Chem. B 2025, 129, 7642-7653. DOI:
10.1021/acs.jpcb.5¢02849

2.1 Abstract

Electron delocalization between monomers in conjugated polymers influences both the
charge transport and the mechanical properties of this class of materials. While this delocaliza-
tion is generally understood to be maximized by coplanar monomer arrangements that enable
m-orbital overlap, the precise geometric factors controlling delocalization remain incompletely
characterized. Current molecular mechanics (MM) models of conjugated polymers primar-
ily focus on intermonomer dihedral torsion, neglecting the potential effects of out-of-plane
(“improper”) torsion between monomers. Here, we develop a method to isolate and quantify
improper dihedral torsion effects on the electronic structure of dimer or donor—acceptor unit
structures for three representative polymers: P3HT, PTB7, and PNDI-T. Quantum mechanical
calculations reveal that improper torsion generally disrupts electronic delocalization, though

PNDI-T maintains significant conjugation even at improper angles up to 30°, likely due to its
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extended 7-system. While coupling between improper and dihedral torsion is observed, the
energetic effects appear to be minimal (<1 kcal/mol) under typical conditions. These findings
suggest that existing MM models may safely omit improper torsion parameters for simulations
of local structures and motivates future studies aimed at quantifying its effect on larger-scale
polymer films. Finally, to aid interpretation of these results, we have developed an interactive
visualization tool that simultaneously displays delocalization energy profiles and 3D electron

density isosurfaces.

2.2 Introduction

n-Conjugated polymers are characterized by a motif of alternating double and single
bonds along the backbone. In this arrangement, electrons may delocalize from the bonding
orbitals from which they originate. This delocalization of electrons along the backbones of
conjugated polymers gives rise to an optical bandgap and semiconducting behavior.%-® Delocal-
ization is energetically favorable and usually depends on the degree of alignment between the
m-bonds in the backbone, with notable exceptions for certain monomer selections.” A planar
conformation of sequential bonds maximizes this overlap, while deviations from planarity reduce
it. Thus, electronic delocalization acts as a driving force toward the coplanar configuration
of monomers.'? As a consequence of this drive toward coplanarity, conjugated polymers tend
to be more rigid than saturated polymers.'!-!? This relationship between electronic structure,
optoelectronic properties, and the mechanical flexibility of conjugated polymers has motivated a
number of studies focusing on understanding and accurately modeling intermonomer rigidity in
conjugated systems. >4

Part of the motivation for computational studies is that the backbone planarity of a
conjugated polymer is difficult to measure experimentally. ! In these studies, it is typical to

compute the energy as a function of the proper dihedral torsional angle between monomers.

Hereon, the term “dihedral torsion” will be used to refer to intermonomer proper dihedral torsion,
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1.e., a ‘twisting’ angle between two conjugated monomers about the connecting bond. Dihedral
torsion can be likened to the spinning of a revolving door, where the degree of rotation around the
central axis corresponds to the torsion angle between atoms in the molecule. However, deviation
from planarity between monomers can also occur through improper dihedral torsions. These
intermonomer improper dihedral torsions occur when the motion of the polymer produces an
out-of-plane ‘bending’ between monomers. This motion occurs in the direction of the normal
vector relative to the orientation of the conjugated ring. Improper torsion can be likened to
the motion of a door hinge, with the center of mass of one monomer moving as the torsional
angle increases. In this work, we will simply refer to intermonomer improper dihedral torsion as
“improper torsion”.

Both dihedral and improper torsion can break the planarity of conjugated polymer
backbones; however, research has historically focused on dihedral torsion. 1416 Ope widely
applied technique for characterizing the drive toward coplanarity between adjacent monomers of
a conjugated polymer is the torsional scan.”~1° In this method, the energy of a simple oligomer,
such as a dimer, is calculated using quantum mechanics (QM) at planarity. Then, the dihedral
angle between monomers is scanned at a set increment (often 10°) from planarity (0°) to 180
or 360°. At each step, the energy of the molecule is calculated. This progressive increase in
intermonomer torsion interrupts electron delocalization across the backbone, and usually peaks
when the monomers are perpendicular to each other at 90°. Interruption of delocalization is
energetically unfavorable, and constitutes a significant component of the potential energy profile
of a torsional scan. '” The resulting torsional energy profile over the intermonomer dihedral can
be used to fit molecular mechanics (MM) force field (FF) parameters for large-scale molecular
dynamics (MD) simulations. This profile defines the energy of deplanarization (i.e., how rigid
the polymer is).

The torsional scan method characterizes the energy of one type of torsion, i.e., the
conventional dihedral torsion. > However, it is well-known that semiconducting polymers can

also experience improper torsion between monomers. Like dihedral torsion, improper backbone
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torsion disrupts coplanarity and limits 7-orbital overlap. Improper torsion and dihedral torsion
can also occur simultaneously; given the dependence of electron delocalization on backbone
geometry, it follows that these effects must influence the energetic barriers to both dihedral and
improper torsion. However, even basic investigation of improper torsion at the QM level is
beyond the coverage of current literature for organic semiconductors. '4 As a result, the energy
of dihedral torsion cannot be decoupled from the energy of improper torsion in a conventional
torsional scan.

Recent advances in organic electronics have challenged conventional wisdom about
torsional effects, that is, materials with large dihedral twists, which were expected to show
low mobilities, have demonstrated excellent performance in some cases.?%?! These findings
suggest that understanding of torsional effects is incomplete, especially with respect to the role of
improper torsion. However, isolating the effects of improper torsion is challenging. Clashes that
arise between atoms of the involved monomers lead to very large energy penalties, even at low
degrees of improper torsion. In these cases, it can be hard to separate these nonbonded effects
from the underlying covalent energies using conventional methods. An additional difficulty
arises from the expected correlation between the energetics of improper torsion and those of
dihedral torsion. Due to this coupling, it is not possible to fully characterize the energetics
stemming from improper torsion using a simple modification of angular or improper potentials.
As a result, current models of improper torsion rely on terms taken from a general force field
(i.e., OPLS, CHARMM, GAFF), and are focused on maintaining the rigidity of aromatic rings
rather than considering intermonomer effects. >4

Here, we present a comprehensive framework for modeling and separately quantifying
the effects of proper and improper dihedral torsion in conjugated polymer repeat units. We
applied this framework to a set of conjugated dimers and donor—acceptor units to characterize the
relationship between electron delocalization and intermonomer backbone conformation. We used
the electron delocalization data to create custom force field parameters that model the coupled

improper—proper dihedral energy effects to evaluate potential accuracy gains in MM models
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of these materials. Additionally, we developed an interactive visualization tool that integrates

molecular geometries, delocalized electron density distributions, and energy profiles.

L*

b Dihedral Torsion

8,9=0°,0° 30°,0°  60°,0° 90°,0°
c

mr —- ‘P —_— #ﬁ —.(*.'
“ PN Y
=
Cc Improper Torsion
0,¢$=0°,0° 0°, 30° 0°,60° 0°,90°

o Yy Y
SIS I S

Figure 2.1. Improper vs proper intermonomer dihedral torsion in conjugated polymers. Con-
jugated polymers can experience two types of torsion: proper dihedral torsion and improper
dihedral torsion. 0 is hereon used to refer to the proper dihedral torsional angle, and ¢ to the
improper dihedral torsional angle. (a) Model conjugated dimer (bithiophene) in a coplanar
geometry. In (b) dihedral torsion, the twisting of monomers does not result in a change in the
center of mass of the monomers. This is in contrast to (c) improper torsion, in which an increase
in the degree of bending accordingly shifts the center of mass of one monomer.

2.3 Methods

To extract the energies arising from improper torsion between two aromatic monomer
residues, we extended a previously reported methodology. ! This prior work introduced a method
that uses a series of QM energy calculations to produce highly accurate parameters for proper
dihedral backbone torsions. The torsional potential can be attributed to two primary components:

(1) steric/nonbonded interactions and (2) covalent electronic effects. Since steric contributions,
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which often drive monomers away from planarity, are already accounted for in molecular mechan-
ics models through nonbonded force field terms (van der Waals and electrostatic interactions),
the methodology isolates these effects to prevent double-counting. This enables a potential
solely associated with covalent delocalization interactions to be obtained. Relying on QM
calculations alone allows the planarizing energy of electron delocalization to be decoupled from
steric interactions. ' We expand upon this method in the present work, where scans through a
combined set of dihedral and improper angles are used to derive a coupled improper—proper
(CIP) potential.

To isolate the energy related to nonbonded interactions, we used a three-step process
(Figure 2.2). First, a set of torsional scans were conducted on an unmodified dimer starting
from the coplanar structure. We generated a set of dimer structures with varying degrees of
improper torsion, in increments of 5° from 0 to 30°, and in larger increments of 10° from 30
to 60°. We then performed a torsional scan of the intermonomer dihedral on each of these
starting structures in increments of 10°, from 0 to 360°. For the second step, this process was
repeated by conducting an identical set of scans with a hydrogenated dimer structure, where two
hydrogen atoms were added to one of the monomers to block electron delocalization. For the
third step, this process was repeated with another structural variant, in which one of the rings
was replaced with a methyl group (a “methylated monomer”). The nonbonded energy (i.e., steric
forces) was isolated by subtracting the energy associated with conjugation (determined using the
methylated monomer) from the energy of the hydrogenated dimer. The energy associated with
electronic delocalization can be isolated by subtracting the calculated energy of the hydrogenated
dimer from the energy of the simple dimer. After running the full set of scans for the given
dimer, a unique set of OPLS-style dihedral parameters was fitted to the data produced by each
of the torsional scans.?? This set of dihedral parameters was subsequently incorporated into a
specialized force field using PLUMED to couple the improper and dihedral torsional angles. >

To determine the effectiveness of our method across a diverse array of m-conjugated poly-

mers, we tested three representative polymers: poly(3-alkylthiophene) (P3HT), polythieno[3,4-
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Figure 2.2. Method of isolating the energy associated with electronic delocalization. Torsional
scans were conducted on (a) a standard dimer, (b) a hydrogenated dimer, and (c) a methylated
monomer (i.e., where one monomer is replaced by a methyl group). By subtracting the calculated
energy (relative to improper angle) of the hydrogenated dimer from the simple dimer, the
delocalization energy can be isolated. Similarly, by subtracting the calculated energy of the
methylated monomer from the hydrogenated dimer, the nonbonded energy can be isolated. Thus,
this method allows one to decouple the energies related to electronic delocalization and steric
forces.

b]-thiophene-co-benzodithiophene (PTB7), and poly(naphthalene diimide) with a single bridging
thiophene (PNDI-T). P3HT, a well-studied homopolymer, is often used as a model for semicon-
ducting polymers.2® PTB7 was selected for its benzodithiophene residue, which is common in
p-type donor—acceptor (D-A) polymers. '3 Additionally, PTB7 offers the opportunity to investi-
gate the effects of distinct regiochemical couplings within the monomer: an outward-pointing
fluorine (“F-out” configuration) and inward-oriented fluorine (‘“F-in” configuration). Finally,
PNDI-T was chosen because the naphthalene diimide backbone motif is common for n-type D-A
polymers. PNDI-T is highly sterically hindered in the planar state, causing it to adopt a twisted
conformation, '8 and its monomers have much greater differences in electronegativity compared
to PTB7. For computational efficiency and to focus on backbone conjugation, all polymers were
modeled with methyl groups substituting the side-chains or R-groups.

To determine the relative accuracy of the method described above, we compare it to

both a conventional parametrization (general OPLS force field parameters from LigParGen)
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and to our previously reported delocalization energy parametrization. We generated a randomly
sampled set of dimer structures with varying improper and dihedral torsions, where all other
internal degrees of freedom were restricted using the RIGID package in LAMMPS.?” OPLS FF
parameters were applied to the dimers using LigParGen.?® All torsional parameters were set
to zero and the simulation was performed at 800 K to allow the dimer to twist and bend freely,
allowing the full conformational space to be sampled. Snapshots of random conformations were
taken every 100 ps. Quantum calculations were conducted for each conformation at the RI-MP2
level for a total of 100 conformations using QChem 5.4.?° These QM-calculated energies were
used to compute the difference in energy between each sampled dimer conformation and the
coplanar conformation. We then compared: (1) a conventional dihedral parametrization, (2)
our previously reported delocalization energy-based MM parameters, and (3) a new, specialized
force field coupling dihedral and improper torsion. >

To assess the effect of improper torsions in polymer films, we performed MD simulations
using a standard version and our modified version of the OPLS FF for the three model conjugated
polymers. For the default FF, we used the standard OPLS-style force fields obtained from
LigParGen. 33031 In the modified style, the parameters from LigParGen were used again, but
the equilibrium intermonomer angles were changed to the optimal angle as determined by a
geometry optimization using density functional theory (DFT) at the BP86/def2-SVP level, shown
by Matt et al. to produce accurate interplanar angles between conjugated moieties.>? Initial
conformations of the polymer film were obtained from Packmol33 at a density of approximately
0.2 g/cm?. We then performed a quench-annealing MD protocol to equilibrate our films using
LAMMPS.3* The van der Waals and real space Coulomb cutoffs were set to 10 A. The reciprocal
space Coulomb interactions were computed with a particle—particle particle—mesh solver, with
an error tolerance of 107%.3> Each MD simulation was initiated with 500 conjugated gradient
steps, followed by gradual heating to 300 K over 0.5 ns. This was followed by simulations in the

NPT ensemble for 5 ns at 400 K, before being cooled to 300 K over 0.5 ns. During NPT, we

used the time-reversible measure-preserving Verlet integrators derived by Tuckerman et al.>® for
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the time integration. Finally, NVT production dynamics ran at 300 K for 1 ns, during which the
improper angles were sampled.

To make the communication of quantitative results more visually intuitive, we developed
an interactive web application to visualize the relationship between molecular structures and
electron delocalization patterns. For each of the molecular conformers studied, we calculated
the delocalized electron density using the “anisotropy of the induced current density” (AICD)
method.3’ This calculation required first identifying the 7-bonding molecular orbitals (MOs)
for each conformer. We performed a population analysis on each structure using Gaussian. 3
We then developed a systematic approach using a scoring algorithm that evaluated two key
criteria: (1) the alignment of orbital density relative to molecular bond vectors, and (2) the energy
level of the orbital; this approach builds on methods developed by Lu and Chen.3° For each
conformer, we selected the highest-scoring MOs for AICD analysis, which generated three-
dimensional isosurfaces representing the delocalized electron density. All Gaussian calculations
were performed using the Hartree—-Fock method with a 6-31G* basis set. These isosurfaces are

interactively displayed over the molecular structures in our web application, allowing users to

examine spatial relationships between molecular geometry and electron delocalization patterns.

2.4 Results and Discussion

We determined the distribution of intermonomer improper angles for P3HT, PTB7, and
PNDI-T using two angular parametrization methods (Figure 2.4). Surprisingly, the distribu-
tions of improper angles were statistically similar for all three polymers, across both angular
parametrization methods. This gives rise to two important results. First, our simulations suggest
that most conjugated polymer films will have some degree of improper torsion, regardless of
how the intermonomer angles are parametrized. The means of the distributions were all around
4°, while the probability of observing an improper torsional angle of 0° was very low (between

2.0 and 3.8%). Second, significant improper angles occur in all conjugated polymers. The
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Figure 2.3. Motivation and protocol for obtaining AICD isosurfaces for conjugated polymers.
(a) Shows examples of molecular orbitals of PNDI-T with low and high w-bonding characters.
(b) Displays AICD isosurfaces of PNDI-T 7-bonding MOs for 0° coplanar and 90° orthogonal
conformations. (c) Describes the protocol used to generate the 7-MO AICD isosurfaces for the
conjugated dimers examined in this study.
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probability of observing large improper angles between monomers (i.e., 8° or greater) occurs at
least as often as the near-coplanar conformation (improper angle <2°), on average 15% vs 12%
respectively. Thus, we conclude that improper torsion may be an important contributor to the
overall energetics of conjugated polymer chains, and should be explicitly considered in force

field parametrizations for systems where its energetic impact is determined to be significant.
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Figure 2.4. Comparison of improper angle populations in different angular parametrizations.
Mirror histograms displaying improper angles of randomized polymer films with different
angular configurations. In the LigParGen parametrization (light red, mirrored to negative values),
the angular parameters were taken from an OPLS parametrization of the conjugated dimer. In
the Geometry-Optimized parametrization (dark red, positive values), the angles were set to
their equilibrium positions in a quantum mechanical geometry optimization. While geometry
optimization was expected to lead to less improper torsion, both methods show modest amounts
of improper torsion.

When dihedral torsion (proper or improper) is induced on a dimer, the energy of the
system changes relative to the torsional effect on nonbonded interactions and electronic delocal-
ization. We first investigated the effect of coupled dihedral and improper torsion on P3HT, PTB7,
and PNDI-T using conventional torsional scans (Figure 2.5). For all polymers, overall energetic
differences are dominated by a dramatic increase in steric energy at high degrees of improper
torsion. Our simulations also indicate that certain combinations of dihedral and improper torsion
can reduce the relative strength of steric clash compared to the 0° improper conformation. In
P3HT, the energy of adjacent monomers increases sharply and decreases near 0° of dihedral
torsion as the large sulfur atom becomes close to the hydrogen atoms in the adjacent ring. For
PNDI-T, there is a clear potential energy maximum at 180°, a barrier over 3 times higher than

the next largest local maximum, and no clear energetic minima because all conformations suffer
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from steric hindrance.
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Figure 2.5. Total energy from QM proper-improper torsional scans. Energy calculated directly
from QM torsional scans of adjacent monomers for (a) P3HT, (b) PNDI-T, (c) PTB7 F-in and (d)
PTB7 F-out relative to dihedral angle (from 0 to 360°) and improper angle (from 0° in blue to
30° in red). Scatter plot points are data, solid lines are OPLS dihedral fits.

These standard QM scans reveal that increased improper torsion significantly distorts the
proper dihedral profile due to steric clashes between monomers. Since nonbonded interactions
dominate these profiles, they cannot be directly used for parameter fitting. By isolating the
delocalization energy (removing nonbonded components), we can successfully fit OPLS dihedral
parameters, and understand how improper and dihedral torsion affect the drive toward coplanarity
in conjugated polymers (Figure 2.6).

The delocalization energy profiles (without nonbonded forces) are similar for both PTB7
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configurations (Figure 2.6), indicating that fluorine placement minimally impacts the intrinsic
electronic preference for planarity. However, when nonbonded forces are included, the energy
profiles differ substantially, revealing that steric effects from fluorine positioning, not changes in

electronic delocalization, drive the observed conformational differences.
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Figure 2.6. Isolated delocalization energy from QM for proper-improper torsional scans. Energy
associated with electronic delocalization for (a) P3HT, (b) PNDI-T, (c) PTB7 F-in and (d) PTB7
F-out relative to dihedral angle (from 0 to 360°) and improper angle (from 0° in blue to 30° in
red). Scatter plot points are data, solid lines are OPLS dihedral fits. By removing the nonbonded
energy (e.g., steric interactions) from each simulation, the effect of both dihedral torsion and
improper torsion on the delocalization energetics can be elucidated.

Once the nonbonded energies are removed, it becomes evident that the potential barrier
associated with dihedral torsion tends to decrease slightly as improper torsion increases in P3HT

and in PTB7. For all three polymers, there are energetic minima around dihedral angles near O
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and 180°, and maxima around 90 and 270°. For P3HT and PTB7, an increase in improper torsion
decreases the height of the torsional barrier by ~0.33 kcal/mol for P3HT and ~0.78 kcal/mol
for PTB7. This indicates that increasing improper torsion impedes intermonomer conjugation,
which reduces the total amount of energy associated with electronic delocalization available to
be gained or lost.

Conversely, PNDI-T shows a comparatively small resistance to improper torsion and a
slight increase in the torsional barrier of ~0.27 kcal/mol (Figure 2.7a). This finding indicates that
electron delocalization is not significantly obstructed, and may even be enhanced by improper
torsion in this polymer, likely due to the large 7-electron system of the naphthalene diimide
monomer. This finding offers a suggestion as to why poly(naphthalene diimide)-based polymers,
which exhibit substantial degrees of backbone disorder, can maintain good electronic properties
under large strains (e.g., in stretchable OFET devices). 404!

For P3HT and PTB7, the barriers to improper torsion are more than double the respective
barrier to dihedral torsion at low angles (Figure 2.7b), meaning more pathways for electronic
delocalization are broken than are created. Our simulations of PNDI-T suggest that favorable
delocalization energetics can be maintained despite a disordered backbone. Future work is
needed to determine if and when improper torsion makes more conjugation than it breaks,
whether improper torsion allows for additional overlap within the 7-system, thus maintaining
conjugation over larger length scales.

We obtained energies for a range of dimer conformations using the coupled proper-
improper parametrization method and calculated the errors with respect to energies obtained
from QM. We compared these errors to those of two reference models to assess the impact of the
new parametrization method on the accuracy of the molecular mechanics model (Table 2.1). The
improved parametrization enhanced accuracy compared to conventional force fields across all
studied polymers. However, the improvements were modest in comparison to our previous OPLS-
DE parametrization method. This suggests that while incorporating coupling effects between

proper and improper dihedral torsions in conjugated polymer models does increase accuracy, the
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Figure 2.7. Delocalization energy barriers to proper and improper torsion. (a) Barriers to proper
dihedral torsion as a function of improper angle for each of the polymers studied. The torsional
barrier decreases slightly relative to increasing improper torsion for P3HT, PTB7 (F-in and
F-out), but changes little for PNDI-T. (b) Energy with respect to isolated dihedral torsion and
improper torsion for each of the polymers studied. For P3BHT and both PTB7 variants, increasing
the improper angle has a much higher energetic cost compared to dihedral torsion. This does not

hold true for PNDI-T, which possesses a much larger conjugated structure compared to the other
polymers.

majority of improvements over conventional models stem from better parametrization of proper

dihedral torsions.

Table 2.1. Mean error reductions achieved using the coupled improper—dihedral parametrization,
relative to a conventional OPLS parametrization and to the previously reported OPLS-DE
delocalization energy parametrization. Error is the difference between the molecular mechanics
energy and the reference QM energy (aug-cc-pVTZ RI-MP2), averaged across a comprehensive
set of randomly sampled conformers. Negative values indicate reduced error.

Mean error change vs Mean error change vs
Polymer conventional (kcal/mol) delocalization (kcal/mol)
P3HT —0.54 —0.23
PTB7 F-out —0.11 —0.03
PTB7 F-in —0.62 —0.29
PNDI-T —1.12 —0.04

After developing the computational framework necessary to quantitatively investigate
the relationship between electron delocalization and backbone conformation, we identified
a gap in our ability to effectively visualize and communicate these results. To address this

limitation, we developed an interactive web application (Figure 2.8a) to facilitate exploration
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of electron delocalization in conjugated polymers. Several alternative methods have been

proposed to visualize electron delocalization, including natural bond orbital (NBO) analysis, *?

electrostatic potential (ESP) mapping, and electron localization function (ELF) calculations. >4’
However, most of these techniques are optimized for planar, aromatic systems and have limited
applicability to nonaromatic or nonplanar conjugated polymers.37-3° We identified the anisotropic
induced current density (AICD) method as a promising alternative for visualizing 7-electron
delocalization in conjugated polymers.3’ The advantage of AICD lies in its ability to capture
current density distributions induced by external magnetic fields that are independent from the
underlying electron density. AICD isosurfaces thus provide an intuitive representation of electron
delocalization beyond conventional depictions. Additionally, we implemented a conversion
method to render these representations in an interactive 3D format. These visualizations not

only improve our understanding of these systems but also serve as a valuable tool for broader

dissemination of insights into conjugated polymer behavior.

2.5 Conclusion

This work sought to understand the effect of improper torsion on the energetics of three
model polymers: P3HT, PTB7, and PNDI-T. Our simulations suggest that varying degrees of
improper torsion would be common in the polymer chains that compose a solid sample. Improper
torsion decreases electron delocalization when planarity is broken, but can increase electronic
delocalization if additional overlapping of the 7-orbitals is induced. In general, we find that
the first effect is stronger than the second, and thus an increase in improper torsion generally
results in a greater energetic barrier to torsion for all polymers here except PNDI-T. As a result,
improper torsion is generally an obstacle for electronic delocalization.

Additionally, we find that energetic penalties from steric interactions obscure the energetic
penalties associated with electronic delocalization relative to increasing improper torsion. By

modifying our computational method to isolate the energy related to electronic delocalization, we
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Figure 2.8. Interactive web application design and delocalization isosurface examples. (a)
An interactive web application for exploring the 3D structure of conjugated dimer conformers,
their delocalization energy, HOMO density plots, and associated delocalized electron density
maps. Delocalized electron density (AICD) isosurfaces can be loaded and rendered in our web
application, and are shown for our model of P3HT at progressive degrees of (b) proper dihedral
torsion and (c) improper dihedral torsion.
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show that the barrier to torsion changes as improper angle increases. Similarly, by isolating the
effects of both styles of torsion, we determine that improper torsion generally imposes a stronger
energetic penalty compared to dihedral torsion. In particular, simulations of PNDI-T suggest
that it is possible for adjacent monomers in a conjugated backbone to be highly twisted and
still maintain conjugation. This finding suggests an explanation as to why some D—A polymers
can maintain good charge transport properties while highly strained (e.g., in stretchable organic
transistors).

Our findings indicate that the inclusion of a modified characterization of improper
torsion helps better describe the energetics of conjugated polymers. Thus, consideration of the
improper torsion within a conjugated system is recommended for highly accurate models of
semiconducting polymers. Improper torsion is even more likely to be important when high
degrees of torsion are present in general (e.g., films under strain, polymers deposited from melt,
films annealed at high temperatures).

Further exploration of highly sterically hindered polymers (particularly D—A polymers
with asymmetric monomers) can provide information about the disruption of electronic delocal-
ization in conjugated polymers. Additional work in this area could offer significant insights into
the high mobilities of modern D—A polymers, many of which are amorphous or take advantage
of short-range aggregation. Thus, accurate understanding of how chemical structure affects the
morphology of a polymer solid offers an avenue for improving predictions of its physical (e.g.,

electronic and mechanical) properties.
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Chapter 3

Modeling Framework for Crosslinking in
Quantum Dot Films

Se Young Park, Seongjae Lee, Robert S. Ramji, Jeehye Yang, Hyeokjun Kim, Yoonsang Ham, Myoungjin
Park, Tod A. Pascal, Darren J. Lipomi, and Moon Sung Kang. Additive-Type vs. Ligand-Type Crosslinkers
for Direct Photopatterning of Robust Quantum Dot Network. Manuscript under review.

3.1 Introduction and Motivation

Direct photopatterning of colloidal quantum dots (QDs) through ligand photocrosslinking
is a promising route to high-resolution emissive pixels for display applications.*3=! The strategy
translates the logic of a negative-tone photoresist to a thin QD film: a spin-coated film is
selectively irradiated through a photomask, the exposed region forms an insoluble crosslinked
network, and a developing solvent removes the unexposed region. >3 The appeal of crosslinking
the organic ligand shell, rather than chemically transforming the inorganic core, is that QD
luminescence can in principle be preserved. >

Crosslinking chemistry can be introduced in two distinct ways. In the additive-type
approach, a bifunctional crosslinker is blended into the QD ink and interlocks the native ligands
of neighboring QDs upon irradiation.>®>” In the ligand-type approach, a photocrosslinkable
moiety is anchored directly to the QD surface through a partial ligand exchange, so that one end

of the crosslinker is already bound to a QD before exposure.>*8 In the work described here,

both crosslinker designs share an identical benzophenone (BP) photochemistry activated under
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i-line UV irradiation (365 nm). The additive-type crosslinker, O-BP-2-LiXer, carries a BP group
at each end of the molecule; the ligand-type crosslinker, O-BP-1-PXL, carries the same BP group
at one end and a thiol anchor at the other. Upon irradiation the BP group abstracts a hydrogen
atom from a nearby alkyl group, generating a ketyl radical that forms a covalent bond with an
oleic acid (OA) ligand of an adjacent QD.>*

The two designs differ sharply in their experimentally measured crosslinking efficiency.
Efficiency was quantified through the film thickness retention ratio (FRR), the fraction of film
thickness retained after immersion in the developing solvent (n-octane). When the number of
crosslinkers per QD was matched at 44 molecules per QD, the ligand-type O-BP-1-PXL reached
the threshold for sufficient crosslinking (FRR > 0.95) at a UV dose of only 1.1 Jcm ™2, whereas
the additive-type O-BP-2-LiXer required 4.8 Jcm™? to reach the same threshold (Figure 3.1a).
This lower dose requirement matters because UV exposure degrades QD photoluminescence: at
its minimal effective dose the O-BP-1-PXL film retained a photoluminescence quantum yield
(PL QY) of 109% relative to the pristine film, while the O-BP-2-LiXer film at its higher minimal
dose fell to 67% (Figure 3.1b).

The central question addressed by the computational work in this chapter is mechanistic:
why does the ligand-type crosslinker require so much less UV dose? Two explanations are
plausible. The first is a connectivity argument: because one end of O-BP-1-PXL is pre-anchored
to the QD surface, it needs to form only a single new bond to bridge two QDs, whereas the
bifunctional O-BP-2-LiXer must form two bonds. The second is a geometric argument: the fixed
orientation of the surface-anchored crosslinker might present its reactive group more favorably
toward a neighboring QD. To distinguish between these explanations, and to connect single-
crosslinker reactivity to the film-scale connectivity that governs FRR, I constructed an atomistic
model of the crosslinked QD system, simulated the crosslinking reaction directly, and embedded

the resulting local connectivity statistics into a percolation model of the macroscopic film.
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Figure 3.1. Experimental crosslinking efficiency that the simulations seek to explain. (a) Film
thickness retention ratio (FRR) of crosslinked InP/ZnSeS QD films as a function of UV exposure
dose for the additive-type (blue) and ligand-type (red) crosslinkers; the dashed line marks FRR =
0.95. (b) Normalized PL QY of the same films as a function of exposure dose; the dashed line
marks the PL QY of the pristine film. Panels are reproduced from the corresponding figure of
the source manuscript. The ligand-type crosslinker reaches sufficient crosslinking (FRR > 0.95)
at 1.1 Jcm~2, the additive-type at 4.8 Jem ™2,
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3.2 Construction of the Atomistic QD Model

Atomistic models of the QDs, ligands, crosslinkers, and their interfaces were built to
match the materials used experimentally as closely as practical. The model InP/ZnSeS QD
comprised an InP core of radius 1.2 nm and a ZnSeS shell of thickness 2.3 nm, giving a total
radius of 3.5 nm (a 7 nm diameter particle), consistent with the experimental QDs. The InP
core was generated by carving a sphere of radius 1.2 nm from a zincblende supercell. The shell
was created as a random alloy of 44% ZnS and 56% ZnSe, matching the experimental shell
composition, by carving a spherical shell from a bulk zincblende supercell; its lattice constant of
5.559 A was obtained from Vegard’s law. The core was placed inside the shell, and the assembled
QD was minimized and equilibrated for 1 ns at 300 K in the NVT ensemble using a Nosé-
Hoover thermostat with a Stillinger-Weber force field parameterized for II-VI materials. % The
equilibrated inorganic particle was then treated as a rigid body in all subsequent crosslinking and
stress-strain simulations.

Atomistic representations of OA and of the two crosslinkers, O-BP-1-PXL and O-BP-2-

LiXer, were constructed in Avogadro®!:6?

according to their chemical structures (Figure 3.2a).
Optimized geometries and RESP partial charges for the deprotonated ligands and crosslinkers
were computed at the ®@B97X-D/6-311++G** level. Intermolecular interactions among the
organic species were described with the DREIDING force field,®* which is well suited to the
aromatic and aliphatic moieties present in OA and the BP crosslinkers.

Describing the ligand-QD interface required additional care, because validated, trans-
ferable classical force-field parameters for the ZnS/ZnSe-ligand interface are not available in
standard libraries.®*% I adopted a pragmatic effective model rather than a fully reactive or repa-
rameterized interface potential. The Zn-rich shell was treated as passivated by anionic, oleate-like
and thiolate-like ligands, a binding picture supported by density functional theory studies of

anionic ligand passivation on cation-rich II-VI surfaces.®0%® Inorganic partial charges were

derived from composition-weighted, slab-derived Bader charge magnitudes (¢(Zn) = 40.793,
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q(S) = —0.877, ¢(Se) = —0.727), reflecting the 44% S and 56% Se shell composition. These
charges were obtained from Quantum ESPRESSO calculations on zincblende ZnS and ZnSe
slabs %70 using the PBE functional with ultrasoft pseudopotentials from the SSSP library, /173
plane-wave cutoffs of 50 Ry (wavefunctions) and 400 Ry (charge density), and a 4 x4 x 1
Monkhorst-Pack k-point mesh, with all parameters selected by convergence testing.

Ligand-QD nonbonded interactions were otherwise described with UFF parameters.
Because the generic UFF cross-terms underestimate the strong anchoring of carboxylate and
thiolate groups to the Zn-rich surface, only the two nonbonded cross-interactions governing
surface anchoring, Zn-O (carboxylate) and Zn-S (thiolate), were tuned empirically. Each was
scaled by a factor of approximately 12. The scaling was guided by 1 ns MD simulations of
the full particle in which the Zn-O and Zn-S radial distribution functions were monitored;
scaling was halted once the radial distribution functions indicated saturated surface coverage,
so as not to over-constrain the ligand shell. The resulting parameterization reproduces stable
ligand adsorption and the qualitative trend of stronger thiolate than oleate binding. It should
be understood as an effective model chosen to stabilize the bound-shell configuration, not as a
unique description of the true interface potential.

Ligand and crosslinker counts were set from the experimental surface density of roughly
2 ligands nm~2 and the matched loading of 44 crosslinkers per QD. For a 7 nm QD this
corresponds to 350 OA ligands and 44 additive-type crosslinkers for the LiXer QD, and 306 OA
ligands plus 44 photocrosslinkable ligands (350 ligands in total) for the PXL QD. The PXL QD
was built by randomly substituting 44 O-BP-1-PXL molecules for OA ligands on the QD surface,
while the LiXer QD was built by adding 44 O-BP-2-LiXer molecules directly to the system.
Each model QD was then replicated in the x direction to form a two-QD unit cell, which was
the basic system for all subsequent crosslinking simulations (Figure 3.2b). Periodic boundary

conditions made this two-QD cell representative of a bulk crosslinked film.
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Figure 3.2. Atomistic models used in the crosslinking simulations. (a) Structures of the model
InP/ZnSeS QD (core not shown for clarity), oleic acid, the ligand-type crosslinker O-BP-1-PXL,
and the additive-type crosslinker O-BP-2-LiXer, from left to right. (b) Assembled ligand-type
(PXL) and additive-type (LiXer) model QDs, showing the inorganic QD (yellow), the dispersive
OA ligands (cyan), and the crosslinkers (red).
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3.3 Crosslinking Simulations

Crosslinking was simulated directly on 50 independently randomized two-QD unit cells
for each crosslinker type, so that a wide range of ligand conformations and crosslinking contacts
would be sampled. To prepare each starting structure, one model QD was given a random rotation
(without displacing its center of mass), the cell was replicated along x, heated to 500 K for 20 ps
in the NVT ensemble, and then cooled to 300 K over 100 ps in the NPT ensemble at 1 atm. The
cooled structure served as the starting point for the iterative crosslinking procedure.

All MD simulations were performed in LAMMPS.”# The temperature was controlled
by a Nosé-Hoover thermostat with a 100 fs relaxation time, and stresses were relaxed with
an Andersen barostat (1 ps pressure relaxation). The equations of motion follow Shinoda and
coworkers,”® which combine the hydrostatic formulation of Martyna and coworkers 76 with
the Parrinello-Rahman strain energy,’’ integrated with the time-reversible, measure-preserving
Verlet integrators of Tuckerman et al.”®

The crosslinking algorithm proceeded in cycles, summarized in Figure 3.3a. Each cycle
consisted of (i) energy minimization, (i) heating to 300 K for 20 ps in the NVT ensemble,
and (iii) equilibration for 100 ps in the NPT ensemble at 1 atm to relax the ligand, crosslinker,
and QD positions. After equilibration, the final frame was searched for crosslinking contacts,
defined as a reactive BP oxygen within 4 A of an alkyl carbon. When several candidate contacts
were found, the closest was selected. A selected contact was converted into a permanent bond
by forming a carbon-carbon bond between the alkyl carbon and the carbon adjacent to the BP
oxygen, and transferring one of the alkyl carbon’s hydrogen atoms to the BP oxygen to form
a hydroxyl group, mimicking the experimental ketyl-radical hydrogen-abstraction mechanism.
The cycle was repeated until either all crosslinkable groups had reacted or three consecutive
cycles produced no new contacts.’39 The ParmEd3! and MDAnalysis®? libraries were used to
process the trajectories and identify crosslinking contacts within the unit cell and its periodic

images.
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Each crosslink was classified by the connectivity it produced (Figure 3.3c). A bridging
crosslink connects ligands on two different QDs and therefore contributes to the percolating
network; an internal crosslink connects two ligands on the same QD and does not; an incomplete
crosslink has reacted with one OA ligand but does not yet connect any QDs; and a non-activated
crosslinker has not reacted at all. The incomplete category is available only to the bifunctional
additive-type crosslinker: the ligand-type crosslinker begins each simulation already anchored to
one QD, in an effectively incomplete state, so it can only form bridging or internal crosslinks. The
key observable extracted from these simulations is the nearest-neighbor (NN) bond probability,
the probability that two adjacent QDs are connected by at least one bridging crosslink, which is
a direct measure of local connectivity in the film.

The simulations revealed a substantial efficiency difference between the two crosslinker
types. Both approached 100% NN bond probability as the reaction neared completion, but
the two diverged sharply at low extents of reaction (Figure 3.3b). Below 40% reaction, the
ligand-type crosslinker (PXL) produced an NN bond probability up to 2.9 times greater than
the additive-type crosslinker (LiXer). The distribution of bond types makes the mechanism
explicit (Figure 3.3d): at a given extent of reaction the additive-type system accumulates a large
population of incomplete crosslinks, because a bifunctional crosslinker must react twice before
it can bridge or close internally, whereas the ligand-type system converts reacted groups into
bridging or internal crosslinks immediately. Importantly, beyond 50% crosslinking the additive-
type crosslinker forms slightly more bridging crosslinks than the ligand-type, which confirms
that the ligand-type advantage at low reaction extents is not a geometric effect of crosslinker
orientation on the QD surface. The advantage arises from the single-bond requirement for

completing a ligand-type crosslink.
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Figure 3.3. Crosslinking simulations of the two-QD model. (a) Iterative crosslinking protocol:
equilibrate, search for contacts, update bonds, and terminate when the maximum number of
crosslinks is reached or three cycles yield no new contacts. (b) Nearest-neighbor bond probability
as a function of the percentage of crosslinked BP groups for the additive-type (blue) and ligand-
type (red) crosslinkers; the dashed line marks the bond probability required for 95% connectivity
from the percolation analysis (Section 3.4). (c) Classification of crosslink outcomes for the
additive-type (left) and ligand-type (right) systems: bridging, internal, incomplete, and non-
activated. The incomplete state is accessible only to the bifunctional additive-type crosslinker. (d)
Average populations of crosslink types through the progression of the reaction; the ligand-type
crosslinker reaches critical connectivity at a much lower extent of reaction than the additive-type

crosslinker.
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3.4 Percolation Analysis and Connection to Film Retention

The crosslinking simulations report local connectivity between adjacent QDs, but FRR
is a film-scale property: a film resists dissolution only when its QDs form a spanning network.
To translate local NN bond probability into film-scale connectivity, I implemented a Monte
Carlo bond-percolation model on a three-dimensional hexagonal close-packed (hcp) lattice, in
which each lattice node represents a QD and each potential nearest-neighbor bond is present
with probability p equal to the NN bond probability from the MD simulations.

The Monte Carlo approach was first validated against the literature. On a 10 x 10 x 10
hep lattice the model reproduced the established critical bond probability for percolation onset,
P. ~0.12, in close agreement with published values for the hcp lattice.®? (Figure 3.4b). With the
method validated, I used it to determine the threshold needed for film integrity rather than merely
for percolation onset. Modeling the film as a 50 x 50 x 3 lattice and sampling each value of p
100 times, the model showed that an NN bond probability of approximately 0.298 is required
to connect 95% of the nodes to the spanning network (Figure 3.4c, and Figure 3.5). This 95%
connectivity threshold, Pys, was chosen to approximate the experimental requirement of FRR
> (.95 for an acceptable, development-stable film. The same Py5 value was obtained on a bulk
10 x 10 x 10 lattice, indicating that the threshold is relatively insensitive to film thickness over
this range.

Combining the percolation threshold with the crosslinking simulations closes the argu-
ment. Because UV dose controls the extent of BP reaction, the NN bond probability can be
expressed as a function of the fraction of crosslinked BP groups, and the percolation threshold
then fixes the extent of reaction required to reach film-scale connectivity. The threshold-crossing
analysis (Figure 3.4d) shows that the additive-type system must crosslink more than three times
as many BP groups as the ligand-type system to reach equivalent 95% connectivity. This factor of
three in required reaction extent is the simulated counterpart of the roughly four-fold difference

in experimental UV dose (4.8 versus 1.1 Jcm™2). The remaining discrepancy is consistent with
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the nonlinear relationship between UV dose and BP conversion and with the conservative nature

of the connectivity threshold, and it does not affect the qualitative conclusion.
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Figure 3.4. Percolation analysis linking local connectivity to film-scale integrity. (a) Representa-
tive snapshots of crosslinked ligand-type (PXL) and additive-type (LiXer) films, showing the
QDs (yellow), dispersive ligands (cyan), and crosslinkers (red). (b) Monte Carlo percolation on
a 10 x 10 x 10 hcp lattice, reproducing the literature percolation threshold near 0.12. (c) Nearest-
neighbor bond probability as a function of the percentage of crosslinked BP groups for both
crosslinker types, with the 95% connectivity threshold marked. (d) Threshold-crossing points,
the percentage of crosslinked BP groups at which each system reaches the 0.298 nearest-neighbor
bond probability required for 95% connectivity; the additive-type system requires substantially
more reacted BP groups.

3.5 Summary

The molecular simulations developed in this chapter explain, at the mechanistic level,
why a ligand-type benzophenone crosslinker patterns QD films at a far lower UV dose than
a chemically identical additive-type crosslinker. By building an effective atomistic model of
the InP/ZnSeS QD and its ligand shell, simulating the crosslinking reaction directly across 50

randomized configurations per crosslinker type, and embedding the resulting local connectivity
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Figure 3.5. Determination of the 95% connectivity threshold. Monte Carlo bond-percolation
result for a film modeled as a 50 x 50 x 3 hcp lattice, plotted as the ratio of the largest con-
nected cluster to the total number of nodes against nearest-neighbor bond probability. The
95% connectivity level (gray dashed line) is reached at a nearest-neighbor bond probability of
approximately 0.298 (orange dashed line), which is adopted as the threshold Pys corresponding
to the experimental FRR > 0.95 criterion.
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statistics in a validated percolation model, I showed that the ligand-type advantage stems from a
connectivity argument rather than a geometric one. A surface-anchored crosslinker needs to form
only one new bond to bridge two QDs, so it converts reacted BP groups into network-forming
crosslinks immediately, whereas a bifunctional additive-type crosslinker accumulates incomplete
crosslinks until enough of its groups have reacted. Quantitatively, the additive-type system must
crosslink more than three times as many BP groups to reach the same 95% film connectivity,
mirroring the experimental dose gap. The framework also illustrates a transferable strategy:
single-junction reactivity sampled by direct MD crosslinking can be coupled to lattice percolation
to predict a macroscopic, processing-relevant property, the film thickness retention ratio, from

molecular-scale chemistry.
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Chapter 4

Thermodynamics and Molecular Mecha-
nism of Reversible, Peptide-Induced Ag-
gregation in Colloidal Gold Nanoparticles

Robert Ramji, Margaret Mullooly, Isla Duncan, William Brown, Benjamin Lam, Darren J. Lipomi,
Kristina D. Closser, Jesse V. Jokerst, and Tod A. Pascal. Thermodynamics and Molecular Mechanism of
Reversible, Peptide-Induced Aggregation in Colloidal Gold Nanoparticles. Manuscript in preparation.

4.1 Abstract

Aggregation-based colorimetric assays exploit the distance-dependent plasmonic cou-
pling of gold nanoparticles (AuNPs) and are widely used for sensitive detection. Because
aggregation is normally irreversible, such assays are single-use and tolerate only narrow ranges
of pH and ionic strength. Short cationic peptides induce a reversible form of aggregation with a
potency that depends on sequence rather than on net charge alone, but the thermodynamic driving
forces behind it are uncharacterized. We present an atomistic molecular dynamics framework
that measures the free energy of bringing two citrate-capped AuNPs together, with explicit citrate,
counterions, and 25 peptide copies, and that resolves every structural observable against the
same coordinate on which the free energy is measured. Across twelve peptides plus controls, the
compression free energy over 47 to 27 A is repulsive for the anionic peptide (+8.4 kcal mol™!)
and for the bare citrate shell (47.7), progressively screened by NaCl (+3.7, +2.3, +0.8 at 0.1,

0.2, and 0.5 M) but never inverted by monovalent salt, flat for neutral Gly; (41.5), and attractive
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for every cationic peptide (—10.6 to —27.0). Net charge sets this repulsive to attractive axis, and
the structural record shows how: cationic peptides displace Na™ from the gap before contact and
then bridge the two anionic surfaces, while the citrate shell remains a spectator and the metal
cores contribute nothing above 27 A. Charge is not the whole law: at identical +1 charge His, is
attractive (—12.6) where Gly, is flat, and at +3 Arg, is more attractive than Lys; (—27.0 against
—15.8). The free-energy barrier moves outward with peptide charge in step with the onset of
bridging, identifying the barrier top as the point at which bridging switches on. Equilibrium
umbrella sampling reproduces the approach branch independently, agreeing on barrier position
to within 1.1 A and on barrier height to within 0.8 kcal mol~!. The model recovers the class
distinctions available from experiment: stability without peptide, screening by salt that never

inverts, attraction for every cationic sequence, and inactivity for neutral Gly,.

4.2 Introduction

Gold nanoparticles (AuNPs) have emerged as versatile platforms in biomedical diagnos-
tics and therapeutic delivery, owing to their tunable plasmonic properties, high surface-area-to-
volume ratio, and well-established surface chemistry.*3% A particularly compelling property
of AuNP dispersions is their strong distance-dependent optical response: upon aggregation,
the plasmon resonance of neighboring particles couples, producing a characteristic red-to-blue
colorimetric shift visible to the naked eye.3’ This phenomenon has been exploited extensively in
colorimetric assays for the detection of nucleic acids, proteins, small molecules, heavy metals,
and pathogens. 33! In most aggregation-based assay designs, however, the assembly process
is irreversible, because the van der Waals attraction between metal cores at short interparticle
separation is large compared with thermal energy. Once aggregated, the particles cannot be
returned to their dispersed state, which constrains such sensors to single-use formats. The
aggregation step is also highly sensitive to the chemical environment, limiting the range of media

in which a given sensor can operate.
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Experimental work has demonstrated that citrate-capped AuNPs can be induced to
aggregate reversibly when the assembly is mediated by cationic peptides, with the dispersed state
recoverable upon removal or dilution of the peptide, or upon competitive exchange with thiolated
ligands. °>%3 This behavior is mechanistically distinct from conventional salt- or antibody-induced
irreversible aggregation. The reversal is attributed primarily to a reduction in interparticle
electrostatic repulsion rather than to direct metal contact, so that dispersive thiol-bearing ligands
can subsequently displace the peptide and citrate and re-stabilize the particles. > The precise
sequence of molecular events that governs assembly, the thermodynamic driving forces involved,
and the structural basis of reversibility have nonetheless not been characterized at the atomic
level.

AuNPs and their interactions with both citrate and peptides have received considerable
computational attention. Molecular dynamics and density functional theory studies have es-
tablished that citrate binds Au surfaces in a coverage- and pH-dependent manner, with the
protonation state of the carboxylate groups strongly influencing surface affinity and layer struc-
ture.”®%8 Force-field parametrizations for the Au and citrate interface have been developed
and compared against ab initio predictions and against spectroscopic characterization of citrate

9-101 providing a foundation for atomistic models of citrate-capped AuNPs

structuring on Au,
in explicit solvent; complementary work has examined implicit-solvent treatments of the same
systems.””-192 Broader studies of AuNP aggregation have used DLVO-based continuum models
and, more recently, coarse-grained molecular dynamics to describe the kinetics and thermody-
namics of assembly. These approaches, however, sacrifice the molecular detail at the peptide and
citrate interface that is likely essential for understanding sequence-dependent aggregation, 193-103
Direct atomistic studies of AuNP and peptide association remain comparatively sparse, leaving a
mechanistic gap that experimental measurements alone cannot close.

A prior computational effort began to address this gap by computing binding free-energy

profiles for a small set of citrate-capped AuNP and peptide systems. !°° That study provided a

first atomistic view of these systems and recovered the experimental contrast between the cationic
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RRK peptide, which induces reversible aggregation, and control systems with no peptide or with
a nominally neutral peptide (GG). We note that the peptides follow our collaborators’ synthetic
convention of C-terminal amidation, so that even a nominally neutral sequence such as GG carries
a net charge of +1 at neutral pH. No prior study, however, has examined peptide-mediated AuNP
aggregation systematically across a sequence series, which is required to connect molecular
structure to measured aggregation thresholds.

Two mechanistic pictures compete for peptide-induced aggregation of anionic citrate-
AuNPs. In the first, purely electrostatic picture, cationic peptides adsorb, neutralize the citrate
shell’s charge, collapse the double-layer repulsion, and, with two or more cationic groups,
crosslink neighboring particles; aggregation potency should then track net charge and be repro-
ducible with any cation. In the second, chemistry-specific picture, particular side chains engage
the gold surface or the citrate shell in ways that a generic ammonium group does not, so that
potency depends on sequence and on where the special residue sits within it. Experiment alone
cannot separate these two pictures, because the measured peptide panel is only five sequences
deep and the strong and weak aggregators differ in more than one respect at once. What can
adjudicate between them is a molecular model that contains the citrate shell, the counterions, and
many peptide copies explicitly, that measures a free energy of aggregation along a defined coordi-
nate, and that records what rearranges along that coordinate so that structure and thermodynamics
can be compared frame for frame.

Here we develop and apply such a framework. We simulate the approach of two citrate-
capped AuNPs across a twelve-peptide series designed to separate net charge from side-chain
chemistry, spanning net charges from —1 to +3 and including three pairs of sequences that
differ only in residue order. Free energies of compression are obtained from bidirectional steered
molecular dynamics (SMD) work and cross-validated against equilibrium umbrella sampling
with MBAR. Structural observables resolved along the same coordinate identify the molecular
events responsible. We then set the resulting free energies beside the experimental behavior of

the same system at the level the comparison supports, and use the structural record to identify
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the molecular event that ends the repulsive regime.

4.3 Methods
4.3.1 Experimental Aggregation Potencies

Citrate-capped AuNPs of approximately 20 nm diameter were prepared by the Turkevich
method as reported previously.”> Sodium citrate tribasic dihydrate (150 mg in 5 mL of deionized
water) was added to boiling HAuCly-3H,0 (45 mg in 300 mL of deionized water) at 120 °C
under vigorous stirring and allowed to react for 15 min. The solution was cooled to room
temperature, centrifuged to remove unreacted reagents, and the particles redispersed in deionized
water.

Peptides were synthesized by automated solid-phase synthesis on an Aapptec Eclipse
synthesizer using Rink-Amide MBHA resin, cleaved, precipitated in cold diethyl ether, and
purified by reverse-phase HPLC with the signal monitored at 220 nm; identity was confirmed
by ESI-MS and MALDI-TOF MS.?> Every sequence therefore carries a free NH, N-terminus
and a CONH; C-terminus, which is the terminal chemistry assumed when assigning peptide net
charges in the simulations (Section 4.3.5).

Aggregation was quantified by UV-vis spectroscopy. AuNPs (100 uL) were added to
peptide (10 uL) at varying concentration in a 96-well plate and spectra were recorded after
15 min on a BioTek Synergy H1 plate reader. Assembly intensity is the ratio of the absorbance at
the aggregated peak wavelength to the absorbance at 520 nm, so that the ratio is high when the
particles are clustered and low when they are dispersed. Assembly intensities were fitted to a
sigmoidal dose-response curve in GraphPad Prism 10, and Cso was defined as the concentration
at which assembly intensity reaches half its maximal value; a lower Cs therefore indicates a
more potent aggregator. Measurements were made at pH 7 in deionized water with no added
buffer or supporting electrolyte, which is the condition the simulations approximate, since the

simulated cells contain only the counterions required for neutrality.
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Potencies are available for five of the twelve simulated sequences: HK 0.141, HR 0.139,
RR 0.338, KH 0.977, and RH 0.954 uM. Gly; was measured and produced no appreciable
absorbance shift at concentrations up to 100 uM, so its Csg is undefined and it serves as an
inactive control rather than as a weak aggregator. Asp, and Glys were not measured, and no
experimental claim is made for them. The RR value is consistent with the 0.34 uM reported for
the same peptide and particle preparation.®> Each Cs is the fitted midpoint of a dose-response
curve measured in triplicate. These values establish that the cationic dipeptides aggregate at
micromolar concentration; the comparison drawn in Section 4.10 is at the level of active against

inactive rather than between individual sequences.

4.3.2 Molecular Dynamics Simulations

All molecular dynamics simulations were performed with the LAMMPS atomistic

4

simulation engine>* using a 1 fs timestep. Simulations were conducted in implicit solvent

with a uniform dielectric constant of 78 to approximate aqueous conditions, and long-range

electrostatics were treated with the particle-particle particle-mesh (PPPM) solver3>107 at

a
relative accuracy of 107>, Van der Waals and short-range electrostatic interactions used the
lj/charmm/coul/long pair style ! with a 13 A inner and 14 A outer cutoff. Lorentz-Berthelot
mixing rules were applied to all van der Waals interactions not otherwise specified, and the van
der Waals and Coulomb contributions of 1-4 interactions were scaled by 0.5 and 5/6 respectively,
following AMBER convention. Bonds involving hydrogen were constrained with the SHAKE
algorithm.'% Temperature was maintained at 300 K with a Nosé-Hoover thermostat 10111
using a 100 fs relaxation time. The integration scheme follows the time-reversible, measure-

preserving Verlet integrators of Tuckerman and co-workers.3® The simulation cell measured

200 x 100 x 100 A.
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4.3.3 Nanoparticle Model

Gold nanoparticles of approximately 2.1 nm diameter (236 Au atoms) were constructed
by carving a sphere from a bulk face-centered-cubic gold supercell. Lennard-Jones parameters
for gold were taken from Heinz and co-workers, ' '? which provide accurate representations of

FCC metal surfaces using a 12-6 Lennard-Jones potential. Gold atoms carry no partial charge.

4.3.4 Force-Field Parameterization

Citrate and peptide structures were built in Avogadro.!!®> Geometries were optimized
and atomic partial charges derived with the RESP method ''# at the B3LYP/6-311++G** level
under implicit solvent using the SS(V)PE solvation model !> with a dielectric constant of 78.39,
as implemented in Q-Chem 4.2° Bonded and nonbonded parameters for citrate and all peptides
were assigned with the General AMBER Force Field (GAFF) 24 via Antechamber. ''® GAFF was
chosen over the CHARMM-based parameterizations that dominate the citrate-gold literature
because it provides consistent coverage of the full set of dipeptides and of citrate within a single
parameterization, and because the peptide partial charges are derived here from first principles
rather than transferred; the tradeoff is that the citrate-gold interface is described by generic
mixing rather than by parameters fitted to that interface, which we return to in Section 4.11.3.
Lennard-Jones parameters for Na* and Cl~ were taken from Jensen and Jorgensen.'!” A scaling
factor of 1/10 was applied to the Lennard-Jones € parameter for Nat and Au interactions to
prevent ions from adhering to the gold surface, an artifact of the large diagonal € term for Au

combined with the simplified implicit-solvent treatment.

4.3.5 System Construction and Equilibration

Each nanoparticle was assembled and equilibrated individually. Twenty-five trisodium
citrate molecules were placed around the AuNP to achieve a surface density of approximately 2

2

molecules nm™“, consistent with experimentally measured citrate coverage, and charge-balancing

Na™ counterions were added. To seed citrate adsorption, a temporary harmonic steering force
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drew citrate molecules within the Lennard-Jones cutoff of the Au surface; after approximately
1 ns the steering force was removed and the system was equilibrated in the NVT ensemble at
300 K for 10 ns.

The equilibrated single-NP structure was replicated along the x dimension to generate a
symmetric two-nanoparticle cell. For peptide-containing systems, 25 peptide molecules were
added together with the number of CI™ counterions required to neutralize the cell; all peptides
were C-terminally amidated with a free N-terminus, to reflect experimental conditions. Net
charges per peptide copy, computed from the assigned partial charges, were DD —1; GG, GGGG,
and HH +1; HK, KH, HR, and RH +2; and KK, KR, RK, and RR +3. Histidine was modeled
in its neutral form throughout, appropriate to pH 7. Peptide-containing systems carry their own
counterions but no additional buffer salt, so the C1™ content scales with peptide charge (25, 50,
and 75 C1~ for the +1, +2, and +3 series against 150 Na™ in every case). Citrate-only controls
were run salt-free and at 0.1, 0.2, and 0.5 M added NaCl. A bare two-particle system with no
citrate, peptide, or ions was also constructed. The assembly sequence is illustrated in Figure 4.1.

All systems were then equilibrated for 5 ns under NVT at 300 K to distribute peptides
and counterions. Equilibration runs followed a common protocol: conjugate-gradient energy
minimization, gradual heating from 0 to 300 K over 50 ps under NVT, and NVT dynamics.
These runs establish the configuration from which biased sampling begins and are not interpreted
thermodynamically; their role is to confirm that the starting state is a properly coated particle
pair rather than a random dispersion of ligands. At the end of equilibration approximately 97%

of peptide chains are adsorbed to a gold surface.

4.3.6 Steered Molecular Dynamics

Production simulations used steered molecular dynamics implemented through the
PLUMED 2 plugin'!® interfaced with LAMMPS. A moving harmonic restraint with spring
constant k = 5 kcal mol~! A~2 was applied to the center-of-mass (COM) distance between the

two nanoparticles, defined by their respective Au atom groups. After an initial compression from
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Figure 4.1. Atomistic model components and assembly process. (a) Primary components of the
model: a 2.1 nm diameter AuNP, citrate’~, amidated diarginine>*, and amidated diglycine! .
(b) Assembly sequence: random placement of citrate’~ and Na™ around the bare AuNP, brief
thermalization, cell replication along x, random placement of peptides and CI~, and a final
thermalization to distribute peptides and counterions.
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approximately 100 A, each system was subjected to 30 half-cycles alternating between 50 and
25 A at 1 ns per leg, for 30 ns of production (Figure 4.2). Coordinates were written every 5,000
steps and the instantaneous COM distance and applied force were recorded by PLUMED every
100 steps to a COLVAR file. A slower variant at 4 ns per leg was run for RR as a pull-rate check.
For the bare-core system the restraint was stiffened to k¥ = 20 and x = 100 kcal mol~! A—2,

because at lower stiffness the bare cores overcame the restraint and fused irreversibly.

—— compression = expansion —— initial ramp

551 sp-Asp (-1)
40 A
25 4

T T T T T T T
35 4 Gly-Gly (+1)
25 A

T T T T T T T
551 His—His (+1)
40 +
25
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40 -

25

55 A

rg—Arg (+3)
o MWWV\W
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NP-NP centre-of-mass distance (A)

551 itrate, salt
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25 4
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Time (ns)

Figure 4.2. Steered molecular dynamics protocol. Interparticle center-of-mass distance against
time for six representative systems, with the initial ramp from wide separation in gray and the
alternating compression and expansion half-cycles in color. Each system was driven through 30
half-cycles at 1 ns per leg between 50 and 25 A; the work over the 27 to 47 A window common
to every complete half-cycle is what enters the free-energy estimators of Section 4.3.7.
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4.3.7 Free-Energy Estimators

Each half-cycle records the work done by the moving restraint. Over the window 27 to
47 A, which every complete half-cycle spans, the reversible and dissipated parts of the work are

separated as
<Wpush> — <Wpull>

AG = 3 y Wdiss =

<Wpush> + <Wpull>
2 7

4.1)

where the averages run over the fifteen legs in each direction. This is the symmetric, Gaussian-
work limit of the Crooks fluctuation theorem! and of the Bennett acceptance ratio,” and it
involves no exponential averaging.

This estimator was adopted in preference to a one-directional Jarzynski average '’
because at 25 A ns~! the pulls are far from quasi-static: dissipation is comparable to |AG| for the
strongly binding sequences, and an exponential average over fifteen legs with tens of kcal mol !
of spread in the work is dominated by the single lowest-work trajectory. Applied to these runs,
the one-directional estimator returns positive, and therefore unphysical, binding free energies.
The push-pull asymmetry, by contrast, carries the sign robustly even when dissipation is large.
Two checks support this. First, the asymmetry is diagnostic in cases where the compression
work alone is not: His; compresses as easily as Glyy (Wpush = 5 kcal mol~! for both) but
resists expansion far more (W ~ 30 against 2), which is attraction and not friction. Second,
the 4 x slower RR pull reproduces the value obtained at the production rate (—28.5 against
—27.0 kcal mol~!), so the estimate is not a pull-rate artifact.

The same decomposition applied to the instantaneous restraint force, rather than to
the integrated work, yields a continuous profile: averaging the mean force measured on the
compression and expansion branches at each value of the coordinate cancels the leading frictional
contribution, and integrating the result inward from 47 A gives a free-energy curve rather than a
pair of endpoints. Across the twelve-peptide panel the endpoint of this curve agrees with the
work-based AG to within 1.9 kcal mol~! on average and 3.1 kcal mol ! at worst, well inside the

dissipation scale. All profiles and barrier landmarks reported below are obtained this way; no
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quantity in this work derives from an exponential work average.
Reported uncertainties on AG are standard errors over the legs of a single trajectory.
Because consecutive half-cycles of one run are not independent, these should be read as lower

bounds on the true uncertainty.

4.3.8 Umbrella Sampling

Equilibrium free energies were computed independently by umbrella sampling? using 61
windows spaced 0.5 A apart from 20 to 50 A in the COM distance, with a harmonic PLUMED
restraint of k¥ = 5 kcal mol~' A~2 in each window. Sets were run for citrate (40 ns per window),
RR (10 and 40 ns), GG (10 ns), HK (10 ns), and KH (10 ns). All windows were seeded from
a single configuration near 26 A. Free energies were reconstructed with MBAR? including
statistical-inefficiency decorrelation, per-window sampling diagnostics, and a connectivity guard
that restricts the estimate to windows forming a chain of adequate overlap; WHAM?* was used

as a cross-check.

4.3.9 Trajectory Analysis

Trajectory analysis used the MDAnalysis package 20121

through a purpose-built analysis
package that caches per-frame and per-molecule observables once and resolves each against
the interparticle coordinate, with compression and expansion branches kept separate. Because
LAMMPS data files carry no residue naming, all per-molecule analyses use fragment-based
selection together with explicit atom-index ranges defined in the input files. Observables comprise
radial distribution functions between selected atom groups, radius of gyration of citrate and
peptide molecules, adsorbed-citrate coverage and denticity, surface charge at the Stern plane,
Na* and CI™ populations in the interparticle gap, and molecular bridging. A molecule is counted
as bridging when it lies within 6 A of both gold surfaces simultaneously. Each observable was

gated on its Spearman association with the interparticle gap so that responders and spectators

could be separated on a common criterion.
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4.4 Results: Unbiased Simulations

To illustrate the model’s behavior under equilibrium conditions, we performed unbiased
20 ns NVT simulations of four systems: bare AuNPs, citrate-capped AuNPs with counterions,
citrate-capped AulNPs with GG, and citrate-capped AuNPs with RR (Figure 4.3). The bare
system collapsed into an irreversibly fused state. The citrate-capped systems with no peptide and
with GG both remained dispersed throughout. The RR system aggregated during the run and
remained aggregated for its remainder. Unlike the fusion seen for bare particles, the aggregated
RR particles stayed separated by their citrate and peptide coating layers and never reached direct
metal contact.

This contact-separated geometry is the structural signature expected for reversible,
peptide-induced assembly: the particles are bound but held above the irreversible primary
minimum of the DLVO interaction, preserving a coating layer that thiol-bearing dispersants can
later displace to redisperse the particles. It is the clearest visual statement of the distinction
between the peptide-mediated and the bare-particle outcome, and it motivates the free-energy
analysis that follows.

These runs are single trajectories, one per system, and we treat them as illustrative rather
than as evidence. Four systems cannot validate a twelve-peptide series, and with one trajectory
each no statement about relative rates or probabilities is available. Everything quantitative in this

work comes from the biased sampling described below.

4.5 Results: What Rearranges on Approach

Because the structural cache and the restraint work come from the same trajectories,
every observable can be read against the coordinate on which the free energy is measured
(Figure 4.4). Gating each observable on its Spearman association with the interparticle gap
separates responders from spectators cleanly and consistently across all fourteen SMD systems.

Peptide bridging is the strongest responder, with p ranging from —0.61 for DD and GG to
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Figure 4.3. Unbiased 20 ns NVT simulations, shown at the start (left) and end (right) of each run.
(a) Bare AuNPs fuse into a single particle. (b) Citrate-capped AuNPs with counterions remain
dispersed. (c) Diglycine (GG) added to citrate-capped AuNPs does not induce aggregation. (d)
Diarginine (RR) induces aggregation, but the particles remain separated by intact peptide and
citrate layers rather than reaching metal contact. One trajectory per system.
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—0.85 for KR, becoming more negative for more cationic peptides. Citrate bridging follows at
—0.55 to —0.71, turning on only below about 8 A of surface gap. The Na™ population in the
gap responds positively, from +0.10 for the citrate control and DD to +0.54 for KR, meaning
counterions leave the gap on compression and do so most for the cationic peptides (Figure 4.5).
Surface charge at the Stern plane regulates only weakly, —0.09 to —0.30. Citrate coverage,
citrate denticity, and peptide radius of gyration all give |p| < 0.1: the citrate shell is neither
squeezed out nor rebound as the particles approach. It is a spectator, in agreement with earlier

simulations of this system reporting that the citrate ligand is not displaced during aggregation. 1%
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Figure 4.4. Structural observables resolved against the surface-to-surface gap for the ladder
Aspo, citrate, Gly,, His;, His-Arg, and Arg,, with compression (solid) and expansion (dotted)
branches shown separately. (a) Na™ population in the interparticle gap. (b) Net charge in the
gap. (c) Surface charge density at the Stern plane. (d) Mean citrate denticity. (e) Probability that
a peptide bridges both surfaces, with 50% onsets marked. (f) Probability that a citrate bridges
both surfaces. Bridging occurs in every system near contact, including the anionic and neutral
controls, while citrate denticity and Stern-plane charge barely respond.
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4.6 Results: Free Energy Across the Peptide Series

Table 4.1. Compression free energy over 47 to 27 A from bidirectional SMD work, in kcal mol !
Dissipation is the symmetric part of the same work decomposition and sets the scale on which
magnitudes should be read.

System Net charge AG Dissipation Class

Asp, (DD) —1 +8.4 5.0 anionic

bare Au cores 0 -0.5/-0.7 0.1/0.0 Kk =20/100
citrate, no salt 0 +7.7 1.1 control

citrate, 0.1 M NaCl 0 +3.7 1.2 control

citrate, 0.2 M NaCl 0 +2.3 1.2 control

citrate, 0.5 M NaCl 0 +0.8 1.6 control

Gly; (GG) +1 +1.5 3.2 neutral

Gly4 (GGGG) +1 —7.8 6.6 neutral, longer
His, (HH) +1 —12.6 17.3 His

Lys-His (KH) +2 —10.6 16.9 His, C-terminal
His-Lys (HK) +2 —13.7 16.5 His, N-terminal
Arg-His (RH) +2 —18.0 22.9 His, C-terminal
His-Arg (HR) +2 —18.3 23.1 His, N-terminal
Lys; (KK) +3 —15.8 20.9 cationic
Arg-Lys (RK) +3 —22.7 30.2 cationic
Lys-Arg (KR) +3 —24.8 30.5 cationic

Arg; (RR) +3 —27.0 27.6 cationic

Argy, 4 ns per leg +3 —28.5 23.4 slow-pull check

Four comparisons isolate the effects at work (Table 4.1). A like-charged peptide adds
nothing: Asp; at +8.4 sits with bare citrate at +7.7, so the double-layer repulsion is intact.
Bridge geometry alone is not the driver: neutral Gly, bridges both surfaces below 7 A yet its
AG is flat at +1.5. Monovalent screening is real but bounded: the salt series is monotonic at
+7.7, 4+3.7, +2.3, and +0.8 kcal mol~! for 0, 0.1, 0.2, and 0.5 M NaCl, approaching zero
without inverting. Salt removes the barrier; it does not supply an attraction. And the metal cores
contribute nothing over the comparison window: two citrate-free Au cores give AG(47 to 27 A)
of —0.5 and —0.7 kcal mol~! at ¥ = 20 and 100 with dissipation near zero, the two stiffnesses
agreeing. Core-core attraction switches on only below about 27 A, that is at a surface gap under

6A: —2.9and —3.0at25 A, —4.9 and —5.7 at 24 A, and —11.4 at 23 A. Everything in Table 4.1
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over 27 to 47 A is therefore an adsorbate and electrolyte effect, with the cores mattering only at
contact.

Every cationic peptide is attractive, from —10.6 for KH to —27.0 for RR, so net charge
sets the coarse repulsive to attractive axis. But the extended panel shows this is not a complete
law. At fixed 41, His; is strongly attractive at —12.6 where Gly; is flat, and Gly, is intermediate
at —7.8: neutral histidine and chain length add attraction that charge does not predict, enough
that His; rivals some +2 peptides. At fixed +3, arginine outperforms lysine, with Arg, at —27.0
against Lys, at —15.8 and the mixed pairs in between at —22.7 and —24.8; guanidinium engages
the citrate carboxylates more strongly than ammonium does. At fixed +2, the arginine-containing
pairs at about — 18 are more attractive than the lysine-containing ones at —10.6 to —13.7. Within
each pair, N-terminal histidine is more attractive than C-terminal (HK —13.7 against KH —10.6;
HR —18.3 against RH —18.0), but these differences are smaller than the dissipation scale and
we do not rest any claim on their magnitudes.

The honest synthesis is that the interaction is charge-dominated and chemistry-modulated.
Charge decides whether the approach is repulsive or attractive; side-chain identity, chain length,
and the arginine against lysine distinction tune the magnitude, in the case of His; by enough that

charge alone mispredicts.

4.7 Results: The Barrier Coincides with the Onset of Bridg-
ing

The mean-force reconstruction described in Section 4.3.7 gives a continuous free-energy
profile for every system, and with it the position and height of the repulsive maximum on the
approach. Both quantities order with charge (Figure 4.6). The barrier moves outward and shrinks
monotonically along the series, from 27.0 A and +7.8 kcal mol~! for DD, through 30.9 A
and +5.5 for GG, 34.6 A and +2.9 for GGGG, 36.0 to 37.1 A and +1.9 to +2.3 for His, and

the lysine-histidine pairs, to 41.0 to 42.2 A and +0.3 to +0.8 for the +3 peptides. A residual
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bridging onset, expressed as a surface gap. (c) Na™ population against center-of-mass distance.
(d) Peptide and citrate bridge counts against center-of-mass distance. Counterion depletion and

bridging both order with net charge before the particles are in contact.
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short-range repulsion therefore persists even for the strongest binders until bridges engage.

(a) Bidirectional mean-force profiles (b) Barrier position tracks bridging onset
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Figure 4.6. (a) Bidirectional mean-force free-energy profiles for the twelve peptides, referenced
to 47 A and colored by net charge, with the position of the repulsive maximum marked on
each curve. (b) Barrier position against the 50% onset of peptide bridging, expressed on the
same center-of-mass coordinate; the dashed line is a least-squares fit. Asp; lies below the trend
because its maximum is pinned at the inner edge of the 27 A analysis window, so its barrier
position is a lower bound.

Placing the two quantities side by side shows that they are not independent. Across the
twelve peptides the barrier position tracks the 50% onset of peptide bridging with a Pearson
correlation of 0.93 and a Spearman correlation of 0.94, and the barrier maximum sits consistently
a few angstrom outside the separation at which bridging begins. The free energy turns over just
as the first bridges form. The one system that departs from the trend is DD, whose maximum
falls at the inner edge of the analysis window and is therefore a lower bound rather than a located
maximum.

This is the point at which the structural and thermodynamic descriptions meet. The
preceding sections established separately that cationic peptides lower the barrier and that they
bridge the two surfaces earlier; the correlation says these are the same event observed in two
ways. It also refines the mechanism: bridging is not merely correlated with aggregation, it is
what ends the repulsive regime. Since bridging occurs in every system near contact, including the

repulsive ones, what distinguishes the cationic peptides is not that they bridge but that they bridge
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far enough out to intercept the approach before the double-layer repulsion has fully developed.

4.8 Results: Salt Screening and Dose Response

The citrate-only salt series isolates pure electrostatic screening from any peptide-specific
effect. Compression free energy falls monotonically from +7.7 kcal mol~! salt-free to +3.7,
+2.3, and +0.8 at 0.1, 0.2, and 0.5 M NaCl, with the Debye length of the added salt contracting
from 9.6 to 6.8 to 4.3 A (Figure 4.7). The 150 citrate counterions contribute a further 0.06 M
or so to the ionic strength of every system. The series approaches zero without crossing it:
monovalent salt removes the barrier but never supplies an attraction. Whatever the cationic

peptides do, it is not simply screening.
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Figure 4.7. Compression free energy of the citrate-only control against added NaCl concentration.
Screening is monotonic and approaches zero without inverting.

Running the same protocol with 5, 10, 15, 20, and 25 Arg; chains gives a simulated dose
response (Figure 4.8). Over the full window the free energy is close to linear in chain count, at
—2.3,-6.5, —12.9, —20.6, and —27.0 kcal mol—!, an increment of roughly —1.2 kcal mol~!
per chain with no sign of saturation up to 25 chains. The long-range branch from 47 to 30 A

is more informative: with 10 chains or fewer the outer double-layer repulsion survives at +3.9
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and +2.8 kcal mol~!, down from the citrate control’s +7.4, and attraction is confined to contact.
Between 10 and 15 chains, corresponding to 30 to 45 cationic charges against 150 citrate charges,
the approach branch itself turns attractive, reaching —2.3, —16.5, and —18.7 kcal mol ! at 15,
20, and 25 chains.

The transferable quantity here is the peptide-to-citrate charge ratio rather than a concen-
tration: 25 chains in this cell is roughly 21 mM, which is not comparable with a micromolar
Cso, and each step of the series also changes the CI™ content. The threshold ratio of 0.2 to 0.3
is the meaningful number, and it is the quantity to set beside an experimental titration against
peptide-to-particle ratio if one is available.

Peptide charge / citrate charge

a 0.1 0.2 03 0.4 05 b
10 7 i i i citrate on\yI
.................................................................................................. — 0
e il 7 ®
0 T =~ = ° comparison
[ N € 5 window
l\l . = 2 7
— -10 - T S Q Q)
= 0 l\. \\\ < ]
E l\. _______ ) 8)
-20 ® R 3 o
8 \“ 5 6 - | J
X c
= -30 + c
o c
< T -8
-40 - <
S
50 J mc 4730 A & -10 4 —-@- K =20 kcal mol~* A—2
-8- 47 -27A ] 3 d —-@- k=100 kcal mol~* A—2
T T T T T T T T T T T T
5 10 15 20 25 23 24 25 26 27 28 29
Arg—Arg chains per particle pair Inner edge of compression window (A)

Figure 4.8. (a) Arg, chain-count series: compression free energy against number of chains
per particle pair, for the full window (47 to 27 A) and for the long-range branch (47 to 30 A),
with the peptide-to-citrate charge ratio on the upper axis and the citrate-only value marked. (b)
Bare-core baseline against the inner edge of the integration window at two restraint stiffnesses,
showing that core-core attraction begins only below about 27 A.

4.9 Results: Equilibrium Umbrella Sampling

Steered dynamics and umbrella sampling share only the force field and the reaction
coordinate. Agreement between them is therefore a genuine robustness check rather than a

consistency check, and we ran umbrella sets for five systems to obtain it.
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Windows inside roughly 28 to 30 A drift from their restraint centers and do not reach
adequate overlap with their neighbors, so no estimator can produce a trustworthy profile across
that region. All estimates below are therefore restricted to the connected chain of outer windows,
and the depth of the bound well is not reported.

On that connected chain, MBAR yields approach-branch profiles with proper uncer-
tainties, referenced to 45 to 50 A (Figure 4.9). Citrate gives monotonic repulsion reaching
+5.540.1 kcal mol~! at 31.7 A. Gly, gives a barrier of +5.6 at 30.7 A falling to +0.4 +0.3
at 27.7 A. Arg, gives a barrier of +1.3 at 39.9 A followed by steep attraction from about
38 A inward. The two +2 histidine sets give the same shape as one another: a barrier of
+2.2 kcal mol~! at 36.6 A for His-Lys and +2.4 at 35.5 A for Lys-His, further in and higher than
the Arg, barrier as expected for 4-2 against 43, followed by attraction reaching —12.9 £0.2 and

—11.540.3 kcal mol~! respectively at 30 A.
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Figure 4.9. Equilibrium approach-branch potentials of mean force from MBAR, referenced to
45 to 50 A. Left: citrate, Gly,, and Arg. Right: the charge-matched pair His-Lys and Lys-His,
with the region of poor window overlap shaded. Estimates are restricted to the connected chain

of outer windows.

These equilibrium estimates agree with the bidirectional SMD work in sign and, on the
approach branch, in magnitude to within a few kcal mol~!: citrate gives +7.4 by SMD over 47

to 30 A against +5.5 by umbrella at 31.7 A, and Gly, gives +1.5 against +-0.4 at 27.7 A through
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a barrier of 5.6 kcal mol~! that the SMD profile also shows.

The comparison is sharper for the barrier, because the mean-force reconstruction of
Section 4.7 provides a curve rather than endpoints. The two methods place the repulsive
maximum at +5.5 against 45.6 kcal mol~! and 30.9 against 30.7 A for Gly,; +2.3 against +2.4
and 36.0 against 35.5 A for Lys-His; +1.9 against +2.2 and 36.8 against 36.6 A for His-Lys;
and +0.5 against +1.3 and 41.0 against 39.9 A for Arg,. Barrier positions agree to within 1.1 A
and heights to within 0.8 kcal mol~! across four systems spanning the full range of behavior,
which is a stronger statement than endpoint agreement alone.

Because the two estimators share no machinery beyond the force field and the coordinate,
this agreement is the principal evidence that the free energies reported in Section 4.6 are not

artifacts of the nonequilibrium protocol.

4.10 Comparison with Experiment

The simulated system differs from the measured one in particle size (2.1 against roughly
20 nm), in peptide concentration (25 chains per particle pair, of order 21 mM, against micromolar),
and in peptide-to-particle stoichiometry. No quantitative comparison is therefore appropriate,
and we make none. What the measurements do provide is a set of qualitative class distinctions,
and the model reproduces all of them.

Citrate-capped AuNPs are colloidally stable in the absence of peptide, and the salt-free
citrate control is the second most repulsive system in the panel at +7.7 kcal mol~!, with a
barrier of comparable size. Monovalent salt destabilizes them experimentally, and the simulated
citrate repulsion falls monotonically with added NaCl to +3.7, +2.3, and +0.8 kcal mol ! at
0.1, 0.2, and 0.5 M, approaching zero without inverting; salt removes the barrier rather than
supplying an attraction, which is consistent with salt-induced aggregation being irreversible
while peptide-induced aggregation is not.

Cationic dipeptides aggregate citrate-AuNPs at micromolar concentration, and every
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cationic peptide in the panel is attractive, from —10.6 to —27.0 kcal mol~!, with barriers at
or below 2.3 kcal mol~!. Gly, produces no measurable absorbance shift at concentrations
up to 100 uM, and it is the only peptide whose simulated compression free energy is flat, at
+1.5 kcal mol~! behind a barrier of 5.5 kcal mol~! that no cationic sequence retains. The anionic
Aspo, which was not measured, is more repulsive still.

The agreement is therefore three-way and directional: repulsive without peptide, screened
but not inverted by salt, and attractive with cationic peptide, with a neutral sequence that fails to
aggregate in both the experiment and the model. This is the level at which the present calculations
can be tested, and at that level they hold across the full panel. Resolving differences between
individual cationic sequences would require replica trajectories, slower pulls, and a simulated
system matched to the experimental particle size and stoichiometry, none of which is attempted

here.

4.11 Discussion

4.11.1 What the Present Data Settle

The sign of the interparticle interaction on the approach branch is set primarily by peptide
net charge: anionic and neutral-glycine systems and the citrate baselines repel, and cationic
peptides attract. Salt screens this repulsion without inverting it. Two independent estimators
agree, and a fourfold slower pull reproduces the result.

The structural mechanism in the attractive cases is counterion release from the inter-
particle region followed by peptide bridging of the two anionic surfaces. The citrate shell is a
spectator: its coverage, denticity, and Stern-plane charge do not respond to the approach. The
metal cores are inert above 27 A.

The barrier position coincides with the onset of bridging across the whole series, which
identifies bridging as the event that ends the repulsive regime rather than merely as a correlate of

aggregation.
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Side-chain chemistry is a real second lever and not noise. His; at 41 is attractive where
Gly, at +1 is flat; Arg; exceeds Lys; at +3; and chain length adds attraction independent of

charge.

4.11.2 What They Do Not Settle

For any attractive case the sign of the free energy is clear but its origin is not. Direct
side-chain to citrate enthalpy, in the form of arginine and lysine salt bridges or histidine hydrogen
bonding and aromatic contacts, and the entropy of releasing displaced counterions from the
confined gap to bulk, produce the same AG. The panel already contains the contrasts that would
separate them, notably arginine against lysine at fixed +3 and His, against Gly; at fixed +1,
but only a temperature-resolved enthalpy and entropy decomposition can do so. We make no
enthalpic or entropic attribution here.

The depth of the bound well is likewise unresolved. The umbrella sets recover the
approach branch reliably but not the region below roughly 28 A, for the seeding reason diagnosed
in Section 4.9, and the SMD magnitudes in that region carry a dissipation comparable to the free
energy itself.

One methodological caution applies to any future temperature series. In an implicit
solvent the Coulomb term is a solvent-averaged free energy whose entire temperature dependence
resides in the dielectric constant. Holding € fixed at 78 while scanning temperature would return
zero solvation entropy and make an entropy-driven association appear enthalpic, which is a
sign error rather than an uncertainty. Any van 't Hoff analysis of this system must use a

temperature-dependent €.

4.11.3 Limitations

One SMD trajectory per system was run, and the reported standard errors, computed over
the legs of a single trajectory, understate the true uncertainty because consecutive half-cycles

are correlated. Independent replicas with different seeds and starting configurations are the
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single most important addition to this work, and are required before any difference smaller than
the dissipation scale can be treated quantitatively, which includes every comparison between
individual cationic sequences.

Pulling at 25 A ns~! leaves dissipation comparable to |AG| for the strong binders. Signs
and large orderings are robust; magnitudes are soft.

An ionic-strength confound remains: peptide systems carry their own counterions but no
added salt, so the +3 systems contain 75 ClI~ where the +1 systems contain 25. A salt-matched
peptide series would remove it.

The simulated particles are 2.1 nm in diameter against roughly 20 nm experimentally, so
curvature, facet distribution, and peptide-to-particle stoichiometry all differ from the measured
system, which is why the comparison in Section 4.10 is restricted to qualitative class distinctions.
The companion size study found that potency depends on particle size in a way that is not
captured by van der Waals scaling alone, '?? so the size gap is a real limitation and not merely a
matter of rescaling.

The implicit-solvent, fixed-charge model cannot represent hydration structure, polariza-
tion, image charges, or coordination of side chains to gold, all of which are plausible contributors
to sequence-specific behavior that the present calculations cannot resolve. Related to this, GAFF
is a minority choice for the citrate-gold interface, where CHARMM-based parameterizations
predominate; the citrate shell behaves as a spectator throughout, which limits the exposure of
the present conclusions to that choice, but an explicit-solvent calculation with an interface-fitted
force field would be the appropriate validation.

Histidine is modeled in its neutral form throughout, appropriate to pH 7. A protonated-
histidine set has been generated and would support a pH comparison, but it is not analyzed here

and no claim about protonation-state dependence is made.
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4.11.4 Next Steps

Several analyses are available from data already in hand: the solvent-reorganization
contribution from the existing 300 K energy logs against separation, a citrate run at 1.0 M
NaCl from an input deck already built, a salt-matched reanalysis, and a chain-count series for a
histidine peptide. Beyond these, replica SMD pulls for the six most-used systems are inexpensive
and would convert several of the orderings above from directional to quantitative, and slower
pulls would shrink the dissipation across the panel. Extending the umbrella sets inward, by
equilibrating each window from its already-equilibrated neighbor rather than from a common
starting configuration, would resolve the bound well and is a prerequisite for any temperature
series. Finally, an explicit-solvent calculation for one system on the approach branch would
calibrate the implicit-solvent magnitudes.

A complementary coarse-grained model is under development to extend these mechanistic
findings to the length and time scales at which aggregation is measured experimentally. The
atomistic results reported here define what such a model must reproduce: the charge-dominated
ordering, the counterion-release and bridging mechanism, the coincidence of the barrier with

bridging onset, and the threshold charge ratio at which the long-range branch turns attractive.

4.12 Conclusion

We have presented an atomistic simulation framework for the aggregation of citrate-
capped gold nanoparticles mediated by short cationic peptides, and applied it across a twelve-
peptide series designed to separate net charge from side-chain chemistry. Bidirectional steered
molecular dynamics gives compression free energies that are repulsive for the anionic peptide
and the citrate baselines, screened but never inverted by monovalent salt, and attractive for every
cationic peptide, with equilibrium umbrella sampling independently reproducing the approach
branch in both barrier height and barrier position. Structural observables resolved along the

same coordinate identify the mechanism as counterion release followed by peptide bridging,

69



with the citrate shell a spectator and the metal cores inert until contact. The repulsive barrier
moves outward with peptide charge in step with the onset of bridging, which identifies bridging
as the event that ends the repulsive regime rather than as a correlate of it.

Set beside experiment, the model reproduces the class distinctions that are available to
test: colloidal stability without peptide, screening by monovalent salt that never inverts, attraction
for every cationic sequence, and inactivity for neutral Gly,. Discriminating among individual
cationic sequences lies beyond what one trajectory per system at this pull rate can support, and
we do not attempt it.

The central result is that one number, the position of the repulsive maximum, tracks a
structural event, the onset of peptide bridging, across twelve sequences spanning four net charges
and three residue-order pairs. Aggregation in this system is not a matter of peptides neutralizing
a surface and letting van der Waals attraction take over: the metal cores contribute nothing until
contact, and the citrate shell never reorganizes. What ends the repulsion is the first peptide
reaching across the gap, and cationic peptides aggregate because they can reach across it sooner.
That statement is testable, it follows from the free energies and the structural record together
rather than from either alone, and it is what a coarse-grained or continuum description of this

system would need to reproduce.
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