Infographic Images of Condensed Phase and
Interfacial Molecular Science
Molecular Theory and Modeling, FWP 16249
Publications (2024-2026)

BES HQ Program Manager: Greg Fiechtner

Lead PI: Gregory Schenter, Pacific Northwest National Laboratory

Infographics were created using Gemini Notebook from a single source PDF file of the publication
and reviewed by a subject matter expert for accuracy. High level descriptions are correct. Minor
details in representation may be incorrect. (Some molecules are distorted.)



MixPI: Accelerated Quantum Molecular
Dynamics via Mixed-Time Slicing

Path Integral Molecular Dynamics (PIMD) accurately models nuclear quantum effects using multi-bead ‘ring polymers, but
evaluating N beads for all atoms is prohibitively expensive. MixPl uses mixed-time slicing (mixTS) to alinnate and compilise
uses mixed-time slicing (mixTS) to assign variable bead counts, removing this computational bottleneck.

STANDARD PIMD: Full System Quantization MixPI: Selective Quantization Framework
(Computational Bottleneck) (Targeted Efficiency)

1024 Beads

. (e.g., Electrons)

Electron

1 Bead
(e.g., Water)
Uniform, Redundant Quantization Variable Ring Polymer Bead Assignment
Evaluates N beads for every atom, leading to redundant force Assigns power-of-two bead counts tailored to each particle,
calculations and high computational cost for large systems. targeting high-impact degrees of freedom.

((StowRuntime 75 ) © o Preserves Full Physical Accuracy

gg Matches exact quantum structural results while
eliminating redundant force calculations.

PERFORMANCE BENCHMARKS & SPEEDUP

- Over 10x Speedup

€ 1152s-  MixPl (mixTS) | 512 Beads (Electron Only) in Localized Quantum Systems
§ Drastically cuts runtimes for
S <EERE i-PI (Standard PIMD) | 512 Beads (All System Atoms) charge transfer systems.
£

é LER[ZER | i-Pl (Standard PIMD) | 1024 Beads (All System Atoms)

| Standalone Driver Interfaced with CP2K
Leverages CP2K's parallelized force evaluations while managing custom normal-mode propagation.

MixPI: Mixed-time slicing path integral software for quantized molecular dynamics simulations

Britta A. Johnson, Siyu Bu, Christopher J. Mundy, Nandini Ananth The Journal of Chemical Physics 164, 212501
(2026).
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Interfacial Viscosity at Mineral-Water Boundaries

Fluid viscosity increases dramatically at the sub-nanometer scale
near hydrophilic mineral surfaces, driven by orystal lattice structure.
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Overview

Using 3D atomic force microscopy (AFM) and molecular dynamics
(MD) simulations, researchers investigated fluid dissipation at the
boehmite-water interface. They revealed that interfacial solution vis-
cosity increases up to 100-fold within 1.2 nm of the surface, governed
by lattice-templated hydrogen bonding and directional anisotropy.
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Lattice-scale variations in viscosity are correlated with solution structure at mineral-water interfaces

Elias Nakouzi, Haoyuan Shi, Jacyoung Heo, James J. De Yoreo, Christopher J. Mundy, Greg A. Kimmel, Gregory
K. Schenter, Jachun Chun Journal of Colloid and Interface Science 718, 140475 (2026).
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The Photochemical Birth of the Hydrated Electron

Pathway 1: Pathway 2:
Hydrogen Atom Transfer (HAT) Proton-Coupled Electron Transfer (PCET)
~53% Quantum Yield ~47% Quantum Yield
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Transient, unstable intermediate
Transient Radical
Hydronium (H;0°)

Operates on an ultratast lifetime (~25-34 fs) |
leading directly back to ground state.

No Hydrated
Electron Creation
Excited electron remains bound

to the dissociating hydrogen,
preventing free electron solvation.
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Neutral H Atom + HO* Radical
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~6 A Gyration Gyration Radius
Radius Shrinks to 2.7 A

Delocalized electron contracts from ~6 A
down to 2.7 A during localized solvation.

S\ Driven by Collective
7 ? S@ solvent Motion

OO %1 Local water molecules "
\ OO rotate ~20° & translate ~1.2 A
- <« to form the cavity.

UV Photoexcitation

(~8.1eV)
+  Generates H;0*/HO*

6 + OQC lon-Radical Pairs
Produces solvent-separated

0’ ion-radical pairs that modulate
excited state energy gaps.

Comparison of Photodecay Dynamics

" Hydrogen Atom Proton-Coupled
Transfer (HAT) Electron Transfer (PCET)

Branching Ratio ~53% ~47%
Decay Lifetime ~25-34fs ~400 fs
Neutral H Atom + Solvated e”, H,0* lon,
Key Photaproducts HO* Radical HO* Radical

Simulating the Photochemical Birth of the Hydrated Electron in Liquid Water

Gonzalo Diaz Mirén, Cesare Malosso, Solana Di Pino, Colin K. Egan, Diganta Dasgupta, Christopher J. Mundy, Ali
Hassanali Nature Communications 17, 3764 (2026).

DOI: https://doi.org/10.1038/s41467-026-70045-7


https://doi.org/10.1038/s41467-026-70045-7

Energy-Conserving Contact Dynamics
for Nonspherical Particles

Advanced Contact Detection Algorithm Framework Performance and Capabilities
Multi-Point Pair Retention Strict Energy Conservation
Prevents Overlaps (1076 Relative Drift)

107 102

Time
1h 101

Maintains near-zero energy drift in NVE
Retains duplicate contact pairs within a cutoff to ensembles across dense 2D and 3D systems.
eliminate force discontinuities and penetration.

Accurate Anisotropic Transport

Dimension-Specific Contact and Thermodynamics
Interactions |
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Directional Diffusion

| . ’
Vertex-Surface } .. “‘ |Z
- 90,0
- S X
Vwe
Crystalline Packing Transitions

Accurately predicts directional diffusion, crystalline
Vertex-Boundary Edge-Edge packing transitions, and equations of state.

Energy-conserving contact dynamics of nonspherical rigid-body particles

Haoyuan Shi, Christopher J. Mundy, Gregory K. Schenter, Jachun Chun APL Computational Physics 2, 016108
(2026).

DOLI: https://doi.org/10.1063/5.0319853
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Bespoke vs. Universal ML Potentials
for Modeling Concentrated Nitric Acid

BESPOKE DEEP MD MODEL TRADE-OFFS: UNIVERSAL MODELS
(MULTI-DEFECT MLIPs) ACCURACY, REACTIVITY, & CLASSICAL FF
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Modeling the behavior of concentrated aqueous HNO3 using machine learning interatomic potentials

Mohammadhasan Dinpajooh, Michael D. Lacount, Scott E. Muller, Neil J. Henson, Daniel Mejia-Rodriguez, Axel
Gomez, Christopher J. Mundy, Andrew M. Ritzmann The Journal of Chemical Physics 164, 014504 (2026).

DOI: https://doi.org/10.1063/5.0303907
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Beyond Classical Electrostatics:

Anomalous Clustering in Ultrasmall Nanoparticles

27 nm Particles: Classical Dispersion

9 nm Particles: Anomalous Clustering

9 nm particles cluster while
27 nm particles stay dispersed

Cryo-TEM and SAXS confirm finite clustering occurs
exclusively in ultrasmall 9 nm particles.

Forms finite, reversible
equilibrium clusters
at pH 8.7

Classical DLVO theory fails
in the ultrasmall regime

pH8.7

o

o
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Remains fully dispersed
as individual singlets
atpH 8.7

Classical DLVO Theory:
Predicted & Observed

5 Repulsive
2 barrier
s Behavior at pH 8.7 Applicable Interaction Model 3 Repulsive
= Energy = barrier
2 : 51
5 0 Appllca!)le I;gmains ;ully &
Standard electrostatic double-layer nm Interaction o GERAREIED =
repulsion incorrectly predicts stable Model individual singlets 8 Energy
dispersion for all particle sizes. —— e
Forms finite Two-Yukawa
High negative charge densi iblel ; i One-Yukawa / DLVO
9 g 9 ty  27nm Tl (Short-range attraction (Screened electrostatic repulsion) Screened electrostatic repulsion

equilibrium clusters  + long-range repulsion) predicts stabla discersion

fails to prevent aggregation

Titrations reveal 9 nm particles
hold the highest surface charge |
density at pH 8.7.

/ p - 3
Molecular Drivers of Anomalous Attraction
Short-range attraction counteracts

Clustering peaks near surface
electrostatic repulsion

Nanoparticle miniaturization
group pKa equilibrium

enriches reactive silanol sites

” Ho, $ on pH8.3
Ho, OH o
HO OH J

HO Si-OH !
HO Si-OH HO Si-OH ;
HO Si-OH |
HO' (yy OH L0 o !
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SAXS structure factor analysis proves an
additional 2-3 nm attractive potential exists.

Cluster Size

Clustering maximum approaches

NMR shows smaller particles have increased
apparent pKa of 8.3.

silanol sites relative to siloxane bonds.

Molecular Surface Chemistry Drives Anomalous Clustering of Ultrasmall Silica Nanoparticles

Ruchi Patel, Gernot Rother, Noshir Pesika, Greg A. Kimmel, Yan Levin, Gregory K. Schenter, Christopher J. Mundy,
Jaehun Chun, Bhuvnesh Bharti The Journal of Physical Chemistry Letters 17, 8270-8276 (2026).

DOI: https://doi.org/10.1021/acs. jpclett.6c01796
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Solvation Thermodynamics Revisited:
Refuting Solvent-Solvent Cancellation

THE TRADITIONAL YU-KARPLUS THE THERMODYNAMIC RE-EVALUATION
PERSPECTIVE (1988) (THOMPSON ET AL., 2026)
NET-ZERO SOLVENT | THE HEAT CAPACITY
CANCELLATION CLAIM b CONSISTENCY TEST
Solvent-Solvent Solvent-Solvent b Thce;nmsoigty::cn;ic
Energy Entropy Requires

EXACTLY
CANCEL

x Yu and Karplus posited that solvent-solvent
energetic and entropic contributions to

solvation free energy exactly cancel.

Energy-Derived 3
& Heat Capaclty ¢ & Entropy-Derived
= Heat Capaclty
DISCREPANCY OF
AEY/T REVEALED J

YK entropy-derived heat capacity differs from the

unambiguous energy-derived value by AEYY/T.

SOLUTE-SOLVENT SOLE FOCUS SOLVENT REARRANGEMENT

CONTRIBUTES DIRECTLY

This led researchers to assume Thompson et al. (2026) demonstrate that the Solvent-solvent structural changes
solvation free energy depends strictly Yu-Karplus model is thermodynamically inconsistent, contribute both energetically and
on direct solute-solvent interactions. proving that solvent reorganization actively entropically to total solvation free energy.

contributes to total solvation free energy.

Solvation thermodynamics revisited

Ward H. Thompson, Gregory K. Schenter, Christopher J. Mundy, Brian B. Laird The Journal of Chemical Physics
165, 104108 (2026).

DOL: https://doi.org/10.1063/5.0346490
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Deciphering Calcium Carbonate Nucleation:
The Dense Liquid Phase Pathway

Phase Separation and DLP Formation Chemical Evolution and Solidification
f ) f l

2 Condensation via Liquid- Solidification into
@ @ 2 Liquid Phase Separation Hollow ACC Particles
CQ)\ & Solvated calcium and bicarbonate ions Droplet decomposition releases

&) a directly condense into a hydrated €O, and H,0, forming a solid
e H,0 calcium bicarbonate liquid phase. amorphous shell around a liquid
@ 3 core.

Gel-Like Viscosity
of ~10° Pa's
The dense liquid phase
displays high viscosity while
retaining liquid-like droplet

coalescence and growth. Stoichiometry of Additives Extend
1Ca?*:2HCO; :7.5H,0 Precursor Lifetimes
Molecular simulations and NMR Acidic polymers and proteins slow
confirm a heavily hydrated, down transformation without changing
bicarbonate-dominated core structure. the fundamental reaction pathway.

Formation, chemical evolution and solidification of the dense liquid phase of calcium (bi)carbonate

Biao Jin, Ying Chen, Harley Pyles, Marcel D. Baer, Benjamin A. Legg, Zheming Wang, Nancy M. Washton, Karl T.
Mueller, David Baker, Gregory K. Schenter, Christopher J. Mundy, James J. De Yoreo Nature Materials 24, 125-132
(2025).

DOI: https://doi.org/10.1038/s41563-024-02025-5
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Reorganization of Water at Aqueous AICl; Interfaces

INTERFACIAL VIBRATIONAL RESPONSE MOLECULAR LAYERING & ION STRATIFICATION
(SFG SPECTROSCOPY) (MD SIMULATIONS)

Nonmonotonic Intensity Peak

at 1.5 m (SSP Polarization) AL

Alr-Water Interface

; Intensity increases —————~—— — -~ ——04
\ up to 1.5 m before ¥ ¥ VF&( ?QVQJ%V N 4
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o ; concentrations. ~d & &? B AR oo \"4 e o
Concentration @ @ @ L5A
Hexaaqua ﬁ Al** accumulates
Al®* lons near 5 A, retaining
SSP vs. PPP Polarization Divergence hexaaqua shell.
PPP Polarization @ : i g 10A
CI" ions pe
PPP intensity increases ﬁ arolur:]d 1p0a
SSP monotonically, while SSP 0 favoring solvent-
Polarization  exhibits nonmonotonic Cl"lons shared pairs.
A behavior, mirroring
L MgCl, and FeCl,.
Nonmonotonic ™~
il EXTENDED INTERFACIAL DEPTH:
Reoriented water dipoles create
ordering up to 35 A into the bulk.
IMPACT ON BULK PROPERTIES
& SURFACE TENSION %9 A ?9 1354
Concentration = Intrinsic | Surface Tension & A %9 < 9 ? V 52 ~
(m) pH (mN/m) )) A ) O P
0.5m 2.62 72.18 AR Y
> % 0‘38 ﬁ): ? < Bulk
1.5m 1.38 76.60 ~ @ 3) cé) O
2.5m 0.01 85.49 ? ﬂ Bulk Solution

Reorganization of Water at Aqueous Aluminum Chloride (AICI 3 ) Interfaces: Vibrational Sum Frequency
Generation and Molecular Dynamics Simulations

Biswajit Biswas, Mohammadhasan Dinpajooh, Gwendolyn Nieto, Narendra Adhikari, Gregory K. Schenter, Shawn
M. Kathmann, Christopher J. Mundy, Heather C. Allen The Journal of Physical Chemistry A 129, 10616-10631
(2025).

DOI: https://doi.org/10.1021/acs. jpca.5c03910
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Accelerating Instanton Theory: GPR-Enhanced LI-NEB Method

CONTEXT < . 0 & GPR: Gaussian

a e ; | /e .
; 5:2:;5':? :3::]%'; . Process Regression
! Calculations

Energy

LI-NEB: Line Integral

Quantum Tunneling Rates Nudged Elastic Band

in Chemical Reactions

By integrating LI-NEB path searching with GPR surrogate
modeling, researchers bypass Hessian evaluations, achieving
an order-of-magnitude computational speedup.

Traditional ring-polymer instanton theory requires expensive ab initio
potential and Hessian calculations for evaluating tunneling rates.

Hessian-Free Path Search Local GPR Potential Surrogates Machine-Learned

LI-NEB optimizes instanton paths Gaussian Process Regression models local Hessian Predictions
without requiring expensive Hessian energy landscapes to minimize expensive GPR predicts bead Hessians for final rate
matrix evaluations. ab-initio force evaluations. evaluations, cutting required calculations by 75%.

BENCHMARK PERFORMANCE & EFFICIENCY REACTION SYSTEM COST COMPARISON

(Force / Hessian Evaluations)

: 1 EE—— I Traditional GPR-LI-NEB

- Quasl-Newton Cost Cost
| ” ! W 4 I x II Methane
allll B & ol (H+CH,) a <> &
Faster Path Saving in Sakdell 33 horce
Optimization Hessian Cost

Reduces required gradient and force Requires only 20 predicted Hessians Malonaldehyde a 0 &

evaluations by an order of magnitude compared to 80 full analytical

across benchmark systems. Hessians for high accuracy. ~1000 Force / 25 Hessian 300 Force / 0 Hessian

/ / Z-3-Amino- a g &
i~ - - . Propenal
‘ C4) ’ N . ]

& () O ME:&:;:;‘J ~2700 Force / 60 Hessian 400 Force / 0 Hessian

Demonstrates drastic reduction in force and Hessian evaluations
needed for instanton path searching across proton transfer systems.
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Accelerating Instanton Theory with the Line Integral Nudged Elastic Band Method and Gaussian Process
Regression

Chenghao Zhang, Amke Nimmrich, Britta A. Johnson, Gregory K. Schenter, Munira Khalil, Niranjan Govind Journal
of Chemical Theory and Computation 21, 7517-7534 (2025).

DOI: https://doi.org/10.1021/acs.jctc.5c00673
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Extending Badger’s Rule: Linking Vibrational

Spectra to Hydrogen Bond

THE EXTENDED
MODEL FRAMEWORK

Convoluting
energetic—structural and
spectral-structural formulations

while incorporating Pauli
exchange repuision
derived an energetic—
spectral model.

EHB

Vibrational
Redshift (Aw,;g)

kcal/mol

4 ° per 100 cm™ redshift

Linear region strength ratio across
first-row hydride hydrogen bond donors.

Non-linear effects
emerge above 200 cm™’

Pauli exchange repulsion NH;-NH,
introduces significant curvature H,0-H,0
at higher frequency redshifts. HF-NH,4

Single-descriptor

energy 0___0
.A prediction

Covalent donor vibrational redshift (Aw,g)
directly predicts experimental and
calculated bond strength.

Energy

MODEL BENCHMARK

& APPLICABILITY

A

Validated across

six dimer systems

By O
g

H,0-H,0 HF-NH,

Representative Dimer Systems

Awyg: 60 cm™
Awyg: 105 cm?
Aw,g: 748 cm™

Eyg: 3.32 keal/mol
Eyg: 5.06 kcal/mol
Eyg: 12.34 keal/mol

Robust for non-linear
bond geometries
Predictive accuracy holds across

bent hydrogen bond angles with
minimal loss in precision.

Extending Badger’s rule. II. The relationship between energy and vibrational spectra in hydrogen bonds

Garrett D. Santis, Sotiris S. Xantheas The Journal of Chemical Physics 162, 244121 (2025).

DOI: https://doi.org/10.1063/5.0263484
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Extending Badger’s Rule:
Predicting Hydrogen Bond Energy from Structure

Model Physics & Accuracy

Integrated three-term Dipole-Polarizability
physical potential Electrostatic Attraction

AN

Pauli Overlap
Repulsion

Atomic potential

Morse
Covalent Deformation

High Predictive Accuracy
Across Dimer Systems

MAE ranges from 0.07 to 0.31
kcal/mol across six representative
hydrogen-bonded dimers.

Dimer System
Model Performance

Linear Slope Model MAE
(Kee 1®/pM) (Linear Scan)

H,0-H,0 = 8.10 kcal/mol pm™ | 0.08 kcal/mol | Robust Performance for
Non-Linear Geometries
HF-HF  9.48 kcal/mol pm™ = 0.09 kcal/mol | Accurately predicts bond
energies for angular
deviations up to fifteen
degrees from linearity.

HF-NH; = 9.48 kcal/mol pm™ | 0.15 kcal/mol

Energy-Structure Correspondence

Universal ~8.0 kcal/mol per
pm Universal Baseline

First-row donors exhibit an initial linear
baseline near 0.8 kcal/mol per 0.001 A.

F/

Pauli Repulsion Drives
Non-Linear Curvature
At close separations,
repulsive overlap introduces
non-linear energy curvature
as bond elongation grows.

H-Bond Energy (E,;)

oo ;
I Standalone Single-
Parameter Descriptor

Covalent bond elongation serves
as a simple theoretical descriptor
for individual bond strength.

Extending Badger’s rule. L. The relationship between energy and structure in hydrogen bonds

Garrett D. Santis, Sotiris S. Xantheas The Journal of Chemical Physics 162, 044106 (2025).

DOI: https://doi.org/10.1063/5.0244238
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Molecular-Scale Hydrodynamics:
Unifying Slip and Stagnant Flow in Nanoconfined Water

The Unified Boundary Framework Molecular Drivers of Interfacial Flow
© Stronger Wall-Water Attraction Reduces Slip

- S—— S— o
I O e ——— ¢ e 3 TV
a0 28 wwo S

Weak atomic ZO:) Strong atomic

bonds bonds

) Velocity 0.3 kcal/mol 11.23 A .,
proflle (Weak / Hydrophobic) 13.97 A
0.4 kcal/mol [ 7.44 A
(Baseline) | ] 9.65 A

0.5 keal/mol ———16.07A
(Strong / Hydrophilic) 7.76 A

Increasing interaction energy enhances friction, shifting
the hydrodynamic wall and reducing slip.

Physical solid wall Extrapolated Wall (B=£+6) | © Salt Concentration Increases Slip Length

- - - Hydrodynamic Wall (¢) ‘ Pure water . Salt water
Located inside the fluid, separating near-wall density 1 & @ &' ® ® ®
fluctuations from bulk continuum fluid flow. Wi B! o O~ NaCl
# 6 g @ @LT

& < Q
@@@laO@O

Surface Hydrophobicity Indicator
Extrapolated

] Boosts bulk
viscosity

Fluid
velocity Dissolved NaCl boosts bulk viscosity without altering
Ph I Pl near-wall density, increasing slip length.
ysical ysica ;
Wall Wal E Fluid . .
3 Gl velocity © Linear Response Theory Validated
-Hy;r;d-y;a-m-ic- [ Equilibrium Green-Kubo Non-equilibrium Flow Profiles
Wall D = | s
: oi =
2 ] [ —
Hydrophobic Slip Hydrophilic Stagnation —=
Extrapolated wall inside Inside fluid indicates Equilibrium Calculations Couette Flow Poiseuille Flow
physical wall indicates hydrophilic stagnation. i Equilibrium Green—Kubo calculations match non-equilibrium

hydrophobic slip. Couette and Poiseuille flow proflles under gentle shearing.

Incorporating the molecular-scale into a hydrodynamic description of confined aqueous systems

Haoyuan Shi, Christopher J. Mundy, Gregory K. Schenter, Jachun Chun The Journal of Chemical Physics 163,
134708 (2025).

DOI: https://doi.org/10.1063/5.0279626
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Interfacial Forces and Dynamics in Colloidal Nanomaterials

Governed by a delicate competition between attractive and repulsive interparticle forces coupled to dynamic
environmental fluctuations, enabling researchers to tailor colloidal systems for various applications.

FUNDAMENTAL INTERPARTICLE COLLOIDAL OUTCOMES &
FORCES & DYNAMICS INDUSTRIAL APPLICATIONS

Stable Dispersions

Dominant Interaction:
Short-range hydration &
steric repulsion

Primary Technology Application:
Thermal fluids / Heat
transfer enhancement

Short range repulsive forces delay particle aggregation,
preserving stability for enhanced heat transfer.

van der Waals
attraction

Dominant Interaction:
Long-range vdW attraction
vs. steric hindrance

/ Primary Technology Application:

Controlled interparticle spacing reduces thermal conductivity

s v e s et \ M while maintaining electrical transport for high efficiency.

with electrostatic double-layer forces
based on surface charge.

Molecular hydration layers and
surface ligands govern interactions
at sub-nanometer separations.

\ Oriented Attachment

Dominant Interaction:
Facet DLVO potentials &
dipole-dipole torques

Primary Technology Application:
Single-crystal synthesis &
nuclear waste processing

Hydrodynamic Lubrication Effects

Hydrodynamic Lubrication Pressure at close separations
controls particle approach rates and alignment.

Particles align crystallographic axes via face-specific DLVO
potentials or long-range dipole torques before fusing.

Colloidal phenomena reflect the interplay between interfacial solution structure, interparticle forces, and dy-
namical response

Jaeyoung Heo, Pravalika Butreddy, Gregory K. Schenter, Christopher J. Mundy, James J. De Yoreo, Elias Nakouzi,
Jaewon Lee, Jachun Chun Current Opinion in Colloid & Interface Science 75, 101887 (2025).

DOI: https://doi.org/10.1016/j.cocis.2024.101887
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Intrinsic vs. Applied Interfacial Electric Fields in Catalysis

INTRINSIC exceed  f oeoersor APPLIED
INTERFACIAL 1 MAGNITUDE  EXTERNAL

FIELDS WEAKER FIELDS

Applied external fields
(<0.1V/A) are orders of
magnitude weaker than
intrinsic atomic fields.

I
*ig;<:§£4>
e\ /70N

Mean Inner Potential (V) Drives Native Potentials

§ o=

: Bulk Ruthenium
Dense Atomic Mean Inner Potential

Nuclear Packing / FlELD EN HANCEMENT
& CATALYTIC IMPACT

N, DISSOCIATION BARRIER REDUCED

g

<01 V/A

300%

N 9.9 eV
Electric Field (N, bond
Enhancement at Tips | dissociation Orbital Stark-Shifting

in vacuum) ~3 eV Enables Backdonation

(Ru Surface)

/ X
o0 —
~
Interfacial fields shift N, orbitals by several
electron volts, allowing Ru tf—orbital charge transfer

Lightning Rod
Amplification
Factorf=3

! k Curvature at nanoparticle tips
and edges concentrates fields.

Electric Fields at Interfaces

Michael D. LaCount, Sten V. Lambeets, Daniel E. Perea, Tanya Prozorov, Shawn M. Kathmann The Journal of
Physical Chemistry C 129, 15489-15506 (2025).

DOI: https://doi.org/10.1021/acs. jpcc.5c04104
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Roughness Suppresses Hydrodynamic Resistance

In colloidal systems, surface roughness dramatically alters particle encounter dynamics by lowering hydrodynamic
resistivity, enabling physical contact and self-assembly, as demonstrated with optically trapped a-NaYF, nanocrystals.

ROUGH SURFACE SMOOTH SURFACE

Roughness Suppresses Smoothness Enhances
Hydrodynamic Repulsion

Rough particles experience Smooth particles experience

~0.3 pN of hydrodynamic ~30 pN of hydrodynamic ~30 PN

resistance compared to ~30 pN resistance.

for smooth particles.

Finite Resistivity Eliminates
Lubrication Divergence

0(1) 0(1/¢)

(Finite limit) (Divergent)
Trap Assembly Outcome: Rapidly forms linear chains Trap Assembly Outcome: Fails to assemble

APPROACH KINETICS & CONTACT PROBABILITY
Order-of-Magnitude Faster Approach Velocities

2 Rough )particle velocity scales as 1
& 0(g2), an order of magnitude 5
0 (8 ) faster than smooth particles. 0 (8 )

High Collision Probability Within Seconds
@@Q ®)

Rough 500 nm particles reliably collide within seconds. Smooth particles show minimal contact probability.

Mediation of Colloidal Encounter Dynamics by Surface Roughness

Robert G. Felsted, Jachun Chun, Gregory K. Schenter, Alexander B. Bard, Xiaojing Xia, Peter J. Pauzauskie Physical
Review Letters 134, 088201 (2025).
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Quantum Advantage in Fluid Dynamics:
Bridging Turbulence and Quantum Solvers

The Classical The Quantum Lattice Boltzmann Pipeline

Bottleneck in .

Fluid Dynamics Step 1: Weaken Step 3: Achieve
nonlinearity using the logarithmic quantum

Lattice Boltzmann query complexity
Equation (LBE) O(log N)

LBE replaces strong Reynolds-
dependent nonlinearity with
weak Mach-dependent
quadratic nonlinearity (u?).

AN
V4

Navier-Stokes Direct quantum Step 2: Linearize

equations suffer algorithms fail on equations via Qua ntu m

from extreme high-Reynolds Carleman

computational scaling Navier-Stokes Linearization Speed u p

Direct simulation cost scales Strong advective nonlinearity Truncating at degree k=3 Quantum algorithms process

as Re® in space and time, (u - Vu) prevents efficient yields near-machine accuracy exponentially large vector

making turbulence intractable quantum simulation when while producing a purely linear spaces in polynomial time,
classically. Re > 1. system. enabling massive grid simulations.

Potential quantum advantage for simulation of fluid dynamics

Xiangyu Li, Xiaolong Yin, Nathan Wiebe, Jachun Chun, Gregory K. Schenter, Margaret S. Cheung, Johannes Miil-
menstadt Physical Review Research 7, 013036 (2025).
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Decoding Water Aggregation:
Descriptors of Structure, Connectivity, and Stability

Drivers of Energetic Stability Network and Topology Transitions

Cluster Size n Predicts
Total Binding Energy
(R2 = 0.99)

Overall cluster size serves
as the single strongest
predictor of total

molecular
stability.

<> )

n=6

Total Binding Energy
(Magnitude)

Cluster Size (n)

Local Geometry Predicts Per-
Hydrogen-Bond Energy (R? = 0.95)

Oxygen Tetrahedrality

} Transition from 2-Coordinated

to 4-Coordinated Water

Single donor/acceptors (AD)
drop sharply at n=8, while
4-coordinated (AADD) molecules n=22
dominate by n=22.

5-Membered Cycles Dominate Above n=16

Strained Dominant

e ~ 00:20304 @

Per-Hydrogen-
Bond Energy
%\ (R? = 0.95)
Linearity (Bgno)

S
Reaches

~85% at
n=253 PCA Classifies 4 n=20
l Structural Motifs *
Across Sizes

Increases with Size _ o 2 e W
i . _ Principal Component R
Directly driving roy 5 Analysis isolates size- & () O o
covalent bond independent connectivity @
lengthening. parameters to identify 8 (%% 0
matching structural motifs | n=10 n=25
across different sizes. >

n=6 % HB saturation n=25 PC1

3- & 4-membered 5-membered
Cluster Size (n) —————

v/ b Strained 3- and 4-membered hydrogen-bonded rings
give way to dominant 5-membered rings during growth.

Hydrogen Bond
Saturation

Descriptors of water aggregation

Garrett D. Santis, Kristina M. Herman, Joseph P. Heindel, Sotiris S. Xantheas The Journal of Chemical Physics 160,
054306 (2024).
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How Nanocubes Heal Themselves:
Defect Self-Elimination in Superlattices

PROBLEM: SOLUTION: DEFECT

DEFECT FORMATION FORCE-DRIVEN HEALING SELF-ELIMINATION MODES

During nanoparticle self-assembly, RAPID EJECTION OF

defects such as vacancies, point defects, POINT DEFECTS

and edge dislocations inevitably form. LIGAND STERIC High compressive strain around extra
INTERACTIONS particles generates strong repulsive forces,

~ 1.4 seconds

ejecting them.
N &

High compressive strain around
extra particles generates strong
repuisive forces, ejecting them.

SEQUENTIAL FILLING

OF VACANCIES
van der Waals : ﬁ ﬁ

Ligand Steric = 22 seconds
Interactions Dominate Tensile imbalances drive

Localized imbalances in
steric hindrance, van der Waals,

ErEronien forces FORCE IMBALANCES ~ Assembly Dynamics neighboring cubes into interior
During nanoparticle self-assembly, TRIGGER 2D CHAIN ﬁtg_’,'gth'qgfgmce for;:e; empty spaces until fully healed.
asezer-one an ethmioations. INTERACTIONS ( O ) are 1-

orders of magnitude stronger
than van der Waals forces.

Localized imbalances in steric

hindrance, van der Waals, and =
Brownian forces automatically

drive particle motion. ®

~ N ANISOTROPIC
ROTATIONAL DYNAMICS BOUNDARY FLATTENING
‘ ’ Cube geometry generates unigue ~ DRIVEN BY ATTRACTION
orientation-dependent torques Van der Waals forces pull fast-moving
\ (tgp,) that induce rotation during boundary nanocubes into surface
lattice realignment. steps to smooth cluster edges.

Defect Self-Elimination in Nanocube Superlattices Through the Interplay of Brownian, van der Waals, and
Ligand-Based Forces and Torques

Jaewon Lee, Zexi Lu, Zhigang Wu, Colin Ophus, Gregory K. Schenter, James J. De Yoreo, Jachun Chun, Dongsheng
Li ACS Nano 18, 32386-32400 (2024).
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Stabilization and Many-Body Energetics
of Aqueous Halide-Anion Pairs
X~(H,0),Y"

Energetics & Many-Body Structural Transition &
Expansion (MBE) @% Destabilization Drivers

\ %gs@\ o
ef‘?%@,e@ o @<

Water Cluster System %) O@ (990

>

g

Interaction Energy Contribution

0-0 Gf B 6)
T T T — |<—>| \ 2
2-Body 3-Body 4-Body 5-Body % % c O
KEY FINDING: MBE Series 6 ______ e %
Converges Strictly at the L &% s 9 e
4-body Term C;é) (&’) i @

o

Higher-order terms are negligible,
except for fluoride pair clusters

which converge at 5-body. Symmetric Water Bridge Solvated Anion Network
§ (Stable) (Transitional)
lon-pair clusters are metastable
relative to fragmentation; DEFINITION: Symmetric water bridges
Naturally favor breaking apart destabilize below 3.45 A 0-0 distance.
into separate single-ion Intermolecular compression below this
aqueous clusters in gas phase. threshold transforms stable bridge

structures into transition states.

Spectral Properties
& O-H Stretch 12.4

kcal/mol

Redshifted Typical
O-H Stretch O-H Stretch

Water-Water 2-Body
Repuision Threshold

STATISTIC: 4-body terms contribute KEY FINDING: O-H stretch STATISTIC: Water-water 2-body

over 20% of binding energy. redshifts at 18.3 cm™ per repuision threshold exceeds 12.4

Non-additive 4-body forces are 0.001 A elongation. Harmonic kcal/mol. High 2-body water

significant and must be included 0-H stretch frequency shifts repuision forces water molecules

in potential models. correlate linearly with covalent outside the bridge to solvate anions.
bond length changes. Wavenumber (cm™)

The Many-Body Expansion for Aqueous Systems Revisited: IV. Stabilization of Halide—Anion Pairs in Small
Water Clusters

Maxwell P. Hoffman, Sotiris S. Xantheas The Journal of Physical Chemistry A 128, 9876-9892 (2024).
DOI: https://doi.org/10.1021/acs. jpca.4c05427
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Classic vs. Generalized Kirkwood Transitions
in Aqueous Electrolytes

CLASSIC KIRKWOOD
(1:1 Monovalent Coupled Onset)

(e.g., NaCl)

GENERALIZED KIRKWOOD
(Multivalent Decoupled Onset)

Multivalent (e.g., CaCl,, ErCl5)

- \\l e o
oSt | egg 0,0: x0%0 o0

e ° e@ Qc /
Coupled Transition Decoupled Transition
000000

00000
000000
0000
Simultaneous Onset of ° © °e 00
Spatial Ordering (Q,) & Spatial Ordering (Q,) Onset Q ap™!

) o o
Screening Length (a,™") (Precedes Screening) (Spatial Periodicity) (Screening Length)
In 1:1 electrolytes, ordering and underscreening emerge simultaneously. Spatial Ordering Precedes Underscreening in Multivalent lons

Driven by Frustrated Short- and Long-Range Interactions. Spatial periodicity (Qo) appears at lower concentrations well
before screening length (a,™) increases.

Competition ©
b N 1:1 (NacCl):
breatr‘zgl;sslc /Q/ Simultaneous with 2:1 (CacCl,, SrCl,): Precedes a, peak;
@// > with ao peak; Sub- . Sub-nanometer (< 1 nm) Screening Length.
nanometer (< 1nm) EE 3:1(ErCls): Low concentration onset;
moill?irlz: ?Jggiing CoLLﬁg%gafggges Screening Length. Sub-nanometer (< 1nm) Screening Length,

UNIVERSAL SCALINGS & PHYSICAL LENGTH SCALES -

@ Qo x c'? ((())) ag' o< c V3 o }0 ZT

N —
Spatial Ordering Follows Screening Length Scales with Bulk Electrolyte Screening Lengths
Quasi-Cubic Concentration Scaling lonic Strength Exponent Remain Sub-Nanometer
Ordering frequency scales predictably Bulk inverse screening length above SAXS-derived screening lengths remain sub-
across all salt solutions. transition obeys universal scaling. nanometer, contrasting with multi-nanometer
surface force measurement claims.

Detecting underscreening and generalized Kirkwood transitions in aqueous electrolytes

Mohammadhasan Dinpajooh, Elisa Biasin, Emily T. Nienhuis, Sebastian T. Mergelsberg, Chris J. Benmore, Gregory
K. Schenter, John L. Fulton, Shawn M. Kathmann, Christopher J. Mundy The Journal of Chemical Physics 161,
151102 (2024).
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Beyond Debye-Hiickel: Modeling Concentrated Electrolytes

THE LIMIT: BREAKDOWN OF DILUTE ELECTROLYTE THEORY

Debye-Hiickel Theory Fails
at High Concentrations

Concentrated solutions exhibit
underscreening, producing larger charge
decay lengths than classic theory
predicts.

,//
‘ Unified Corrections via
the X(Q) Function
Z A single interaction term captures all short-range

non-Coulombic corrections beyond the dilute limit.

Emergence of Kirkwood Transitions

Charge correlations transition from simple
exponential decay to damped oscillatory
behavior as concentration rises.

NUMBER DENSITY FIELD

&-\_’ Coupling Charge and
Number Density Fields
Field theory integrates molecular short-
range interactions to accurately model
collective lonic response.

Bulk Screening Lengths
Remain Under 1 Nanometer

r 1

0nm 1nm
Validated field theory and X-ray scattering
confirm screening lengths stay below 1 nm.

Beyond the Debye—Hiickel limit: Toward a general theory for concentrated electrolytes

Mohammadhasan Dinpajooh, Nadia N. Intan, Timothy T. Duignan, Elisa Biasin, John L. Fulton, Shawn M. Kath-
mann, Gregory K. Schenter, Christopher J. Mundy The Journal of Chemical Physics 161, 230901 (2024).

DOL: https://doi.org/10.1063/5.0238708
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Smaller Is Better: Re-Evaluating
Perovskite Precursor Solution Chemistry

Lower-order iodoplumbate species (Pb?*, Pbl*, and Pbl,) dominate dilute metal halide
perovskite precursor solutions, disproving the stability of higher-order complexes.

Dominance of Lower-Order Instability of Higher-Order
lodoplumbates Species & Oligomers

Pb-I Structural Parameters o
vs. MAI Concentration

MAI Pb-I Coordination  Pb-I Radial
Concentration ~ Number (C,) Distance (R) UNSTABLE
0.0025M | 16+03 2974 | g
0.10M 24:04 s01A <EE
2a
1.50M 23+0.5 3.02A g

phig+- O Qo A o,@

Invariant ~3.04 A iligagrerEpecies

3 (PblZ, Pblg¥, Pblg*) Pbl, + 3I°
:(?r(l)sb: nMdAlle ngth 'aClg_SthCtU@ stability. Forms solvent-separated
/( AT S, Pblg* sheds iodide ions. ion pairs in solution.
Average Pb-I coordination A .
Phlz [ ) @ number stays between 2 and >( No symmetrical tetrahedral Pbl,?
o pb2 3 even at high excess MAI. exists in solution.

Simulations confirm distorted bond lengths rather

Dilute Precursor than stable symmetrical coordination geometries.
Solution (in DMF) \

fag PbI*
? o ;Lo d?i.’“

Only Pb2*, Pbl*, and Pbl, are

Literature
misinterpretations
; stem from (Pbl,),
i : oligomers. EXAFS
g detects Pb-Pb

Pb- coordination
saturates at 0.1 M MAI.

Pb-Pb 4.0-4.
It_herm(:idynamll ca“! St.able Adding MAI beyond scattering_ Sciﬁg{é’;‘f,ﬁ; cl?]sters A
e e B 0.1 M does not yield at4.0-4.5A formation rather than
ilute DMF precursor solutions higher-order single-center Pbl FieRE e e
and saturate at 0.1 M MAI. (Pbl), 9

iodoplumbate species. Oligomeric Cluster

Smaller Is Better: The Case for Lower-Order Iodoplumbate Species Dominating MAPbI3/Dimethylformamide

Solutions

Nadia N. Intan, Blaire A. Sorenson, Yong Kyu Choi, Joshua J. Choi, John L. Fulton, Niranjan Govind, Shelly D.
Kelly, Gregory K. Schenter, Paulette Clancy, Christopher J. Mundy Chemistry of Materials 36, 8424-8436 (2024).

DOI: https://doi.org/10.1021/acs.chemmater.4c01523
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kMF-RP: Unlocking Accurate Nonadiabatic
Chemical Rates via Kinked Ring Polymers

Standard MF-RPMD overestimates H

nonadiabatic rates because centroid dividing Core Innovatlon & MEthOdOIOgy
surfaces fail to capture transition-state behavior. Kinked Configurations
Define the Transition State:
Reactive flux is redefined to
isolate ring polymers with
/ beads split across different
electronic states.

Standard MF-RPMD
Dividing Surface

Reactant Product
Bead-Averaged Population Difference Bead-Averaged Population Difference Coordinate (AP)
Coordinate (AP): Measures electronic J
population differences across beads to h l\r/' O

accurately establish the dividing surface. +AP AP=0 /¥

Seamless Bridge from Nonadiabatic to Adiabatic Regimes
Regime Performance & Limitations

Marcus Normal Regime Adiabatic Regime

Strong Coupling: Matches
Kramers’ Theory

Marcus Inverted Regime
High Driving Force: Reverts to
Classical Marcus Rates in Inverted
Regime. The AP = 0 constraint misses
solvent tunneling configurations

Weak Coupling: Matches
Fermi’s Golden Rule (FGR)

Mean-Field Ring Polymer Rates Using a Population Dividing Surface

Nathan London, Siyu Bu, Britta Johnson, Nandini Ananth The Journal of Physical Chemistry A 128, 5730-5739
(2024).
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MOLECULAR SECRETS OF NICOTINE ADDICTION:
PROTOMER RATIOS & RECEPTOR FIT

Protonation sites and molecular geometry dictate biological
activity and addiction potential of tobacco alkaloids.

Nicotine Maintains
High Bioactive
Protomer Levels

The Myosmine Exception:
Geometry Overrides
Protomer Ratio

High Bioactive Ratio (84%)

non-Pyri-H* Yet Low Addiction

Nicotinoid biological activity requires
protonation on the non-Pyridine ring
(non-Pyri-H?), whereas Pyridine
protonation (Pyri-H’) leads to
lower activity.

Less Addictive Nicotinoids
Favor Inactive Pyridine Sites

Bioactive Protomer
(non-Pyri-H'): 84%

MYO predominantly forms the non-Pyridine
protomer, breaking the expected trend.

S@) Bioactive
Protomer

Conjugated 1t System Enforces

NIC Tactiid Unfavorable Planar Geometry
H0 K [ inactive [ inactive
At 310 K, 42% of NIC forms the bioactive NOR, ANB, ANT, and COT overwheimingly prefer
non-Pyridine protomer, driving high addiction. Pyridine protonation (-0% bioactive form at 310 K).
Nornicotine (NOR) | Bioactive
Nicotine (NIC) | Bioactive Protomer (non-Pyri-H+): 0% o
Protomer (non-Pyri-H+): 42% o
& G ¢ 2
i Addict/ive Threshold (Rat ICSS): gy Double bond
:‘; 4 mg/kg (Mildly Addictive)  activati conjugation Y/
Y Addic/tive Threshold (Rat ICSS): Ascttri?/:ggg o/kg (Mildly ) activating flattens MYO-H+, g
1 ma/ka (Highly Addictive! Cotinine (COT) | Bioactive () causing steric -
o/kg (Highly ) oot Protomer (non-Pyri-H+): 0% ‘( clashes with /I X
Addicti nAChR receptor
Non-Addictive oy pockets, X

Addictive

The Gas Phase Protonation Sites of Six Naturally Occurring Nicotinoids

Yuika Okura, Garrett D. Santis, Keisuke Hirata, Sotiris S. Xantheas, Masaaki Fujii, Shun-Ichi Ishiuchi The Journal
of Physical Chemistry Letters 15, 6966-6973 (2024).
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Hydration & The Activation of Nicotine:
How Water Triggers Its Bioactive Form

Hydration-Driven Mechanistic Switching:
Bioactive Transformation Grotthuss vs. Vehicle

Pyrro-H* Low-Temperature

Is the Bioactive
& Addictive Form

Grotthuss Proton Relay
8 Cﬂ) Protons shuffle concertedly
through a 3-water hydrogen-

N @ 5 % bonded bridge at 130 K.
% P "OQP.\
Water Molecules (n) | g £ : )

Pyrro-H* Population (%) :

6 "
A

130 K (QEEEN( )EED) 300 K

Temperature Controls
the Transfer Path

3\
QP P/i oF
100% : B

Minimal Water
Required for
Full Activation

Just 5 water molecules
convert 100% of
nicotine into its bioactive
Pyrro-H* form.

S

The Pyrro-H* protomer
binds directly to

o’

nicotinic acetylcholine Grotthuss Vehicle
neuroreceptors in the mechanism mechanism
human body. dominates dominates

Switching of Protonation Sites in Hydrated Nicotine via a Grotthuss Mechanism

Yuika Okura, Garrett D. Santis, Keisuke Hirata, Vasilios S. Melissas, Shun-ichi Ishiuchi, Masaaki Fujii, Sotiris S.
Xantheas Journal of the American Chemical Society 146, 3023-3030 (2024).
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