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Decoding Hydrogen Risk:
How Impurities Control Nuclear Waste Radiolysis

Gibbsite minerals in nuclear waste generate hazardous H, via radiolysis. Trace Nitrate vs. Chloride
impurities radically change electron availability and H; yield by altering the mineral’s internal lattice disorder.

Nitrate Impurity (NO5) Chiloride Impurity (CI-)

High Lattice X Low Lattice
Disorder . ~ Disorder
Nitrate-doped gibbsite P> < ~ Chloride-doped gibbsite

exhibits significantly =

[
»

has much lower lattice
disorder and structural
heterogenelty

(Sharper spectral features)

greater lattice disorder and
structural heterogenelty than
chloride-doped versions

(Broad spectral features)

\f

si(s
A

Electron Electron

Fate g s Fate Diamagnetic o |

© Fraction

High disorder correlates to a larger Low disorder correlates to a smaller
=) diamagnetic fraction, signifying fewer diamagnetic fraction, indicating more o)
electrons survive for reaction electrons survive for reaction
© (@)
Sub-ns 0 © ©
Electron <Le—>ky— e— e—
Scavenging

Rapid scavenging traps Fewer electrons scavenged,
electrons within picoseconds, allowing more to progress

preventing H, formation @ to form H,
Low Final l B
9

H, Yield Predictive Modelin

High Final

Constraint H; Yield
5 T The diamagnetic fraction serves . o
Nitrate-doped gibbsite produces as a vital signature for predicting Chloride-doped gibbsite produces
significantly lower H, yields early-stage radiolysis events significantly higher H, yields, with an
across both impurity types Order-of-Magnitude H, Yield Difference

Graham, T. R.; Ghandi, K.; Prange, M.; Schenter, G.; Anovitz, L. M.; LaVerne, J. A.; Pearce, C. I. Detecting

impurity-specific effects on structure and radiolytic hydrogen production in aluminum hydroxide. Chemical
Communications 2026, 62, 470-473. https://doi.org/10.1039/d5cc05272f
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Decoding Radiation Tolerance: Are Aluminum
Defects the Key to Nuclear Waste Safety?

Research findings rule out tetrahedral aluminum (7,) defects as the
cause of nitrate-mediated hydrogen suppression in gibbsite.

THE MYSTERY OF rm— THE VERDICT: 3 REASONS T4 IS RULED OUT
THE T, DEFECT The RadIO|YSIS
d Paradox
5 o @ Gibbsite Paramagnetic
l nanoplatelet Knock Out
The

NO,-Gibbsite CI-Gibbsite
Chloride-gibbsite fails
suppress hydrogen. Ty Defect

NO;-Gibbsite
Nitrate-bearing
gibbsite yields 10x less

A 5 NMR “quenching”
hydrogen gas than H, Yield (G(H,)) Hldden‘ n proves T, defects
chloride-bearing (Cd—Gihbb?it)e: 0.220 the Interior are sequestered
i nstable) i i H
versions. e inside the particle,
(High Stability) not on surfaces.

T4 Defect The T4 Suspect

Minority tetrahedral
aluminum defects (Ty)
were hypothesized

to enable nitrate-
driven stability.

No Energetic
Coupling

Present in
Unstable Samples

o | oo oy
- |

DFT simulations show
nitrate does not stabilize
or bond with T, sites.

Cl-Gibbsite  NO,-Gibbsite

T4 defects also appear in
chloride-gibbsite, which fails
to suppress hydrogen.

Advanced
Atomic Probes
Researchers used
surface-selective
NMR spectroscopy
and DFT modeling to

locate these defects. NEW FOCUS:

Chemical electron-scavenging,
not structural defects.

Graham, T. R.; Prange, M. P.; Zhang, X.; Bazak, J. D.; Washton, N. M.; Ghandi, K.; Schenter, G. K.;
Pearce, C. 1. Localizing Tetrahedral Aluminum in Nitrate-Bearing Gibbsite to Constrain Defect-Impurity
Coupling. Inorganic Chemistry Frontiers 2026, 13, 950-956. https://doi.org/10.1039/d5qi01703c
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High-Resolution Protein Characterization with SLIM Technology

Demonstrating Structures for Lossless lon Manipulations (SLIM)
for separating, isolating, and measuring native-like proteins.

(ADVANCED SEPARATION & ISOLATION> (HIGH-PRECISION STRUCTURAL DATA>

Within 6% of
Molecular Simulations

Within

6%

Extended Path -
Lengths up to 40m
Multipass routing allows
for superior resolution of
adjacent charge states
in complex proteins.

Theoretical

SLIM
Experimental CCS ~ MD Simulation

Experimental Collision Cross
Section (CCS) values closely match
theoretical MD simulation results.

Superior Precision
to DTIMS

17+ state of
apo-transferrin

Mobility-Selective
Isolation

Specific subpopulations,
such as the 17+ state of SLIM's longer arrival times result
apo-transferrin, can be in lower standard deviations

completely isolated. s for CCS measurements.
/ . ~——— Baseline Resolution
e for Carbonic Anhydrase
z=10+

DTIMS SLIM

PROTEIN MODELS VALIDATING SLIM PLATFORM N

Native Structural ' m \
Preservation

" ¥ Carbonic Anhydrase (CA) ~29 kDa 8 Meters
Proteins remain stable over 2 Single-pass 8m separations
seconds of separation time with Apo-transferrin ~79 kDa 40 Meters clearly distinguish charge states
minimal conformational changes. 2=9+t0 11+,
Y Alcohol Dehydrogenase (ADH) ~ ~148 kDa 32 Meters \

Lee, J. Y.; Gandhi, V. D.; Harrilal, C.; Parvate, A. D.; Ives, A.; Bhotika, H.; Thibert, S. M.; Zhang, X.;
Schenter, G. K.; Larriba-Andaluz, C.; Evans, J. E.; Ibrahim, Y. M.; Garimella, S. V. B. Characterization
of Gas-Phase Native(-like) Proteins Using Structures for Lossless Ion Manipulations. Analytical Chemistry
2026, 98, 104-114. https://doi.org/10.1021/acs.analchem.5c02054
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Mapping the “Sticky"” Nano-Scale:
How Mineral Surfaces Boost Water Viscosity

Viscosity Peak 1 .
(~0.18 nm, 44.4x Bulk) The Phenomenon:
Dramatic Viscosity Enhancement
Viscosity Peak 2 © 10 to 100-Fold Viscosity Increase

. Interfacial solution viscosity rises sharply
( 0' nim; 70.9x Builk) compared to bulk water near the solid surface.

O Four Oscillatory Viscosity Peaks

: : Viscosity fluctuates in waves as the probe
(Y")sg:so:r:&g’ gflls(u?k) moves through specific hydration layers.

Viscosity Peak 4
(~1.0 nm, 35.8x Bulk)

The Mechanism:
Lattice-Driven Anisotropy

The 1.2 Nanometer
Boundary

© Sub-Nanometer Lattice Templating ‘ i

By )

e ~
Viscosity variations are patterned directly by Py "N ‘\
the underlying mineral crystal structure. y’ N N
[ s
P N \
o Directional (Anisotropic) Friction Fadin T _Ir R
- ‘e \\
Ty Bulk Water
%‘) (Standard Viscosity)
1oy

[100] ‘—ﬂ oo1]

- (R"
\\ ;/7)‘
Viscosity is significantly higher along the of //%O‘ .
[001] direction than the [100] direction. X X3 ‘N» ; .
7 \%‘ }Q/uE:
© Stagnant Layer Hydrogen Bonding { .";?% Y ,\'en\,
\ NSRS -
o~ O\ ¢ Q_ /RN QA Boehmite Mineral
) I T e N AL AN
" 1

Crystal Lattice
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AL
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Qe NG $

Extensive hydrogen bonding creates a
high-friction fluid layer with near-zero velocity.

Nakouzi, E.; Shi, H.; Heo, J.; De Yoreo, J. J.; Mundy, C. J.; Kimmel, G. A.; Schenter, G. K.; Chun, J.
Lattice-scale variations in viscosity are correlated with solution structure at mineral-water interfaces. Journal
of Colloid and Interface Science 2026, 718, 140475. https://doi.org/10.1016/j.jcis.2026.140475
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Anomalous Clustering: Why Ultrasmall Nanoparticles Defy Classical Physics

The Size-Stability Paradox

4 )
O

| O
@ W | e
". \ Pure Repulsion (Incorrect) — \ Pure Repulsion (Correct)

Bimodal (s“]glets + clusters) - Predicted Interaction (DLVO) Unimodal (singlets 0n|y) - Predicted Interaction (DLVO)
- Observed State - Observed State

27 nm Particles (Large)

Classical Models Fail at the Ultrasmall Scale

Standard DLVO theory predicts pure repulsion and stability Larger nanoparticles stay as singlets under identical
for both sizes at pH 8.7. conditions, behaving as classical theory predicts.

Molecular Surface Chemistry as the Driver

0- -0
0 g o O
o -0
oH Ho
ORI O
pH —1 Si-0HSi-0
0~ oo}
OH HO
(0] o}
o Q 9 o
o-

vy > | |
7 8 83-87 9 10 2-3nm -0
Protonation State is Emergence of
the Key Descriptor Short-Range Attraction
Increased Hydroxylated Silanol Groups Clustering peaks when solution A specific 2-3 nm attraction arises
Decreasing particle size enriches the surface pH approaches the surface group's  from discrete surface-site heterogeneity
with proton-active silanol sites. pKa (approximately 8.3). and proton fluctuations.

Patel, R.; Rother, G.; Pesika, N.; Kimmel, G. A.; Levin, Y.; Schenter, G. K.; Mundy, C. J.; Chun, J.;
Bharti, B. Molecular Surface Chemistry Drives Anomalous Clustering of Ultrasmall Silica Nanoparticles.
The Journal of Physical Chemistry Letters 2026, 17, 8270-8276. https://doi.org/10.1021/acs. jpclett.
6c01796
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The Cation Effect: How Electrolytes
Boost Nanoparticle Attraction

A Countervailing Tug-of-War

(=)
O //’*\_t 195

Van der Waals \ lonic Electronic Resonances

forces

NET EFFECT:
Increased Hamaker
Constants

O Role of Molar Volume
For most alkali metals, the effect of
volume expansion prevails, leading to
higher Hamaker constants.

Challenging the
“Screening” Assumption

Contrary to old theories, increasing salt
concentration often increases nanoparticle
attraction rather than decreasing it.
Cation-Specific Impact Mineral Phase
Sensitivity
Rutile exhibits significantly
higher attraction levels than
Alumina or Boehmite.

KQ)' (Cesium)
AulkgT
¢ N V- ~3.22
Na, K, and Rb AnjkT
Increase Forces: L)
The Cesium Show appreciable
Neutrality: increases in
Role of Molar Volume Aln!:ost ,'13’ effect attractionas
For most alkall metals, the effect of volume on attraction concentration rises.
expansion prevails, leading to higher due to unique Rutile Alumina Boehmite
Hamaker constants. polarizability. (Ti0,)  (Al,03) (y-AIOOH)

Prange, M. P.; Chun, J.; Schenter, G. K.; Nakouzi, E.; Wei, Y.; Clark, A. E.; Rosso, K. M.; Pearce, C. 1.
Effect of cations on van der Waals interactions between particles in aqueous alkali nitrate electrolytes. arXiv
2026, arXiv:2606.04331. https://doi.org/10.48550/arXiv.2606.04331
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The Science of Solubility:

How Charge Density Mismatch Drives Concentration

THE VALENCE MATCHING PRINCIPLE

o

MISMATCH EQUALS SOLUBILITY

Salt solubility is highest when the bond
valences of the cation and anion

EVIDENCE FROM ALKALI SALTS
oo - NO

ULTRACONCENTRATED
SOLUTIONS
Defined as solutions with <4 water
molecules per ion, occurring when bond
valence mismatch exceeds 0.06 v.u.

87%

PREDICTIVE
ACCURACY

The Valence Matching Principle
correctly predicted solubility
trends for 20 out of 23 studied

anion systems.

THE FLUORIDE SCALE

differ significantly.

THE ION-PAIRING
PARADOX

High solubility occurs despite
weak ion-pairing, meaning
solid-phase instability is
the primary driver of

concentration.
LiF CsF
(Matched Valences) (Mismatched Valences)
Sparingly Soluble 670x MORE SOLUBLE

CHARACTERISTIC BOND VALENCES (v.u.) B

STABLE SOLIDS VIA MATCHING

0@

CATION: CATION:
Lithium (Li*) | 0.215 v.u.  Cesium (Cs*)

Stable, low-solubility compounds
form when the absolute magnitudes
of cation and anion valences
closely match.

ANION:
Fluoride (F-) | 0.084 v.u.

ANION:
Perchlorate (CIC4-) | 0.080 v.u.

Reynolds, J. G.; Wang, H.; Graham, T. R.; Schenter, G. K.; Prange, M. P.; Rosso, K. M. Charge Density
Mismatch is a Key Characteristic of Highly Concentrated Electrolyte Solutions and Highly Water-Soluble
Salts. ChemPhysChem 2026, 27. https://doi.org/10.1002/cphc.202500252
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Unlocking the Elusive:
The Breakthrough Mechanics of CuH Catalysis

First direct observation of the (DTBM-SEGPHOS)CuH monomer and the fine
balance between productive catalysis and irreversible deactivation.

THE DISCOVERY & PRODUCTIVE PATHWAY THE COMPETITION & DEACTIVATION

First Direct Spectroscopic Characterization:
/ Characterized at -43°C using NMR to prevent
rapid aggregation.

———= The High-Activity LCuH Monomer:
Three-coordinate species significantly more
reactive than two-coordinate NHC counterparts.

o’l‘o

——=a Precursor-to-Catalyst Activation: - LA .
Generated via stable phenoxide complex Irrerx ersible Deactlv:::tlp? P_ath:gvays.
(LCuOPh) reacted with silane hydride source. onomexsiaggregate;into Inactive

trinuclear (orange) or tetranuclear

(DTBM-SEGPHOS)CuH (colorless) CuH clusters.

e &) S

p A FINELY BALANCED LcuH
q ENERGY COMPETITION d
- (Y = -
d Steric Bulk as a Kinetic Shield: (W
DTBM-SEGPHOS adds -7.7 kcal/mol ~
Productive: to the dimerization barrier, preventing Deactivation:

immediate catalyst death. LCuH Dimerization

Cyclopentene Hydrocupration

+7.7 171
keal/mol (Productive) 15.8

| (Steric el
“/\ . Adiantage) A (Deactivation)

;im Ny

(Productive)  (Deactivation)

Ryan, D. E.; Fuller, J. T.; Patrick, E. A.; Erickson, J. D.; Schenter, G. K.; Ginovska, B.; Raugei, S.; Bullock,
R. M.; Tran, B. L. Direct Observation of Elusive (DTBM-SEGPHOS)CuH Monomer Enables Mechanistic In-
sights Into Hydrocupration, Aggregation, and Dynamics of Alkene Functionalization Catalysis. Angewandte
Chemie Novit 2026, 2. https://doi.org/10.1002/anov.70025
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Precision in Motion: Energy-Conserving
Dynamics for Nonspherical Particles

A computational framework for physically accurate simulations of complex colloidal and granular systems.

The Contact Dynamics Framework Validation and Physical Insights
Dual-Layer 3D Detection Near-Zero Energy Drift Emergent Crystal Packing
g Accurately captures self-assembly into

Relative Energy Simple Cubie, FCC, and BCC lattices
Differences as low as at high packing fractions.
10°¢, confirming strict
physical validity.

Energy

Time

Combines vertex-surface and
edge-edge interactions to identify

all potential contact pairs.

Shape-Driven
Anisotropic Diffusion
Quantifies how geometry dictates
movement, such as rods exhibiting
enhanced mobility along their
longitudinal axes.

Offset Geometry
via Minkowski Sum
Incorporates a “skin layer”

to create rounded edges,
ensuring smooth and
continuous force calculations.

High Precision Energy Conservation Across Densities
@ Energy Difference (AE*/E*) () Avg. Pressure (P*)

I

1.88 £0.07 .
m
016 | — - B -

S R

e
~
N

o
N
=)

Packing Fraction (n)

Scalable LAMMPS Integration parellel T T o5
Implemented as an extension to LAMMPS, Processing Units (Low I5ensity) (Mediurfl Density) (High f)ensity)
leveraging parallel efficiency for large-scale

Demonstrating the high precision of energy conservation across different system densities.

particulate systems.

Shi, H.; Mundy, C. J.; Schenter, G. K.; Chun, J. Energy-conserving contact dynamics of nonspherical rigid-
body particles. APL Computational Physics 2026, 2. https://doi.org/10.1063/5.0319853
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Solvation Thermodynamics: Debunking the Myth of Cancellation

THE TRADITIONAL VIEW: THE CORRECTION: PROVING
THE YU-KARPLUS MISCONCEPTION THERMODYNAMIC INCONSISTENCY

003

OO SolvemtSoIYeM Exact Cancelation The Heat Capacity Test

O 0 e O Assumption: Researchers used differential heat capacities
Theory claimed (AC,) to test for thermodynamic consistency.
O C 0 O solvent-solvent energy
O‘O x and entropy cancel,

A leaving no net effect.

20
8@0 TR p

Oog

Solute-Solvent @ Y InterlnaI|Energy Yu-KarIpIuls Entropy
. Calculation Calculation
DOmlnance Consistent with Differs from
This view dsuggests golvalxtign free fluctuation theory. energy-derived value
energy is determined only by by AEYY/T.
solute-solvent interactions. .A Proven Y Asa/
Discrepancy
Energy-derived and entropy-derived
A 40-Year heat capacities failed to match

Sci entifi ¢ Standard under Y-K definitions.

The Y-K perspective has been
the dominant viewpoint in
chemistry since 1988.

The Active Role
of Solvents

Solvent rearrangements contribute
both energetically and entropically
to total solvation free energy.

New research corrects a 40-year-old
misconception, proving that solvent-
solvent interactions are critical to
the solvation process.

Thompson, W. H.; Schenter, G. K.; Mundy, C. J.; Laird, B. B. Solvation Thermodynamics Revisited.
American Chemical Society (ACS) 2026. https://doi.org/10.26434/chemrxiv.15004583/v1
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The Fingerprint of Hydrogen:

Mapping Mineral Dynamics with Neutrons

@ THE POWER OF INELASTIC
NEUTRON SCATTERING (INS)

INS vs. Optical Spectroscopy

@ THE HYDROGEN BOND CORRELATION

The “Blueshift” Relationship A ﬂ A

Optical
| man
R/ Ramen; e} HIGH ENERGY
Q & (Short, Strong Bond)
=z
— w
2|8
| MODERATE ENERGY (2] @
é () (Moderate Bond)
= = AN DIASPORE
'&" Mean H-Bond Distance:
Often misses H motions; Neutrons see H motions clearly; % ;i%iél: (I;‘Srg:;g:?)
masked signals. unaffected by masking. w LOW ENERGY
Z | (Long, Weak Bond)
o —~—— 0
@ DEFINITION = _--"  BOEHMITE
s . o Mean H-Bond Distance: 1.814 A |
Libration vs. Riding Modes S & HB Strength: Moderate
OH Group GIBBSITE
Mean H-Bond Distance: 2.013 A | SHORTER DISTANCE /
@ W HB Strength: Moderate to Weak STRONGER BONK
= ]
- H-BOND DISTANCE
SHORTER, STRONGER HYDROGEN BONDS SHIFT THE UPPER
LIBRATION: RIDING MODES: LIBRATIONAL BAND TO HIGHER ENERGY LEVELS.
H-atom’s rotational Whole-body hydroxyl
osciliation movement

@ PREDICTING BOND GEOMETRY

@ VISUALIZING ATOMIC DISORDER — Accurate
Libration seas H-Bond

Energy HHE i Distance &

sl Geometry

Libration energy serves as a reliable proxy for
calculating hydrogen bond distances in minerals.

© HYBRIDIZATION IN WEAK BONDS

INS identifies layer-to-layer disorder in
hydrogen orientations that diffraction misses.

For hydroxyls without effective hydrogen bonds,
motions hybridize with metal-oxygen lattice modes.

Wang, H. W.; Prange, M. P.; Graham, T. R.; Zhang, X.; Liu, T.; Daemen, L.; Kolesnikov, A. I.; Schenter,
G. K.; Anovitz, L. M.; Rosso, K. M.; Pearce, C. I. Libration of hydroxyl groups in layered aluminum
(oxy)hydroxides and other material analogs: insights from inelastic neutron scattering and theory. Physical
Chemistry Chemical Physics 2026, 28, 2560-2573. https://doi.org/10.1039/d5cp03788¢
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Nanostructuring and Underscreening
in High-Concentration Electrolytes

DILUTE SOLUTION NANOSCALE STRUCTURAL EVOLUTION DYNAMIC AND
(Low Solute Volume) (High Concentration) INDUSTRIAL IMPACTS
water-anion
% (9 (% segregated network
) P

NANOSTRUCTURAL CAGING
Structural heterogeneity creates
local ‘cages' that restrict
molecular relaxation and diffusion.

®

INDUSTRIAL STABILITY
APPLICATIONS
Prolonged metastability is critical
Nanostructure Scali ng for radioactive waste treatment

and aluminum production.
¢ ~0.40
e © (Concentrated)
e © ) 0
e%4

Disordered, Loose Network

UNDERSCREENING & GEOMETRY
¢~0.25 |[|[I|(HI|HII|HII|HI1|!III|IIH|
$I~O.jg (Mid-range) X Decreasing [0 45A
ilute-is _ . i
il ) o —e I Met:Domaln Electrostatic screening length
O Distance (d) and = 2
Faae F---1  Rising Correlation increases up to ~4.5 A.
Periodicity (d): ~7.5 A ~6.0 A ~5.5A Length (E) as Solute
i Volume Fraction (¢) . .
Correlation = sl — increases. Geometry-driven morphology: At high
Length (E): ~2.1A ~3.1A ~4.3 A

concentrations, geometric factors govern
nanostructure, not specific anion chemistry.

Wang, H. W.; Nienhuis, E. T.; Kennedy, A. R.; Mergelsberg, S. T.; Munoz, V.; Anovitz, L. M.; Nagy, G.;
Reynolds, J. G.; Chun, J.; Schenter, G. K.; Pearce, C. I. Nanostructuring and Underscreening of Bisalt

Electrolytes with Dual-Anion Effects: Insights from Small-Angle Scattering Prepeak Analysis. The Journal
of Physical Chemistry B 2026, 130, 7978-7986. https://doi.org/10.1021/acs. jpcb.6c01734
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The Secret Life of Confined Water:
How Layers Shape Nanoparticle Behavior

How varying layers of water on boehmite nanoparticles transition from
highly structured mineral-like configurations to bulk-like “glassy” fluids.

LAYERS 1 & 2: STRUCTURAL MIMICRY AND CROWDING LAYER 4: THE TRANSITION TO BULK-LIKE BEHAVIOR
Water “Mirrors” the The “Mid-Layer Emergence of Glass-like “Super-
Mineral Structure Bottleneck” "Bulk” Properties Arrhenius” Dynamics
The innermost layer of water bonds Water in 2 layers actually diffuses At four layers, water begins to The 4-layer network develops a
to surface groups in sites mimicking slower than 1 or 4 layers due to exhibit the physical properties and complex, glassy behavior where
the boehmite's crystal iattice steric crowding dynamics of buik liquid water movement slows rapidly as

temperatures drop

Al
AL 1A
1L 1A ogf

SAl
AR

Amorphous Ice
Formation

Cooling the 4-layer sample results
in low-density amorphous ice, a
state not seen in thinner layers

" Grotthuss-like
Proton Hopping
Rapid isotopic
exchange occurs as
protons “hop” through
the hydrogen-bonding
network between layers

Anovitz, L. M.; Schenter, G.; Chun, J.; Prange, M. P.; Wang, H. W.; Liu, T.; Cheng, Y.; Daemen, L.;
Smith, W.; Zhang, X.; Pearce, C. 1.; Tucker, M. G.; Kolesnikov, A. I.; Jalarvo, N.; Mamontov, E.; Stack, A.
G. Unveiling the Structure and Dynamics of Water Confined in Colloidal Boehmite Suspensions. Langmuir
2025, 41, 20463-20480. https://doi.org/10.1021/acs.langmuir.5c00966
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Molecular Reorganization:
How Aluminum Chloride Shapes the Air-Water Interface

CONTEXT:
High-Density Energy Potential

Aluminum (Al)  Lithium (Li)
Al-ion batteries offer significantly
higher energy density, driving
research into interfacial
behavior using SFG and MD.

ION STRATIFICATION &
WATER DIPOLE REORIENTATION

@ B

AP L A A po s
120000000

deryerelelcelc

Extended

Interfacial Depth:

Charge Neutrality at

@ o ~50A (vs.~20Afor Na)
©

Q
8L
(o)

AR* ions accumulate near the surface, driving
intense subsurface crowding and causing
water molecules to tilt more towards the
surface plane.

NON-MONOTONIC

SPECTRAL RESPONSE
KEY FINDING:
Peakat1.5m
5
=
2
[7]
I =
2
£
®
&=
[=]
g
o
('S
7]
Intensity increases up
to 1.5 m, then saturates
or decreases.
T 1 T 1
0 0.5 1.5 2.5  Higher

AICI; Concentration (m)

Shared Behavior of Multivalent lons:
Unique non-linear trend observed for
strongly hydrated cations like A**, Fe3*,
and Mg#, unlike simple salts.

CONCENTRATION-DEPENDENT PHYSICAL CHANGES

Concentration (m) Intrinsic pH Surface Tension (mN/m)
0 (Pure Water) 5.76 V2. 21
1.5 1.38 76.60
25 001 [y

Biswas, B.; Dinpajooh, M.; Nieto, G.; Adhikari, N.; Schenter, G. K.; Kathmann, S. M.; Mundy, C. J.;
Allen, H. C. Reorganization of Water at Aqueous Aluminum Chloride (AICI 3 ) Interfaces: Vibrational Sum
Frequency Generation and Molecular Dynamics Simulations. The Journal of Physical Chemistry A 2025,
129, 10616-10631. https://doi.org/10.1021/acs.jpca.5c03910
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Surface Roughness: The Secret Key
to Nanoparticle Assembly

THE HYDRODYNAMIC BARRIER OPTICALLY INDUCED ASSEMBLY
The lubrication force that increases as External light fields drive particles
particles approach,- = together to overcome repulsive
pushing them apart. electrostatic forces.
— Hydro_dypgmic
Resistivity

7

Roughness Reduces Friction

Surface roughness lowers hydrodynamic
resistivity by over an order of magnitude.

The Smooth Surface Trap

Perfectly smooth particles face high resistance
that effectively blocks physical contact.

Near 100%
Collision Success
Rough 500nm crystals consistently

4 Smooth Particles: collide within seconds, while
N O smooth crystals fail.
- Q - High Resistance (0(1/¢))
P Slower Velocity (0(e™))
¥ Extremely Low Contact Probability

i Stable Chain Formation

Faster Velocity (O(e™)) Rough a-NaYF crystals assemble into
" Highly Probable Contact Probability  long-lasting linear nanostructures.

Felsted, R. G.; Chun, J.; Schenter, G. K.; Bard, A. B.; Xia, X.; Pauzauskie, P. J. Mediation of Colloidal

Encounter Dynamics by Surface Roughness. Physical Review Letters 2025, 134. https://doi.org/10.
1103/physrevlett.134.088201
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CONFINEMENT-CONTROLLED CO2 INSERTION:
WHY THE CRYSTAL LATTICE MATTERS

A study on how structural confinement in a crystal lattice
SOLUTION REACTIVITY (BENZENE) prevents the breakup of a dicopper complex, enabling SOLID REACTIVITY (IN CRYSTALLO)

selective, stepwise CO; insertion, contrasting

DIMER STABILITY with its dissociation in solution. ACCESSIBLE VS-
VS. DISSOCIATION INACCESSIBLE SPECIES

In solution, the dicopper dimer - The crystal lattice stabilizes
discociates into monomers; in \ dicopper formate species
crystals, lattice confinement > N b 3 that are otherwise uristable
prevents this breakdown. ~ / . and undetectable

in solution.

THF-INDUCED
N SITE ASYMMETRY

Co-crystallized THF molecules
create specific ‘pockers"
and pathways that direct

®  CO, to the reactive core.
STEPWISE REACTION TIMING:
PHASE 1 (MINUTES)

OUTER-SPHERE \ @ , REDIRECTED

NUCLEOPHILIC ATTACK = ( \ DIFFUSION PATHWAYS

) = \ CO;, inserts into the core Lol cu) ) The first CO, insertion
Dimer via nucleophilic attack on \e > A structurally alters the
Dissociation a bridging hydride without \ S ( lattice, forcing the
y breaking the dimer. second COj to follow

a different path.

PHASE 2
(HOORS)

SOLID VS. SOLUTION REACTIVITY - KEY COMPARISON
ENVIRONMENT: MEOHANISM: PRODUCT OUTCOME: "
Lattice

SOLUTION .  DIMER . MONOMERIC Confnaiaont
(BENZENE) ~ DISSOCIATION ~ FORMATE (4)

INCRYSTALLO _,  LATTICE . DICOPPER
(SOLID) CONFINEMENT ~ FORMATES (2 & 3)

Fuller, J. T.; Patrick, E. A.; Schenter, G. K.; Ginovska, B.; Tran, B. L.; Raugei, S. Confinement-controlled
selective CO2 insertion into a dicopper dihydride core: A multiscale mechanistic study. The Journal of
Chemical Physics 2025, 163. https://doi.org/10.1063/5.0287973

42


https://doi.org/10.1063/5.0287973

Colloidal Dynamics: Bridging Molecular Forces and Macro-Applications

(©) Applied Colloidal Engineering

Q
1 C 4 Solar-Thermal Nanofluids

& A

© ¥ Fyv Y ° 9 5
° @ O 2 o Y
4 ?

Q e e O
@ ‘ 6 .
* sub-100nm Q

o

Dispersed particles

- Q enhance heat transfer

The Governing Force Landscape 0 Q ‘
Classical DLVO vs. The Role of “Non-DLVO" \ ° e 3 o
Forces Interactions ) o __tm_g_

Classical Repulsive
DLVO theory  Electrostatic

OIE

prevent efficiency-killing aggregation.

Thermoelectric Superlattices
3 Precise spacing

<0.2nm)
Attractive
van der Waals 3x
Balances attractive van der Hydration and steric forces 20 higher
Waals and repulsive become dominant at sub- © o T [e) ZT values
electrostatic forces. nanometer separations, Precise spacing enables 3x higher
preventing particle contact. ¢ @) ZT values than bulk materials.
Hydrodynamic Lubrication ©) . .
Nanoparticle Stability & Surface Treatments
: Pt § Particle Type Coating/Surfactant .
. @) T Q ’ Cu-Zn-Al | None <18 Hours
— " ¥ | Cu-Zn-Al|SDS
=5 y (Sodium Dodecyl Solfate) > 24 Hours G
: . T AI203| SDS

Demonstrates the impact of surface treatments on nanoparticle stability.

Fluid pressure between approaching
particles dictates rotation,
alignment, and final attachment
configurations.

(Sodium Dodecyl Solfate)

Legacy Nuclear Waste Management

Understanding pH-dependent
boehmite aggregation helps prevent
hazardous shear thickening... ...during waste pumping.

Heo, J.; Butreddy, P.; Schenter, G. K.; Mundy, C. J.; De Yoreo, J. J.; Nakouzi, E.; Lee, J.; Chun, J. Colloidal
phenomena reflect the interplay between interfacial solution structure, interparticle forces, and dynamical
response. Current Opinion in Colloid & Interface Science 2025, 75, 101887. https://doi.org/10.1016/j.
cocis.2024.101887
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The Hidden Path of Crystallization:
How Calcium Carbonate Forms

PHASE 1: Formation of the Dense Liquid (DLP) PHASE 2: Transformation into Solid Minerals

Chemical Decomposition
The liquid releases CO, and H,0
to transform into Amorphous
Calcium Carbonate (ACC).

A Highly Hydrated
Composition

Each ion pair is surrounded
by approximately 7.5 water
molecules.

Gel-Like Viscosity
The liquid is 100 million

times more viscous than
water, resembling a soft gel.

Hollow Core
(Liquid Core
initially, then

Empty)

Liquid-Liquid
Phase Separation
Solvated calcium and
bicarbonate ions
condense into an
emulsion of hydrated
liquid droplets.

Dense Liquid Glassy :
Water Phase (DLP)  Solid H,0

Growth of Hollow Particles
Solidification often starts at the
droplet surface, creating a shell
with a liquid core.

repid flow
slow
Flow

Role of Additives: Acidic proteins and
@ polymers extend the liquid’s lifetime
without changing its chemical pathway.

103 10° 10"

Pascal-seconds Pascal-seconds Pascal-seconds

Jin, B.; Chen, Y.; Pyles, H.; Baer, M. D.; Legg, B. A.; Wang, Z.; Washton, N. M.; Mueller, K. T.; Baker,
D.; Schenter, G. K.; Mundy, C. J.; De Yoreo, J. J. Formation, chemical evolution and solidification of the
dense liquid phase of calcium (bi)carbonate. Nature Materials 2025, 24, 125-132. https://doi.org/10.
1038/s41563-024-02025-5
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The Quantum Leap in Fluid Dynamics:
From Polynomial to Logarithmic Scaling

CLASSICAL SIMULATION
(NAVIER-STOKES)
S Strong Nonlinearity
‘% (Reynolds Number Re)
L pem
< f
7 <

7
o

v)

Limited Grid
(=+10° points)

THE TRANSFORMATION
OF NONLINEARITY
Navier- Lattice

Stokes ' Boltzmann

(Strong Re-determined) i (Weak Ma-determined)

Shifts to Lattice Boltzmann Equation (LBE):
Trades strong Reynoids-determined for
weak Mach-determined nonlinearity.

Carleman
Linearization
(Degree 3) ~

Resolving the | & T
Unattainable: O K

QUANTUM SPEEDUP
& BREAKTHROUGH

(}

Curnral faditional Enables Direct Simulation
\| Linearization ! LN of Fiekdon of Atmospheric Turbulence
| Nonlinearity | < (10%° grid points)

POLYNOMIAL ) 5 il LOGARITHMIC
COMPLEXITY . H|g]t(|)_t’\‘¢;c;ur%y | AdEdffectnltg jlglade-off: COMPLEXITY
rror ~ or Weal ! s negligible expense
(O(NP)) ( Compressible Flows.y ©in qua?\tgm solvzrs. Ollog N))

Prohibitive Scaling
with System Size

CLASSICAL VS. QUANTUM COMPARISON

Exponential Speedup
vs. Classical Methods

B ]
o o
o FEATURE ' CLASSICAL QUANTUM o I
|  (NAVIER-STOKES) (LINEARIZED LRE) Independent of
; Polynomial in Logarithmic in Reynoids Number
Scaling System Size (N) | System Size (log N) (Steady State Stability)
Nonlinearity Reynolds Mach Number
Metric Number (Re) (Mo) >
System Size Feasible Limited Massive System Size
Crippled by Strong Nonlinearity Grid Size (~10° points) (>10%° points) Massive Feasible Grid (>10%° points)

Li, X.; Yin, X.; Wiebe, N.; Chun, J.; Schenter, G. K.; Cheung, M. S.; Milmenstéddt, J. Potential quantum
advantage for simulation of fluid dynamics. Physical Review Research 2025, 7. https://doi.org/10.1103/
physrevresearch.7.013036
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Breaking the Curse: Quantum Speedups for Whole-Cell Modeling

The Classical “Curse of Dimensionality” / The Quantum Algorithmic Solution

Exponential
Complexity Growth
The number of possible “

/ Exponential
Reaction-Rate Speedup

Quantum computers
reaction terms grows calculate reaction rates
exponentially in polynomial time by

with the number of leveraging ground-state
chemical species. energy differences.

3

Bridging Biological Scales

Carleman Linearization

o 5 The algorithm maps
MHOIOSCDPIO nonlinear biological equations into
s linear systems compatible with
Scale: 0.1=1nm| Scale: 1-100 pm | Scale: 1 -30cm| quantum mechanics.
Covalent bond breaking Gene regulation and  Physiological pharmacokinetics

The “NP-Hard” Barrier and forming protein diffusion and tissue formation

Computing reaction rates involving | \
many-body interactions is intractable in b
polynomial time on classical computers.

Quadratic Spatial Scaling

Achieves quadratic scaling in spatial
grid points, contrasting sharply with
classical exponential scaling.

Minimal Cell Limitations

Current GPU-powered simulations
simulations are restricted to
minimal synthetic cells, failing at
multicellular complexity.

Lockwood, M.; Wiebe, N.; Johnson, C.; Miilmenstéddt, J.; Chun, J.; Schenter, G.; Cheung, M. S.; Li, X.
Quantum Algorithm for Subcellular Multiscale Reaction-Diffusion Systems. arXiv 2025, arXiv:2509.20668.
https://doi.org/10.48550/arXiv.2509.20668
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Balancing Act: Kinetic Stability vs.
Catalyst Performance in CuH Catalysis

THE PROBLEM: THE SOLUTION:
Deactivation by Aggregation Rational Ligand Design
The Dimerization “Gateway” Remote Steric Substitution Optimizing Stability Without
Monomeric Species Compromising Performance
Ugana |Dlgeiston e
0 Y& | (AG'ym) | (AGne)
S R O
W@L\ Vo o ; o 210 | 180181182
! ! IPr-CHPh, !
DIMERIZATION Gt -
: : ) [2 @) 21.0
Formation of Inactive Clusters 3 | 180181182
IPr*CPhg
(Optimized)
Raising the Kinetic Barrier
18.018.118.2
Inactive Clusters
(Tri/Tetranuclear)
e Q IPr+CArtBus
Performance Depends on CuH cun [S=E!
Competitive Rates S C SR
Deactivation Turnover 0
Kinetics Kinetics ©)L° ® g’o
Repulsive \ (G oM ®
Interactions Q ®
Conversion . e Q @
3 O Independent Tuning of Stability
4 Modifying ligand bulk can increase
4 ® ¢ stability by 10+ kcal/mol without
$ impeding substrate insertion.

Ryan, D. E.; Fuller, J. T.; Patrick, E. A.; Erickson, J. D.; Speelman, A. L.; Carroll, T. G.; Schenter,
G. K.; Ginovska, B.; Raugei, S.; Bullock, R. M.; Tran, B. L. Mechanistic Insights into Molecular Copper
Hydride Catalysis: the Kinetic Stability of CuH Monomers toward Aggregation is a Critical Parameter
for Catalyst Performance. Journal of the American Chemical Society 2025, 147, 14280-14298. https:
//doi.org/10.1021/jacs.4c17955
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Redefining Fluid Flow: Molecular-Informed
Hydrodynamics at the Nanoscale

Moving beyond continuum theories, this model incorporates molecular-scale details to
accurately describe fluid behavior in confined nanoscale systems.

THE BREAKDOWN OF
CONTINUUM THEORY

The 1nm Molecular Zone

Near walls, fluids exhibit layered structures with distinct
density and viscosity unlike the buik.

A UNIFIED MOLECULAR-

BOUNDARY MODEL

Extrapolated
Wall Indicator
Its position relative
to the physical wall
determinesif a
surface is
hydrophobic or
hydrophobic
or hydrophilic.

Hydrodynamic Wall
This boundary sits inside the
fluid, separating the near-wall

Locating the

f region from the bulk.
The Failure of "No-Slip" Hydrodynamic Wall
Velocity -~~~ Robust Linear Response
000009 &~ -~~~ Equilibrium States
20000 16) —— Active Flows (Couette/Poiseuille)
20000 g9 gq . :
00000 ) Results show high consistency
.efggﬁ between equilibrium states and active
— — = 1 Couette or Poiseuille flows.
No-Slip Slip

Interaction Strength & Surface Nature
Slip Length (3)

1.23A AOA :‘:{){g"l{zﬁ;\)obic

At the nanoscale, slip length becomes comparable to
continement width, making traditional assumptions inaccurate.

Interaction Strength (g) Surface Nature

Real-World Nanoconfinement Weak

(0.3 kcal/mol)

Medium A Neutral/
(0.4 kcal/mol) 7~44 A Transition
Strong 6.07 A Hydrophilic
; . - " 0.5 kcallmol - Stagnant L
Biological Desalination Nanoparticle (8.5 kealimely (Stagnant Layer)
Nanochannels Devices Self-Assembly \ y

Shi, H.; Mundy, C. J.; Schenter, G. K.; Chun, J. Incorporating the molecular-scale into a hydrodynamic
description of confined aqueous systems. The Journal of Chemical Physics 2025, 163. https://doi.org/
10.1063/5.0279626
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Accelerating Quantum Tunneling:
A 10x Speed Boost for Chemical Simulations

THE COMPUTATIONAL BOTTLENECK THE LI-NEB + GPR SOLUTION 5 :

The “Hessian” Hurdle Hessian-Free Path Searching
Traditional instanton methods The LI-NEB method locates the
require calculating complex second- reaction path using only potential

derivative matrices (Hessians), which and gradient information.
is computationally exhausting.

/ Machine learning

° . o } Y GPR) creates a
High Bead Density Requirements / / |oca|(map) to predict
Standard ring polymer methods often require e 4 molecular behavior
double the discretization points to accurately ' 4 with minimal data.
represent paths. ; . 7 /

10x Faster Performance
The combined method achieves

an order of magnitude speedup
while maintaining excellent
agreement with traditional rates.

Comparison of Total Potential/Force Evaluations

Limited to
Small Systems Traditional Method CH4+H GPR-Accelerated LI-NEB
Due to extreme costs, accurate (Methane)
tunneling calculations were = : :
previously restricted to very 360 Evaluations 33 Evaluations
simple molecules. Malonaldehyde
~1000+ Evaluations 300 Evaluations

Aminopropenal

C_ T
~2700 Evaluations 0’\”&'3 400 Evaluations

Zhang, C.; Nimmrich, A.; Johnson, B. A.; Schenter, G. K.; Khalil, M.; Govind, N. Accelerating Instanton
Theory with the Line Integral Nudged Elastic Band Method and Gaussian Process Regression. Journal of
Chemical Theory and Computation 2025, 21, 7517-7534. https://doi.org/10.1021/acs.jctc.5c00673
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The 4-Step Evolution of
Sodium Yttrium Fluoride (NaYF)

Final Cubic Electrochemical
Crystallization Energy Storage
The amorphous aggregate The porous, high-surface
eventually condenses into area gel (100 m*/g) is

a stable cubic NaYF phase electrochemically active for
over several hours. Li-ion and Na-ion batteries.

e
n @iﬂl&)@@l@@
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i Solid-State Optical Laser
Chemical Diffusion Refrigeration
lon/Molecule Energy Barrier Doped gel samples can be
Traveling to Incorporation laser-cooled by 0.55°C
Phase Separation Fluoride (F-) ~14 keal/mol '7// enabling actively cooled
o antireflective coatings.
& Gel Formation Sodium (Na*) ~27 kcal/mol
Rapid spinodal ;sﬁg:;m Fluoride |26 ycal/mol Ligand-Free Surface —
decomposition (~250 pis) The organic-free synthesis
creates a porous, High energy barriers prevent direct improves cooling efficiency
interconnected amorphous incorporation; diffusion happens in by preventing surface heating
gel intermediate. the amorphous phase. from organic species.

Bard, A. B.; Felsted, R. G.; Ganas, A. S.; Pant, A.; Gupta, C.; Chen, Y.; Nakouzi, E.; Jin, B.; Washton,
N. M.; LaCount, M. D.; Mundy, C. J.; Schenter, G. K.; Chun, J.; Spurgeon, S. R.; Lee, G. K.; Holmberg,
V. C.; Brush, L. N.; De Yoreo, J. J.; Pauzauskie, P. J. Chemically Driven Multistep Crystallization in the
Synthesis of Sodium Yttrium Fluoride Via a Porous, Electrochemically Active Intermediate. The Journal of
Physical Chemistry C 2024, 128, 13034-13044. https://doi.org/10.1021/acs.jpcc.4c01281

50


https://doi.org/10.1021/acs.jpcc.4c01281

The Salt Paradox:
How lon Correlations Shield Nanoparticles

THE AGGREGATION REVERSAL THE MECHANISM:
REPULSIVE HYDRATION FORCES
The lon Correlation Shield:
/_ .High‘salt concentrations force
ions into ordered patterns that
resist particle contact.

Boehmit
]5'FOLD nal?fp:tlisle
AGGREGATION

Boehmite 15x Slower
nanoparticle RSLOdWDofwrl‘ at 4-10 Molal
system ates drop significantly

when increasing con-
centration from 1 molal
to 4 molal.

Increased Interfacial
Spacing: Hydration layer
features expand as salt
concentration rises.

15x Slower
Very Slow (4-10 Molal)

(Pure Water)

Pure 1 Molal 4-10 Molal
Water (Peak) (Slow)

AN
e T . .
TDU(/ﬁ THGIOTYdLllf“;t?ltl?mS!h Nonmonotonic Rate Behavior:
raditional models fail at hig Adding salt initially speeds R
concentrations because they aggregation, but further additions ___Loosely Bound Aggregates: ;
ignore molecular-scale create a protective barrier. Particles trapped in high-salt environments retain
solution structures. electrolyte layers and disaggregate easily.
\.

Butreddy, P.; Heo, J.; Rampal, N.; Liu, T.; Liu, L.; Smith, W.; Zhang, X.; Prange, M. P.; Legg, B. A.;
Schenter, G. K.; De Yoreo, J. J.; Chun, J.; Stack, A. G.; Nakouzi, E. Ion Correlations Decrease Particle

Aggregation Rate by Increasing Hydration Forces at Interfaces. ACS Nano 2024. https://doi.org/10.
1021/acsnano.4c05563
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Beyond Debye-Hiickel:
A General Theory for Concentrated Electrolytes

THE PROBLEM: MODELS OF £(Q) AT HIGH CONCENTRATIONS RESULTS:
THE FAILURE OF THE DEBYE-HUCKEL FRUSTRATED GAUSSIANFIELD GENERALIZED KIRKWOOD
DILUTE LIMIT (DH): CHARGE (FCI): (NEW): TRANSITIONS (KT)
Pure Long-Range  Nearest Neighbor ~ Coupled Number & P
Coulomb Competition Charge Density N\

Zero (Baseline) Ceciliatory/Padé-Type

i s \.\; m
THE DEBYE'HUCKEL Purech;g-R:nge Nearost Nei‘ghbnr C%l;‘pleﬂ Number & BREAKING THE
BARRIER oulom| Competition arge Density CLASSIC KT
DH theory accurately predicts 7 Zeco|Bazeling). 5, Bomroeres/ sl Multivalent electrolytes (like

Polynomial Padé-Type

SrCl,) show a decoupling
of oscillation onset and
underscreening.

lﬁ1 nm"

SCREENING LENGTH

At high concentrations,
predicted screening lengths
are consistently less than
1 nanometer.

WiZ

20

dilute behavior but fails
when high concentrations
trigger dominant charge-
charge correlations.

THE X(Q) CORRELATION FUNCTION
All deviations from DH theory are

now expressed through a single,
theoretically determined function.

THE UNDERSCREENING
PHENOMENON:

In concentrated solutions,
charge decay lengths are
significantly larger than classic
DH theory predictions.

o°
' y GAUSSIAN FIELD MOLECULAR-INFORMED
sg'—égﬁllﬁ(; l\s'g:mgé\'li&lg THEORY COUPLING INPUTS VALIDATED BY SAXS
R R The new model couples number Utilizing ab initio simulations Small-angle X-ray scattering
Recent research debates whother large density and charge density provides the short-range confirms that large anomalous
screening lengths are bulk properties  fields to capture non-Coulombic interaction details necessary screening lengths do not
or surface-dominated anomalles. molecular packing. for real-world accuracy. dominate bulk electrolytes.

Dinpajooh, M.; Intan, N. N.; Duignan, T. T.; Biasin, E.; Fulton, J. L.; Kathmann, S. M.; Schenter, G. K.;
Mundy, C. J. Beyond the Debye-Hiickel limit: Toward a general theory for concentrated electrolytes. The
Journal of Chemical Physics 2024, 161. https://doi.org/10.1063/5.0238708
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Beyond Debye-Hiickel: Understanding
Generalized Kirkwood Transitions in Electrolytes

FROM SIMPLE SCREENING TO OSCILLATORY ORDER THE GENERALIZED KIRKWOOD DISCOVERY

The Classic
Kirkwood Transition

The Debye—-
Hiickel Limit

Exponential Damped Oscillatory
ﬁ)rrelation Decay 7~

Decay
Single /\ TN
7 Length Scale \/ L
Screening &
Periodicity

Dilute ions exhibit simple
exponential correlation decay with
a single screening length scale.

Concentrated electrolytes shift to
damped oscillatory decay involving
both screening and periodicity.

Bulk vs. Surface Underscreening

Bulk
Electrolyte

Anomalous

/ Surface

Bulk electrolytes show shorter screening lengths than those
reported in anomalous surface measurements.

Decoupling of Length Scales

.@

° 0e®® @
@o@.
Oe@. o@
@9 @

Underscreening Onset

= Periodic Order Emerges

In multivalent ions, periodic order
emerges independently of the
onset of underscreening.

Universal Scaling of Periodicity

O!Qo X Cl/:?’

Molecular-Informed
Competition
Long-Range

Short-Range

Coulomb
Interactlo s/
e ©
/) Molecular
Interactions

Generalized transitions result from
competition between long-range
Coulomb and short-range
molecular interactions.

Universal Quasi-Cubic
Scaling Law

The periodicity length scale
(Qo) follows a universal ¢
quasi-cubic scaling law.

Electrolyte Scaling
Comparison

Electrolyte Scaling Comparison

P Inverse

Scaling (0) Scaling (eo)

Floctralut
Y

@0 11

(e.g., NaCl)

@@ 21

(eg. SrCl,)

&31

(e.g. ErCl,)

o 028

Quasi-cubic

@ xc® C0‘27
@ «<c3 C

Dinpajooh, M.; Biasin, E.; Nienhuis, E. T.; Mergelsberg, S. T.; Benmore, C. J.; Schenter, G. K.; Fulton,
J. L.; Kathmann, S. M.; Mundy, C. J. Detecting underscreening and generalized Kirkwood transitions in
aqueous electrolytes. The Journal of Chemical Physics 2024, 161. https://doi.org/10.1063/5.0234518
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Smaller Is Better:
Unveiling the Dominant Species in Perovskite Solutions

The Stable Leaders vs. Unstable Giants Higher-Order Instability
(&)
et

_— Pb2+

Cg R

Pbl* Pbl, Pbl,2-
Dilute DMF Low-Order Dominance: Higher-Order Instability: Structural Distortion:
Precursor Solution Only Pb2*, Pbl*, and Pbl, are Species like Pblg*~ are Pbl,2 lacks a symmetric
thermodynamically stable in unstable, causing iodide ions  tetrahedral structure,
dilute DMF precursor solutions. to diffuse away in solution. appearing as a distorted
configuration instead.
Multi-Method Validation Saturation at 0.1 M MAI
Pb-I Coordination & MAI Concentration
IM Pb-I Radial

,\“.“ \ No—

g - M
Experimental Data
EXAFS, XANES, UV-vis

NTm— Distance (A):
-1 Coordination
00025 M | Nymber (C,): 1.6 297 e aaen

coordination

C,i2.4 saturates at 0.1 M
O1M | g2 ial Distance: 3.01 3.01 | < MAI resisting

further change

e at higher
23 concentrations.
Ay R;dial Distance: 3.02 2:02

MAI Concentration (M)

J
Cross-Method
Synchronization:
Researchers matched
experimental EXAFS,
XANES, and UV-vis data
Computational Models with ab initio

Ab Initio computational models.

Revisiting UV-Vis Peaks:

The study suggests prior literature likely
misidentified UV-vis peaks as higher-order
species.

Intan, N. N.; Sorenson, B. A.; Choi, Y. K.; Choi, J. J.; Fulton, J. L.; Govind, N.; Kelly, S. D.; Schenter, G.
K.; Clancy, P.; Mundy, C. J. Smaller Is Better: The Case for Lower-Order lodoplumbate Species Dominating
MAPDI3/Dimethylformamide Solutions. Chemistry of Materials 2024, 36, 8424-8436. https://doi.org/
10.1021/acs.chemmater.4c01523
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Healing from Within:

How Nanocube Superlattices Self-Eliminate Defects

$ The Driving Forces of Self-Healing

Steric Hindrance (Fg,):
10010 10°N @@))

(Primary driver of
)

motion and repuision)

Thermal Perturbation
Brownian motion provides the
initial "nudge" required to move
cubes out of metastable states.

Force Magnitude Comparison

Ligand Forces. C e
Dominate Dynamics Shape-Induced Torques
Steric hindrance forces from ligands The cubic shape generates specific ~ Steric  Brownian van der Waals
are 1-2 orders of magnitude stronger torques that drive necessary HirdfancellF) i (F.) san)
than van der Waals forces. rotational motions for alignment. Steric Hindrance is the primary driver;

Brownian provides perturbations;
van der Waals maintains cluster.

The Mechanics of Defect Elimination

Triggering “Chain Interactions”

Unbalanced forces at defect sites transmit motion
to neighboring cubes across a 20 network.

YReeLs

&L
@ D
O®0)

Point Defects Vacancies Velocity Differences
Induce compressive Create tensile strain that Outer cubes move up to 100 nm/s,
strain. puils neighbors inward. significantly faster than confined inner cubes.

Lee, J.; Lu, Z.; Wu, Z.; Ophus, C.; Schenter, G. K.; De Yoreo, J. J.; Chun, J.; Li, D. Defect Self-Elimination
in Nanocube Superlattices Through the Interplay of Brownian, van der Waals, and Ligand-Based Forces and
Torques. ACS Nano 2024, 18, 32386-32400. https://doi.org/10.1021/acsnano.3c08610
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Beyond DLVO: The Hidden Forces
Driving ZnO Nanoparticle Attachment

How non-traditional interparticle forces dictate ZnO nanocrystal alignment and fusion
based on solvent composition, surpassing DLVO theory.

LONG-RANGE ALIGNMENT SHORT-RANGE BARRIERS
(Dipole-Dipole Forces) >20nm Separation (Solvation Forces) <1nm Separation
The Repulsive Water's Strong

Alignment starts at
distances >20nm Solvation Barrier
A non-DLVO repulsive force
emerges within Tnm of separation,
resisting particle fusion.

Hydrogen Bond Barrier

ing

Polar Zn0 nanoparticles use
dipole-dipole torques to align
crystallographic axes
before coliiding.

Water: Strong, dense interfacial
hydrogen bonding creates
high repulsion

.
Toluene vs.

‘ -
R
Methanol Attraction

“A"‘ 39}“%00{ C:;Og?pooqjgd:
w.”.) O{O%O?oo&o %q?“o?ocfooo

Methanol: Weak long-range
dipole attraction compared to water

Toluene: Stronger & faster
due to low dielectric constant

Solvent-Specific

147s vs. 57s Collision Time
Simulations show particles in toluene “Work of Approach”
collide nearly 3x faster than those in methanol. SOLVENT SURFACE POTENTIAL & INTERACTION
Energy to displace
57s Water Methanol Toluene O solvent is highest in water,
S hindering attachment
Toluene = } ” = /
2
i o
(W
Methanol
Primary Force: Primary Force: Primary Force: O 4
Strong short-range  Weak long-range ~ Strong long-range =
Water Methanol Toluene

Time 147s solvation repulsion  dipole attraction  dipole attraction

Liu, L.; Yadav Schmid, S.; Feng, Z.; Li, D.; Droubay, T. C.; Pauzauskie, P. J.; Schenter, G. K.; De Yoreo, J.
J.; Chun, J.; Nakouzi, E. Effect of Solvent Composition on Non-DLVO Forces and Oriented Attachment of
Zinc Oxide Nanoparticles. ACS Nano 2024, 18, 16743-16751. https://doi.org/10.1021/acsnano.4c01797
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Breaking the Barrier: How Salts Drive Boehmite Aggregation

Salt vs. Pure Water: Lowering the Resistance Crystal Faces: The Battle of Basal vs. Edge

Pure Water Salt Solution Environment Basal-Basal Orientation (Preferred)
Environment (e.g., NaNOy)

Lower

o &
« g4

Basal-Basal Barrier:
Favorability: 5-6x more favorable than Pul\rlzlyl\éat_e 1r 14 .
edge surfaces. Aggregation hetween KNO ?‘0 g
(010) basal surfaces is much easier. (k) /mgi—nﬁz)

Barrier
Oriented Attachment (0A):

W (Resistance) b ‘
| 5\ @ Alignment precedes fusion.
) . Ry / Particles align crystallographic
N t . ) -
» @

axes before colliding and fusing.

Edge-Edge Orientation (Resistant)

Disruption of Ordered Water:
lons break the 'water cage' by
disrupting rigid, hydrogen-
bonded water layers.

Energy Barrier Reduction: Reversible Aggregation:

Salts collapse the energy Salt-driven clumps are more : . Edge-Edge ;a"ie"
barrier, reducing the energy ( flexible with larger interfacial Ed gl;:'sg::glr dEngeyv n?:)?; ggﬂﬁmim Al rﬁa\alca)tgr‘.‘ 198'8
Fa’f’)lilty for aggregation by g'\f)trae"rce":lzrgg:g"g aggregation e adsorption sites creating a KNO,: 6.9

y ) denser water layer hard to disrupt. (kJ/mol-nm?)

Liu, T.; Rampal, N.; Nakouzi, E.; Legg, B. A.; Chun, J.; Liu, L.; Schenter, G. K.; De Yoreo, J. J.; Anovitz,
L. M.; Stack, A. G. Molecular Mechanisms of Sorbed Ion Effects during Boehmite Particle Aggregation.
Langmuir 2024, 40, 8791-8805. https://doi.org/10.1021/acs.langmuir.3c03532
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Cracking the Code: The Complex Pathways of Aluminum Hydroxide Formation

Recent research reveals aluminum hydroxide crystal growth involves a complex interplay of short-lived intermediates, including
Al(OD)3 monolayers and amorphous phases containing rare pentacoordinate aluminum, not a simple direct reaction from solution

Route 1: The Classical Growth Pathway Route 2: The Nonclassical Amorphous Pathway

Amorphous Precursor Aggregation

Monomer-by-Monomer Addition
- Oligomeric precursors aggregate into

- Tetrahedral aluminate species in
solution transform into
octahedrally-coordinated nuclei

Tetrahedral

Supersaturated
Alkaline Solution

aluminate ions
Formation of Al(OD); Monolayer

S
- Individual nanolayers form as stable

intermediates before stacking into bulk crystals

Oriented Attachment & Stacking
- Monolayers align and stack through
deuterium-bond cross-linkage to form

Oligomeric
Precursors

Supersaturated
Alkaline Solution

Solvent & lon Impedance - Sodium
ions and water molecules create steric
forces that can delay layer attachment

a disordered network of tetrahedral
and pentacoordinate aluminum

/" Pentacoordinate AI*

Intermediate - A rare,
transient coordination state
that bridges the transition
from solution to solid

gibbsite or bayerite

Gibbsite or Bayerite

Impact of Washing Procedures on Mineral Phases (3-Month Growth)

? Filtered Only D20 Washed & ETOD Washed

Gibbsite (wt%) 40% 35%
72%

Bayerite (wt%) 25% 3.8%

Amorphous (wt%) 35% 26% 48%
2%

Wang, H. W.; Nienhuis, E. T.; Graham, T. R.; Pouvreau, M.; Reynolds, J. G.; Bowden, M.; Schenter, G.
K.; De Yoreo, J. J.; Rosso, K. M.; Pearce, C. I. Resolving intermediates during the growth of aluminum
deuteroxide (Hydroxide) polymorphs in high chemical potential solutions. Communications Chemistry 2024,

7. https://doi.org/10.1038/s42004-024-01285-1
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Birth of the Hydrated Electron: A 1-Picosecond Journey

THE TIMELINE OF GENESIS

P o %@gﬁw
N L @ @ @C’&
@@@ e

Step 1: The Frustrated Rydberg State (t = 0) Step 2: Ultrafast Localization (~250 fs) Step 3: Full Equilibration (~1 ps)

UV excitation creates short-lived, “trap-seeking” Electron transitions to “trap-digging” behavior, Solvent reorganization completes, separating

state, electron delocalizes. carving out a void in the solvent. iodine radical from stabilized hydrated electron.
t=0

ANATOMY OF THE HYDRATED ELECTRON

Asymmetric Radical Solvation
Remaining indine radical (I-) exhibits
uniquely asymmetric hydration shell.

The Cavity Structure
Electron resides in an “excluded
volume” or cavity within liquid water.

2.3 A Radius of Gyration

Electron's spatial distribution extends
slightly beyond physical water cavity.

Quantitative Structural Properties

Property Value
Coordination Number 4-5 Water Molecules
Cavity Radius ~20A

Average Excitation Energy  1.91+0.76 eV

Carter-Fenk, K.; Johnson, B. A.; Herbert, J. M.; Schenter, G. K.; Mundy, C. J. Birth of the Hydrated
Electron via Charge-Transfer-to-Solvent Excitation of Aqueous lodide. The Journal of Physical Chemistry
Letters 2023, 14, 870-878. https://doi.org/10.1021/acs. jpclett.2c03460
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Mapping the Evolution of
Zinc Halide Solvation

DILUTE SOLUTION CONCENTRATION EXTREME CONCENTRATION
(<1m) SATURATION & SUPPLEMENTAL SALTS
(3m - 5m) (>12m)

Rapid Onset of lon Pairing:
Significant structural changes
begin saturating.

The Five Moieties
of Solvation

Octahedral
Symmetry
(6-fold water)

Tetrahedral Symmetry
(4-fold halide)

NCI = 2 for Pure Solutions
(Saturated, 20m)

NCI = 4 with Added Salts
(Extreme, 12m)

Full coordination requires
high anion activity.

The Five Moieties
of Solvation

NCI = 0.5

(AvdiEh Blides petdn] Absence of Polymerization:

Full halide coordination without
extended molecular chains.

Zn(H,0)CI*
Zn(H,0)¢**

Dhakal, D.; Driscoll, D. M.; Govind, N.; Stack, A. G.; Rampal, N.; Schenter, G.; Mundy, C. J.; Fister, T.
T.; Fulton, J. L.; Balasubramanian, M.; Seidler, G. T. The evolution of solvation symmetry and composition
in Zn halide aqueous solutions from dilute to extreme concentrations. Physical Chemistry Chemical Physics
2023, 25, 22650-22661. https://doi.org/10.1039/d3cp01559a
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Glimpsing the Transition:
How Aluminum Coordination Changes During Melting

SOLID CRYSTAL DISORDERED LAYER LIQUID
(Bulk NSA) (Premelting Interface) SOLUTION

Solid NSA starts as octahedral

Al-6 monomers embedded Before becoming tetrahedral Al-4
in a sodium-rich matrix. in solution, ions pass through a

dynamically stabilized Al-5 state.

Al-6 Octahedral Al-5 Pentahedral Al-4 Tetrahedral

Monomers Intermediate in Solution
Unlike classical dissolution, Coordination changes
NSA forms a high-entropy, coincide with the
liquid-like phase at the breaking of sodium-
boundary before melting. aluminum ionic linkages.
BULK INTERFACIAL
MELTING DISSOLUTION
m 65°C 40°C /
‘ / ‘ / ~30°C [~
BULK MELTING
THRESHOLD ONSET TEMP Sudden/Sharp  Gradual/Progressive
~65°C ~30°C to 40°C  Al-6to Al-4, Al-6 to Al-4,
Homogeneous Surface-controlled
phase change “premelting”

Graham, T. R.; Pouvreau, M.; Gorniak, R.; Wang, H. W.; Nienhuis, E. T.; Miller, Q. R.; Liu, J.; Prange,
M. P.; Schenter, G. K.; Pearce, C. I.; Rosso, K. M.; Clark, A. E. Disordered interfaces of alkaline aluminate
salt hydrates provide glimpses of Al3+ coordination changes. Journal of Colloid and Interface Science 2023,
637, 326-339. https://doi.org/10.1016/j.jcis.2023.01.003
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Tracking the Unexpected:
Why Nitrite Outpaces Sodium in Radioactive Waste

THE DIFFUSION PARADOX T ? WHY NITRITE BREAKS THE RULES

g nEes B Rotational-Translational
n 5’/
Than Sodium 7, Coupling

Asymmetric ions like nitrite gain
extra "speed” by coupling their

rotation with forward movement.

Despite being heavier and larger,
nitrite (NO,") moves more quickly
through solution than sodlum.

Experimental
diffusion rate (D) S ,
~20
Water
(H,0) =7

~

Tm 12m Simulations confirmed 95% of
DI ~14 nitrite remains unassociated in
r ° x low-concentration solutions.

— Nitrite
Higher Diffusion Ratio  (NO;) ~4.5
T In low concentrations, nitrite's ._-
gy jclentBiioniis m 12m
1

lon-lon Cluster Formation
cantly higher than sodium'’s. At high concentrations (6m-13m),

—0 * G ions form clusters that restrict
Sodium \ movement and equalize speeds.

diffusion coefficient is signifi-

(Na*)

()
m A = A J
($107° m2s™1)

Defying the
Stokes-Einstein Equation

Classical models predicted sodium
would be faster due to its smaller
hydrodynamic radius.

Graham, T. R.; Wei, Y.; Walter, E. D.; Nienhuis, E. T.; Chun, J.; Schenter, G. K.; Rosso, K. M.; Pearce,
C. I.; Clark, A. E. Tracking nitrite’s deviation from Stokes—Einstein predictions with pulsed field gradient
15 N NMR spectroscopy. Chemical Communications 2023, 59, 14407-14410. https://doi.org/10.1039/
d3cc04168a
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The Secret Spin: Why lon Rotation Matters
for Ultrahigh-Precision Mobility

Standard Model

Center
of Mass

Heavy Isotope
Location

Isotopomers: Same chemical (e.g., C13)

structure & total mass, but
different heavy isotope locations.

Prediction Gap:

0% mobility difference
(elastic collisions assumed,
rotation ignored).

Ultrahigh-Precision Detection (SLIM):
Measures shifts from 10 to 450 ppm.

“Propeller”
Blurring Effect

Energy Partitioning is Critical
(Inelasticity): Transfer of
forward energy into rotational
degrees of freedom.

New Modeling Accuracy (e.g., TR-¢):
Includes Moment of Inertia (Mol) to
match experimental separations.

Experimental Mobility Shifts (Relative Q)

TMT (ppm)  iodoTMT (ppm)
Isotopomer -126 0 0
(Reference)
171+ 34

Harrilal, C. P.; Garimella, S. V.; Chun, J.; Devanathan, N.; Zheng, X.; Ibrahim, Y. M.; Larriba-Andaluz,
C.; Schenter, G.; Smith, R. D. The Role of Ion Rotation in Ion Mobility: Ultrahigh-Precision Prediction of
Ton Mobility Dependence on Ion Mass Distribution and Translational to Rotational Energy Transfer. The
Journal of Physical Chemistry A 2023, 127, 5458-5469. https://doi.org/10.1021/acs. jpca.3c01264
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Beyond Spheres: How Shape and Roughness
Drive Nanoccrystal Assembly

GEOMETRY AND THE ORIGIN OF TORQUE THE ROUGHNESS MULTIPLIER
Traditional Real-world Cubic
Sphere Model Nanocrystals

Thermal Motion

Protrusions [§8
Amplify 5
Attraction

Surface asperities
reduce the effective

(Brownian) L 5
Sph : separation distance, causing a
oﬁeﬁ:ﬁ::gje;?rf;egg vdW Alignment massive spike in attractive force.
vdW torque. Torque

SURFACE ROUGHNESS (RMS)
& SCALING EXPONENT
0 (Smooth)

0.052 (Medium Rough)

T Twrrl

0.105 (High Rough)
Shift in Interaction m 2.28
Scaling

OUTCOMPETING P e e i
i -2
BROWN IAN MOTION ﬁ @/ to a cubic dependence (h2).

In materials like Boehmite, vdW torque
is strong enough to override random
thermal rotations at close separations.

h ' .
Accelerated .
Aggregation . ’
‘ Kinetics . . ‘
<

Smooth (h-? scaling)

Cubic Shapes Generate
Alignment Torque

Unlike spheres, cubic particies
experience orientation-dependent
torque that drives them toward Separation distance, h
perfect face-to-face alignment.

Rough
(h* scaling)

vdW potential energy

The combined effect of shape
and roughness leads to collision
Size Disparity Weakens velocities significantly higher

Re-alignment than smooth spheres.

Lee, J.; Nakouzi, E.; Heo, J.; Legg, B. A.; Schenter, G. K.; Li, D.; Park, C.; Ma, H.; Chun, J. Effects of particle
shape and surface roughness on van der Waals interactions and coupling to dynamics in nanocrystals. Journal
of Colloid and Interface Science 2023, 652, 1974-1983. https://doi.org/10.1016/j.jcis.2023.08.160
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From Atoms to Aggregates:
Predicting Nanoparticle Attachment

THE MULTISCALE Boehmite Crystal Face Surface Heterogeneity
PREDICTIVE (010) BasalPlane  (101) EdgePlane  (001)/ (100) Edges
FRAMEWORK aiaEols

9.4 10.8 8.0-85

Boehmite Predicted PZC (pH) Predicted PZC (pH) Predicted PZC (pH)
nanoplatelet Relatively Inert; limited Highly reactive; charge ~ Complex charging influenced
(y-AIOOH) charging between pH7-12.  shifts rapidly with pH. by multiple reactive sites.
Q Aluminium

@ Oxygen

@ Hydrogen pH 8.5: Basal Surface Preference
Particles favor "stacking" along
the (010) basal planes due

o to low surface potential.

Step 1: Atomic to Surface Scale
Simulations determine hydroxyl reactivity

and facet-specific electrostatic Basal Plane (010) pH'DEPENDENT

i i - POST-COLLISION
potentials across varying pH levels. ATTACHMENT MODES i PARTICLE SLIDING"
Step 2: Particle Scale @ '

Interactions NN Uit Migh
DLVO theory and = \\\&‘: . <
hydrodynamic models \\\ Solution pH
predict attraction )
ar;zeptision, i Particies rotate and slide after
E?;!{gf&:ﬁ:?ﬂc contact to maximize overlap,
' = Edge PI; 101 creating high-density,
7 Pzge~p5n1e()F8: ) space-filling aggregates.
D NN Highly reactive;
/ I charge shifts
7)) rapidly.

pH 11.0: Edge Surface Preference
Attachment shifts to (101) edge planes
as electrostatic harriers decrease across
all facets.

©

Macroscopic
Aggregate Outcomes
Real-time imaging and
neutron scattering confirm
collective structures and
fractal dimensions of
resulting aggregates.

Real-time Imaging
& Neutron
Scattering

Liu, L.; Legg, B. A.; Smith, W.; Anovitz, L. M.; Zhang, X.; Harper, R.; Pearce, C. I.; Rosso, K. M.; Stack,
A. G.; Bleuel, M.; Mildner, D. F. R.; Schenter, G. K.; Clark, A. E.; De Yoreo, J. J.; Chun, J.; Nakouzi,
E. Predicting Outcomes of Nanoparticle Attachment by Connecting Atomistic, Interfacial, Particle, and
Aggregate Scales. ACS Nano 2023, 17, 15556-15567. https://doi.org/10.1021/acsnano.3c02145
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Decoding the Solid-Liquid Interface:

How Probe Chemistry and lons Control Particle Assembly

PROBE CHEMISTRY: TUNING AGGREGATION
HYDROPHILIC VS. HYDROPHOBIC VIA HYDRATION FORCES
Hydrophilic Hydrophobic ION-TUNED REPULSION (AW,,¢4)
Silicon Probes ‘ Carbon Probes ‘
i 1 Monovalent lons Divalent lons
(Na*, K*) (Mg?", Ca?)

®@ @

Weaker Repulsive Significantly Stronger
Forces Repulsive Forces

CONTROLLING PARTICLE
COLLISION OUTCOMES

?
I A N N A A A A A A

Accurately resolves water Detects only vertical,
layers at 0.22 nm and i oscillatory layers with
0.67 nm heights. ~0.29 nm spacing.

MATCHES MD ! Does NOT match
SIMULATIONS ! MD Simulations.

! ‘
; I .
: \N\“m““WWW\ Random  Oriented  Ofganized
i Aggregation  Attachment Colloidal Crystals
! (Hydration Force Barrier)
1 : 1 Y Low lon Adjusted lon Strong forces prevent
. y 0§CI||at°fy intensity Concentration/Weak  Concentration collision, enabling
Reveals'hexagonal mica increases at high Force leads to enables precise assembly into stable
lattice patterns. ! jonic strength. disorganized clumps. alignment. lattices.

Nakouzi, E.; Kerisit, S.; Legg, B. A.; Yadav, S.; Li, D.; Stack, A. G.; Mundy, C. J.; Chun, J.; Schenter, G. K.;
De Yoreo, J. J. Solution Structure and Hydration Forces between Mica and Hydrophilic Versus Hydrophobic
Surfaces. The Journal of Physical Chemistry C 2023, 127, 2741-2752. https://doi.org/10.1021/acs.
jpcc.2c09120
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LJSWG-QEq: A High-Efficiency
Breakthrough in Aluminum Chemistry
THE COMPUTATIONAL BOTTLENECK THE LUSWG-QEq SOLUTION

Traditional LJSWG-QEq
Reactive Force Reactive
Fields (ReaxFF) Force Field

10x Speed Improvement

10x 5

Computational costs are reduced by one
order of magnitude compared to ReaxFF.

Simplified
Functional
Form

Uses only 37 parameters across four
elements by omitting explicit coordination
dependence.

Validated for Real-World Use
Accurately models Al(OH); nucleation
and oligomerization in highly
concentrated caustic solutions.

Computational Efficiency Comparison

Model Type Speed Comparison Parameter Complexity
....... \ s, (Ssrignvg::s; 1x (Baseline) Very Low
100+ Tunable Parameters LJSWG-QEq | 4xslower thanbaseline | Moderate (37 params)
Complex optimization spaces make o Tl ih
arametrization difficult and eax ~&0x+ slower than i
Fene.coRsumi (Traditional) baseline High (100 patams)

Pouvreau, M.; Guo, Q.; Wang, H. W.; Schenter, G. K.; Pearce, C. I.; Clark, A. E.; Rosso, K. M. An Efficient
Reactive Force Field without Explicit Coordination Dependence for Studying Caustic Aluminum Chemistry.

The Journal of Physical Chemistry Letters 2023, 14, 6743-6748. https://doi.org/10.1021/acs. jpclett.
3c01176
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The Architecture of Concentrated Electrolytes:
From Bulk Water to lon-Networks

THE SHIFT FROM HYDRATION TO OLIGOMERIZATION THE MULTISCALE STRUCTURAL SIGNATURE

Mid-Range Order (3.5-5.5 A)
Correlations occurring within the

local coordination shell of a single
metal cation.

Gﬁ of g@ Loss of Solvation Shells

Increased concentration reduces
Y g available water, forcing ions to

form direct contact pairs.
Loss of Solvation Shells E E o0
Increased concentration reduces @
available water, forcing ions to

form direct contact pairs. @@) ? &@

°F B o
‘& #100%

S ANION BINDING

Long-Range Order (5.5-7.5 A)
Structural organization emerging from
connected coordination complexes

in an extended network.

The Dimer
Sub-unit Effect

At saturation, every sodium Long-range structural
% ion is bound to an anion contraction is specifically
rather than just water. driven by dimer motifs
within the ion-network.
CONCENTRATION vs.
Na+ COORDINATION MAPPING STRUCTURAL PEAKS (FEATURES)
SRAGER LT MID-RANGE (D) LONG-RANGE (F)
100% (~315A) (~6.2A)
~50% |
-72% (i
FEATURE @%
= >
i y -28% 20% N s
Formation of Oligomers  -50% | * = 3
s e l 0% | Water molecules Dimer sub-units
Coordination polyhedra link into L - i PHYSICAL Bt R T GO
dimers, trimers, and larger 1.0m  Saturation ORIGIN R TE polyhedra
dynamic clusters up to size 100. (Dilute)

Wei, Y.; Nienhuis, E. T.; Mergelsberg, S. T.; Graham, T. R.; Guo, Q.; Schenter, G. K.; Pearce, C. I.; Clark, A.
E. Cation coordination polyhedra lead to multiple lengthscale organization in aqueous electrolytes. Chemical
Communications 2023, 59, 10400-10403. https://doi.org/10.1039/d3cc02416d
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The Science of Slurry:

How Salts Control Nanoparticle Aggregation in Nuclear Waste

DOE legacy waste tanks contain complex “witches' brews” of
aluminum-rich slurries. Research into boehmite (y-AIOOH)
nanoparticles reveals that salt concentration and cation size
dictate how particles stack and aggregate, directly impacting
the flow and treatment of high-level radioactive waste.

Aggregation Lifecycle
Immediate Primary Stacking

Individual rhombohedral platelets forming
well-bonded stacks up to 1500 A long.

Well-bonded stack

The 0.1 Molal
Turning Point:
Aggregation increases
until ~0.1m, where the
trend unexpectedly
reverses.

DLVO Regime:
Low-salt behavior

follows standard

The Kirkwood Reversal

Kirkwood Regime:
High-salt behavior
requires new models.
Frustrated Coulombic
Systems:

At high concentrations,
bulk solution structures

override surface chemistry

secondary aggregates.

@ : to control particle behavior.
3 | electrostatic !
» S | theories.
/ : |
e |
< ]
] ]
o 1
o |
i s :
2 :
- 20 wt % Solid Slurries: |
a o Research focused on high- I
The Cation Size Effect density slurries to mirror i g@
Larger cation radii (like real-world Hanford and ! QO
Rubidium) generally trigger Savannah River conditions. ! (@
more abundant and larger ! &o
i
i
i

>
>

-1.0

Small Salt Concentration (Log m)
Cation

Kirkwood Reversal Data Table

Salt Type Minima at 0.1 pm (Log m) Minima at 1 pm (Log m)
NaNO, 06897 . o -0.5198
e
(¢2- Rubidum) KNO; 0.1549 \\- -+ 03066
o RbNO, 06092 . -0.2213
Secondary @
Aggregates

Anovitz, L. M.; Huestis, P.; Rampal, N.; Stack, A. G.; LaVerne, J. A.; Zhang, X.; Schenter, G. K.; Chun, J.;
Legg, B. A.; Liu, L.; Bleuel, M.; Gagnon, C.; Mildner, D. F. R. Frustrated Coulombic and Cation Size Effects
on Nanoscale Boehmite Aggregation: A Tumbler Small- and Ultra-Small-Angle Neutron Scattering Study.
The Journal of Physical Chemistry C 2022, 126, 4391-4414. https://doi.org/10.1021/acs. jpcc.1c10580
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The Liquid Path to Stone: How Calcium Carbonate Forms

A multi-stage process where calcium carbonate passes through a dense liquid phase before
becoming a solid mineral, challenging classical nucleation theory.

Stage 1: The Birth of the Dense Liquid Phase Stage 2: Transformation into Amorphous Solids
@ Calcium (Ca*) Formation via Spinodal Chemical Decomposition Reaction
© Bicarbonate (HCO;)  Decomposition The DLP transforms to solid CaC0,
Solutions of calcium and bicarbonate by releasing CO, gas and H,0. A
@ condense into an emuision of low-density (
O - liquid droplets. t/
Q 2
‘e e 7
0F .0, 10’ Pa-s
@ 9 @ @ The liquid droplets exhibit a
@ gel-like consistency, significantly
) 0 e” @ @ more viscous than water.
e° " © ©
@ @
0e° @ P
@
@ 0 s, Procursor Liquid vs. Resulting Solid:
@ o Property Comparison
° 9 ;
'@
B

o

__ Amorphous

9 Dense Liquid Calcium
.
: Phase (DLP) | Carbonate (ACC)|
Density - | Density |
~1.38 g/cm*® 1.48 g/cm® ‘
Water Content Water Content
75117H,0 ~ 1H,0perCa 4
per Ca | Evolution of Hollow
Phase State Phase State ARG Eanicles
1 s — : Solidification often occurs at the
Viscous Liquid Hydrated Solid droplet surface, creating hollow,

A Bicarbonate-Rich Composition hydiatedamorphougishells:

The liquid phase consists of 1 Ca?* to

2 HCO; with ~7 water molecules. Protein-Driven
Stabilization

Acidic proteins extend the liquid
phase lifetime without changing
its underlying chemical pathway.

De Yoreo, J.; Jin, B.; Chen, Y.; Pyles, H.; Baer, M.; Legg, B.; Wang, Z.; Washton, N.; Mueller, K.; Baker,
D.; Schenter, G.; Mundy, C. Formation, Chemical Evolution, and Solidification of the Calcium Carbonate
Dense Liquid Phase. Research Square (preprint) 2022. https://doi.org/10.21203/rs.3.rs-1743346/v1
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SimELIT: Streamlining lon Trajectory Simulations

A comprehensive multiphysics platform simplifying complex mass spectrometry simulations.

THE SIMULATION PIPELINE ADVANCED PHYSICS CAPABILITIES

Seamless Mesh Import Dual-Solver Framework

Gmsh Lagrangian
(Individual Particles)
A
SALOME
\nsys

Eulerian
(Ensemble Densities)

React

Validated Accuracy

lon Arrival Time Comparison (1m Flight Tube)

Theory SIimELIT
@ lon Mass  , ival Time = Arrival Time

i) ®) ®9)

1000 ~145 ~145
2000 ~205 ~205
3000 ~250 ~250

Integrated
Post-Processing

Full Pressure Range Modeling

ﬂ-v/' )
. © &" \oej
SimELIT Lk
v F¢ ° 01
Perfect Tz At i
mospheric
Vacuums Pressure (FAIMS)

Giberson, C.; Singh, R. K.; Chun, J.; Huntley, A. P.; Zhong, J.; Ibrahim, Y. M.; Schenter, G. K.; Lee, J.
Y.; Garimella, S. V. SImELIT: A Novel GUI-Based Comprehensive Ton Trajectory Simulation Software for
Mass Spectrometry. Journal of the American Society for Mass Spectrometry 2022, 33, 1453-1457. https:
//doi.org/10.1021/jasms.1c00301
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‘Breaking the 2’Al Barrier: Measuring
Aluminum Nanoclusters at the Molecular Scale’

Overcoming the 27Al Defining Nanoscale Dimensions
Spectroscopy Challenge

The 27Al vs. 'H Dilemma

The Stokes-Einstein Relationship

H

<]
27 A g D=—"2_—_ &
400x Diffusivity data is converted to a hydrodynamic
Faster radius to determine cluster size.
Relaxation

Difficult Slgnal -10
Detection 2 7% 0 2 X1 0 m2/ S
Diffusion Rate
This measured coefficient
corresponds to a hydrodynamic radius
of approximately 0.9 nm.
Symmetry as

the Solution

€-Alq5 tetrahedral
AlQ,4 core has weak
quadrupolar coupling,
preserving signal

The “Hydration Shell” Discrepancy
Hydration Shells

Clusters appear larger
than theoretical

during delays. models because they
are likely surrounded
by three 1.1 A
100% Natural hydration shells.
Abundance

Theoretical
(Unsolvated Mesh)

27Al 100%

Unlike other nuclei, aids
experimental sensitivity.

ZAl  Theoretical  DLS ’ 21A| PFGSTE NMR
PFGSTE (Unsolvated) (This Study)
NMR

Graham, T. R.; Chun, J.; Schenter, G. K.; Zhang, X.; Clark, S. B.; Pearce, C. I.; Rosso, K. M. 27 Al
NMR diffusometry of Al 13 Keggin nanoclusters. Magnetic Resonance in Chemistry 2022, 60, 226-238.
https://doi.org/10.1002/mrc.5218
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Molecular Secrets of Sodium Aluminate:

Why Solutions Stabilize or Precipitate

Molecular Speciation

The Monomer: Al(OD), The Dimer Shift: Al,O(OD)*

Oxygen-bridged

Single
tetrahedrally-
coordinated
aluminum atom

H-Bonding Control

Hydrogen/deuterium
bonding and proton
transfer reactions drive
oligomerization.

The dominant species in
low-sodium solutions.

KEY FINDING: Increasing sodium concentration forces monomers to condense into cxygen-bridged dimers.
The Three Zones of Metastability

Rapid The Stability Window Semi-crystalline
Precipitation Gel Formation
Moderate sodium levels create
(@ Time: <24 hours metastable solutions that can
remain clear for years without
> & precipitating. :
v

Low sodium-to-aluminum

ratios lead to quick formation ' 2
" me

of gibbsite crystals. Geometric

Na*(,)/Al** Ratio: ~0.1 : Frustration : ® Time: 3-6 months

Large oxo-bridged oligomers Semi-crystalline gel
inhibit nucleation, acting as a . formation occurs with
structural barrier to crystallization. ; higher sodium levels.

Based on the ratio of excess Sodium (Na+) to Aluminum (AI3+). Source: Elsevier/Journal inspired content. Matte Finish. No glow effects.

Nienhuis, E. T.; Pouvreau, M.; Graham, T. R.; Prange, M. P.; Page, K.; Loring, J. S.; Stack, A. G.;
Clark, A. E.; Schenter, G. K.; Rosso, K. M.; Pearce, C. I.; Wang, H. W. Structure and reactivity of
sodium aluminate complexes in alkaline solutions. Journal of Molecular Liquids 2022, 367, 120379. https:
//doi.org/10.1016/3.mol1iq.2022.120379
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Bridging the Gap:
From Single lons to
Collective Electrolyte
Behavior

INTRINSIC PROPERTIES:
THE MOLECULAR FOUNDATION

SHORT-RANGE (SR)

ACCURACY IS
PARAMOUNT:
Precise modeling of

ion-water interactions
is essential to match
experimental signals
from EXAFS probes.

THE THERMODYNAMIC
CHARGING CYCLE

SINGLE ION

captures the thermodyn-
amic cost of inserting a
single ion into water.

«@»

Insert lon-sized Charge lon

Sphere

Create Cavity

Duignan, T. T.; Kathmann, S. M.; Schenter, G. K.;

for Predicting Collective Properties of Electrolytes.
https://doi.org/10.1021/acs.accounts.1c00107

SOLVATION FREE ENERGY:
This fundamental quantity

COLLECTIVE PROPERTIES:
THE MACROSCOPIC REALITY

TRANSITION TO
CORRELATED BEHAVIOR:
At higher concentrations,
ion interactions shift from
simple screening to complox,
damped-oscillator
correlations.

IONS AT THE
AIR-WATER
INTERFACE:
Subtle solvation changes deter-

mine if ions like iodide gravitate
toward or away from surfaces.

PREDICTING OSMOTIC
COEFFICIENTS:
Combining short-range
quantum data with long-
range dielectric theory
allows prediction of non-
ideal solution behavior.

COMPONENTS OF CHEMICAL POTENTIAL (u):
THE CORE VALUE FOR EQUILIBRIUM PREDICTION

u=ux*+lnpx+lnvx

@@u@

SOLVATION TIVITY
FREE ENERGY CONCENTRATION COEFFICIENT
(Focus: Intrinsic (Focus: Ideal limit)  (Focus: Collective

lon-Water) lon-lon)

Mundy, C. J. Toward a First-Principles Framework
Accounts of Chemical Research 2021, 54, 2833-2843.
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The Hidden Architecture of Flow:
Force Networks in Dense Suspensions

THE ILLUSION OF STABILITY

Physical Structure
Remains Constant

Global particle organization shows
minimal rearrangement during the
transition between thinning and thickening.

The Force Network Flip

Massive rearrangements occur in force
balances despite the stable physical
layout of particles.

THE BATTLE OF REGIMES: THINNING VS. THICKENING
THICKENING IS DRIVEN

THINNING IS DRIVEN
BY ATTRACTION BY FRICTIONAL CONTACT
At low stress, attractive forces dominate, pulling e High stress drives particles into robust,
Lubrication Force frictional contact networks that resist flow.

particles close without making constant contact.

Lubrication Force 10x Force Increase
& Contact forces during shear thickening

are an order of magnitude higher h
than thinning regime forces. High

Edens, L. E.; Alvarado, E. G.; Singh, A.; Morris, J. F.; Schenter, G. K.; Chun, J.; Clark, A. E. Shear
Stress Dependence of Force Networks in 3D Dense Suspensions. Soft Matter 2021, 17, 7476-7486. https:

//doi.org/10.1039/d1sm00184a
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The Classical Journey of Calcium Carbonate: From lons to Calcite

Why the “Non-Classical” View is a Misconception

Reversible  Absolute Free
Work (AG,,)  Energy (G) DFT MM Potential Final Crystallization
%@ 5 to Calcite
o & o N

High Model Sensitivity

Reversible Work vs.
Predicted nucleation barriers

Clusters are “Classical”
Confusion often arises from

Small clusters observed in
solution are entirely misinterpreting the very significantly based on .
consistent with a proper concentration-dependent work whether DFT or MM Dehydfatlon
potential models are used. and Ordering

interpretation of CHT. of formation as absolute energy.

Transformation into
Hydrated ACC

The Step-Wise
Nucleation Pathway
7 o Q
© lons ©
£ o
@ © ¢ o
[®) CO,2 lons
© 4
® Hydrated ACC Vaterite Calcite
lons first aggregate into The amorphous phase The process concludes as
hydrated Amorphous Calcium loses water and gains local the structure stabilizes into
9 Carbonate, which possesses a structural order to transform the most thermodynamically
lower nucleation barrier. into Vaterite. stable polymorph, Calcite.

Chemical Potential l ‘ / /‘ 3

(AG,,, kcal/mol)
11.72

8.84-10.64
(Most Stable) 6

(Meta-stable) (Intermediate)

Stability Level

Fetisov, E. O.; Baer, M. D.; Siepmann, J. I.; Schenter, G. K.; Kathmann, S. M.; Mundy, C. J. The Statis-
tical Mechanics of Solution-Phase Nucleation: CaCO3 Revisited. Foundations of Molecular Modeling and

Simulation 2021, 101-122. https://doi.org/10.1007/978-981-33-6639-8_5
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Mapping the Invisible:

3D Visualization of the Mineral-Water Interface

THE MAPPING THE INTERFACIAL
TECHNIQUE (3D FFM) DISCOVERY
S 4 Ordered

-5 Decoupling

—-o— Long-Range Interference Hydration Layers

f SOOEHE
Lattice

[001]: 3.8 A

Long-Range Short-Range ¥
Noise Signal 4 m
Researchers isolated short-range Water Layer
solvation forces by subtracting long- Increments: Folgr :f{:gy:ig:ﬁ#ifg V‘Cﬁ;ﬂ
range ‘conservative’ hydrodynamic ~0.27 nm 1 nnyl e e

repuision from the data.

Site-Specific

Subnanometer Water Density

<>
Bad Resolution

The technique achieves
atomic-scale lateral and
vertical resolution within
a 3x3x3 nm volume.

The highest water densities
occur at sites directly adjacent
to surface hydroxyl groups.

Validated by MD Simulations

Bechmite(810)
Surface
3D FFM Data MD Simulation
The AFM tip records amplitude and phase Full-scale boehmite-water-silica simulations
shifts to create a site-specific force map. confirmed experimental features that simpler

models could not predict.

Nakouzi, E.; Stack, A. G.; Kerisit, S.; Legg, B. A.; Mundy, C. J.; Schenter, G. K.; Chun, J.; De Yoreo,
J. J. Moving beyond the Solvent-Tip Approximation to Determine Site-Specific Variations of Interfacial
Water Structure through 3D Force Microscopy. The Journal of Physical Chemistry C 2021, 125, 1282-1291.
https://doi.org/10.1021/acs.jpcc.0c07901
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3D Fast Force Mapping: "o nstinrenas

Tip THE IDEAL PROBE:

Visualizing the Hidden Structure Calibration  — suf b N shars
of Solid-Liquid Interfaces Y

for optimal sensitivity.

Substrate
Loading

o From 1D Curves to 3D Maps:
The tip acquires consecutive force
curves at every xy coordinate

to build a 3D volume. Data

Acquisition

Multi-Stage Data Processing

VI

Sample tilt Height 3D median filtering
\e correction linearization to reduce noise.
]
[' [1v] ‘] Force Reconstruction

Mathematical models convert instrument observabies

Sub-Nanometer (phase and amplitude) into physical force gradient maps.

Spatial Resolution:
Direct visualization of
interfacial regions with
precision smaller than
a single water
molecule.

Stiff & Hydrophobic  Blunted/Large
Hydrophilic Tip ‘Carbon Tip Radius Tip

High-Speed Mapping:

Optimized scan rates Produces clear, Oftenresultsin | Leads to annvoluted
allow full 3D dataset laterally resolved layered patterns signals and

S features templated and is succeptible significantly
acquisition in 15 to 120 by the crystal lattice. to surface decreased resolution
seconds. @ cuntaminents. in the vertical (r) snis.J

Nakouzi, E.; Yadav, S.; Legg, B. A.; Zhang, S.; Tao, J.; Mundy, C. J.; Schenter, G. K.; Chun, J.; De Yoreo,
J. J. Visualizing Solution Structure at Solid-Liquid Interfaces using Three-Dimensional Fast Force Mapping.
Journal of Visualized Experiments 2021. https://doi.org/10.3791/62585
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The Architecture of Aluminate: How Cations and
Hydrogen Bonding Shape Molecular Structures

Understanding aluminate speciation, critical for nuclear waste management, is explored through crystalline salts
as analogues. Research reveals how cation size dictates molecular motifs and uses Inelastic Neutron Scattering
(INS) to identify the hydrogen-bond networks that act as barriers to crystallization, leading to glass formation.

CATION INFLUENCE & INS SENSITIVITY &
STRUCTURAL MOTIFS GLASS FORMATION
o092 80x
cato?® B,
Sensitivity for Hydrogen
Inelastic Neutron Scattering (INS) has a
] massive scattering cross-section for hydrogen,
Large Cation making it an ideal probe for bonding.
Potassium Rubidium
Small & Medium
Cations Low-Energy Peaks
.| Signal “free” hydroxyl
2| groups (incomplete
2 networks)
]
=
OH OH
/A 0/ on g
HO o
o ? ,
[
I
o ARl el
H % \\“ % °4 i
e - /
/ b4 ! Complete H-Bond Network
(Saturated by Structural Water)
DIMERIC FORM MONOMERIC FORM AMORPHOUS / OLIGOMERIC
Al,O(OH)g* Al(OH), (Sodium Solutions)
Potassium & Rubidium favor Cesium creates open structures Strong hydrogen-bond networks in
bridged dimers, resulting in an and incorporates structural water sodium solutions create a Kinetic Barrier
incomplete H-bond network to complete and stabilize the to Crystallization, preventing reorganization
with “free” H sites. hydrogen-bond network. and forcing the mixture into stable GLASS.

Prange, M. P.; Graham, T. R.; Gorniak, R.; Pouvreau, M.; Dembowski, M.; Wang, H. W.; Daemen, L. L.;
Schenter, G. K.; Bowden, M. E.; Nienhuis, E. T.; Rosso, K. M.; Clark, A. E.; Pearce, C. I. Theory-Guided
Inelastic Neutron Scattering of Crystalline Alkaline Aluminate Salts Bearing Principal Motifs of Solution-
State Species. Inorganic Chemistry 2021, 60, 16223-16232. https://doi.org/10.1021/acs.inorgchem.
1c02006
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Breaking the Bond: Solid-State
Hydrogen Activation Without Metals

— Ambient Reaction Conditions

Solid KcAT crystals react with H, gas at 298 K
and 1 atmosphere pressure.

Visible Color Change: Bright
orange/red crystals transition
to a colorless (bleached) state.

— Quantitative Conversion
NMR and INS spectroscopy confirm
a complete transformation into
a zwitterionic ion pair.

(Reactant)

Orange/Red Crystal. Boron
Geometry: Planar Triangular.
Base Volume Crystal Lattice.

Diffusion-Led Mechanism:
H, gas diffuses into the lattice

where it undergoes heterolysis KCATH2
at reactive sites. (PrOdU Ct)

Colorless Crystal. Boron Geometry:
Tetrahedral.
Crystal Lattice: +2.1% Volume Expansion.

Single Crystal to . High Energy
Single Crystal (SC-SC) Driving Force

The material remains asingle crystal Free Energy Change: -125 kJ/mol
throughout the reaction without breaking The solid-state reaction is highly exergonic.

or “decrepitating”.

Bowden, M. E.; Ginovska, B.; Jones, M. O.; Karkamkar, A. J.; Ramirez-Cuesta, A. J.; Daemen, L. L.;
Schenter, G. K.; Miller, S. A.; Repo, T.; Chernichenko, K.; Leick, N.; Martinez, M. B.; Autrey, T. Heterolytic
Scission of Hydrogen Within a Crystalline Frustrated Lewis Pair. Inorganic Chemistry 2020, 59, 15295-15301.
https://doi.org/10.1021/acs.inorgchem.0c02290
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Spectroscopic Fingerprints of Aluminate: Monomer vs. Dimer

Understanding the transformation of monomeric Al(OH), into dimeric AlL,O(OH)g? is critical for
alumina extraction and radioactive waste processing. Solid-state salt references (Cs, K, Rb)
enable their characterization using NMR, X-ray, and vibrational spectroscopy.

The Aluminate Monomer The Aluminate Dimer
[AI(OH)4] [AI,O(OH)¢*]

Dimerization
(AI(OH), = Al,O(OH)¢%)

Isolated tetrahedral units characterized by Two Al centers bridged by a single
unusually short hydrogen bonds between oxygen atom (Al-O-Al bridge) in an
hydroxide and water molecules. eclipsed/staggered conformation.
Structural Profiles
Monomer (Cs Salt) i Dimer (K/Rb Salt)
Al Coordination: | Isolated Tetrahedral : Al Coordination: Bridged Tetrahedral
{ H-Bonding: Short (2.253 A) ! H-Bonding: Standard (1.86-2.17 A)
£ salt State: Dihydrate - & saltstate: Anhydrous

Spectroscopic Identification
NMR Quadrupole Coupling (CQ) X-ray Absorption (XANES) Vibrational Markers (Raman/IR)

~545 cm™
(AI-O-Al
bridge vibration)

Frequency

Single edge
JL maximum
0 15 45 Two distinct peaks 0 250 540 750 900
Frequency (MHz) (double-edge maxima) Frequency (cm™")
Dimerization causes CQ to jump from Monomers show a single edge maximum; The dimer is uniquely identified by the
1.5 MHz (monomer) to 4.5 MHz (dimer). dimers exhibit two distinct peaks. Al-O-Al bridge vibration at -545 cm™,

Dembowski, M.; Prange, M. P.; Pouvreau, M.; Graham, T. R.; Bowden, M. E.; N’Diaye, A.; Schenter,
G. K.; Clark, S. B.; Clark, A. E.; Rosso, K. M.; Pearce, C. 1. Inference of principal species in caustic
aluminate solutions through solid-state spectroscopic characterization. Dalton Transactions 2020, 49, 5869-
5880. https://doi.org/10.1039/d0dt00229a
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Predicting the Unpredictable:
A New Metric for Accurate Solvation Structure

The Challenge: The “Functional” Failure

%"

%

Inconsistent
Prediction
Results

Standard functionals like
revPBE-D3 work for pure
water but fail for sodium
and potassium ions.

Limitations of
Dimer Testing

Qng@

Evaluating single-pair
“dimers" in vacuum fails to
account for complex

liquid-phase many-body
interactions.

“Computational
Bottlenecks”

Higher-level theories are accurate but too
computationally expensive for practical,
large-scale research.

A New
Cluster-Based
Metric

Calculate force errors on
8-water clusters compared
to high-level benchmarks
(MP2) to identify systematic
bias.

The Solution: Cluster-Based Force Correction

Simple Pairwise
Correction

/OI’M

6 Quadratic
Celr (Damped)

Adding a basic interaction term
(like C6/r6) to the functional
removes radial force errors.

Quantitative
Experimental Agreement

—— Corrected Model
~—— Experimental RDF

The corrected model achieves
near-perfect alignment with
experimental Radial
Distribution Functions (RDFs).

Correction Parameters & Results

Pure Water (0-0) Sodium (Na*) Potassium (K*)

Correction term

Co/r®

Parameter value

-22.1 (a.u.)

Correction term type
Quadratic
(Damped)

Primary cornmeter

A =-0.00053 (a.u.)

Correction term type
Quadratic
(Damped)

Primary corameter

A =-0.0013 (a.u.)

Duignan, T. T.; Mundy, C. J.; Schenter, G. K.; Zhao, X. S. Method for Accurately Predicting Solvation
Structure. Journal of Chemical Theory and Computation 2020, 16, 5401-5409. https://doi.org/10.1021/

acs.jctc.0c00300
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Climbing

Jacob’s Ladder:

Achieving Accuracy in lon Hydration

Y aita
&»%ﬁ, ?Q?

2o
/ ye @93

THE COST OF ACCURACY
AND NEW SUCCESS METRICS

R A
/Pure %%f

A\

70N / Water \
/
AB /_lons The Pure Water Paradox.
Standard GGA Meta-GGA While better for lons, SCAN
i il e.g., revPBE-D3 SCAN over-structures pure water
GGA functionals fail on peak accuracy. (e.g ) ( ) compared {0 revPBE-D3.
Y ¥
& @ L3 & @iﬁ %
(B % Standard revPBE-D3 . €. @
o} ¥ 4 1+
4 \ consistently S ? z& ?
on™ _overestimates the Error Fluctuations
o A dlszanc? betwleen '|°“s SCAN match Error fl SD-ME as a better
EncRaiEmoleoies. experimental  pelow thermal noise. quality metric.
peak positions.  SCAN reduces ion-water  Standard deviation of mean
binding energy error signed error better predicts

Y

structural accuracy than

v fiuctuations to
BENCHMARK PERFORMANCE: ﬁ@ﬁ) &@A 1.6-2.0 kJ/mol. total energy.
SIMULATION VS. EXPERIMENT )
ve e
ravPBE-D3 - = (mefac_’é;"é Al
e 2, 9 (GGA): 2.51 y Q?O\ A O?D A? s coll
W Experiment: \%j céo Experiment:
3 2384 Quantitative agreement 22e
Sodium k with EXAFS signals.
- SCAN configurations recover
main peak positions and multiple SCAN
revPBE-D3 scattering contributions (meta-GGA):
(GGA): 2.98 A oy seectey 278K |
Experiment: Experiment:
2.76

2.76

Potassium

Duignan, T. T.; Schenter, G. K.; Fulton, J. L.

Potassium

; Huthwelker, T.; Balasubramanian, M.; Galib, M.; Baer, M.

D.; Wilhelm, J.; Hutter, J.; Del Ben, M.; Zhao, X. S.; Mundy, C. J. Quantifying the hydration structure
of sodium and potassium ions: taking additional steps on Jacob’s Ladder. Physical Chemistry Chemical

Physics 2020, 22, 10641-10652. https://doi.org/10.1039/c9cp06161d
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The Hidden Order of Salt:
Nanometer-Scale “Superarrangements” in Water

The Anatomy of Intermediate-Range Order Drivers of Structural Evolution
@ Discovery of The Path to_
) © “Superarrangements” Crystallization
lons are not random; they form As concentration increases,
0 ‘ periodic structures larger than the solution’s internal
individual hydration spheres. spacing approaches that
@ Q (®) of a CaCl,-6H,0 crystal.
® @ © The Growsh of
@ Diese Solution
0 O Cation-water addazing Data Table
the quasl-periodic : 1/3 i
structures, of spherical Concentration (c'3) vs. Bragg Spacing (dp)
catiogjonicomplexes. Dilute (~60 mM) Mid-range (1.0m)  High (4.0 m)
b dp =4.2nm dp = 0.98 nm dp =073 nm
Qp~ 015 A

Qo ~0.64 A~ Qo ~0.86 A1

The 1-4 nm
Correlation Range
Diffraction prepeaks
at low wavevectors
(@ < 1.5 A") confirm
nanometer-scale
oscillatory behavior.

The Kirkwood Cation Hydration Dominance of

Transition Shell Clusters Cation-Oxygen Interactions
Below ~60 mM, the Order emerges from Cation-water interactions
nanometer-scale order the quasi close-packing contribute more to the

vanishes into a purely of spherical cation structural signal than

exponential decay. hydration complexes. ion-ion interactions.

Fetisov, E. O.; Mundy, C. J.; Schenter, G. K.; Benmore, C. J.; Fulton, J. L.; Kathmann, S. M. Nanometer-
Scale Correlations in Aqueous Salt Solutions. The Journal of Physical Chemistry Letters 2020, 11, 2598-2604.
https://doi.org/10.1021/acs. jpclett.0c00322
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(

Hierarchical Aggregation Levels
Primary particles (9nm) form aggregates
(250nm) which then cluster into large
agglomerates (>1000nm).

/ Breaking the Flow:

Shear-Induced Dynamics in Boehmite Suspensions

RHEOLOGICAL IMPACT:
THE POWER OF SHEAR
Significant Shear Thinning

Increasing flow rates reduces viscosity
by overcoming asymmetric particle

interactions and alignment.

Shape Anisotropy Impact
Non-spherical particle shapes
create orientation-
dependent interactions
that spherical

models fail to predict.

Low Flow Moderate Flow High Flow
(60s7) (1,400 ) (15,000 ")

The Viscosity Paradox

Shear-Induced
Fragmentation
Strong hydrodynamic forces
overcome binding energy to
break large clusters into
smaller aggregate units.

Prolonged high shear eventually increases
viscosity by creating more irregularly
shaped, interacting fragments.

Energy Dissipation Correlation

Anisotropy Impact
Non-spherical particle
shapes create
orientation-dependent
interactions that spherical
models fall to predict.

Computational modeling proves that
aggregate size reduction is directly
proportional to cumulative energy input.

Krzysko, A. J.; Nakouzi, E.; Zhang, X.; Graham, T. R.; Rosso, K. M.; Schenter, G. K.; Ilavsky, J.; Kuzmenko,
I.; Frith, M. G.; Ivory, C. F.; Clark, S. B.; Weston, J. S.; Weigandt, K. M.; De Yoreo, J. J.; Chun, J.; Anovitz,
L. M. Correlating inter-particle forces and particle shape to shear-induced aggregation/fragmentation and
rheology for dilute anisotropic particle suspensions: A complementary study via capillary rheometry and
in-situ small and ultra-small angle X-ray scattering. Journal of Colloid and Interface Science 2020, 576,
47-58. https://doi.org/10.1016/j.jcis.2020.04.016
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CP2K: High-Performance Atomistic Simulation
and Electronic Structure

Core Methodologies: An open-source software package designed for atomistic Performance and
simulations of solid-state, liquid, molecular, and biological a o
GPW and GAPW systems. It specializes in massively parallel and linear-scaling Advanced Simulation

electronic structure methods, bridging the gap between
accuracy and computational efficiency.

DBCSR |

Linear-Scaling Capability

Achieved via sparse matrix linear

algebra using the distributed block

compressed sparse row (DBCSR)
library.

The Gaussian and Plane
Wave (GPW) Method

Combines a Gaussian orbital scheme
with a plane wave auxillary basis set.

|

Optimized Post-Hartree—
Fock Methods
Includes MP2, RPA, and GW
methods with reduced O(N?) or
O(N*) scaling for large systems.

Gaussian-Augmented Plane
Wave (GAPW)
Facilitates all-electron calculations
by separating smooth interatomic
densities from fast-varying
atomic parts.

Performance Gains for Random Phase
Approximation (RPA) Calculations

\

E N / Bli=
B E=
@ ~ P
~ E' Intersection point Cubic scaling Feasible for large-
a ‘® | where Cubic scaling outperforms Quartic scale calculations A
Dua"space PSEUdOPOtentlals 3 becomes more scaling by one order | using sparee tensor Constrained DFT (CDFT)
Uses analytic Gaussian functions to favorable. of magnitude. contractions. Enforces electron localization to
generate nodeless atomic valence + t + > study charge transfer phenomena
functions for efficiency. ~90 Molecul 256 Molecul 864 Molecules and electronic couplings.

System Size (Water Molecules)

Kihne, T. D.; Tannuzzi, M.; Del Ben, M.; Rybkin, V. V.; Seewald, P.; Stein, F.; Laino, T.; Khaliullin, R.
Z.; Schiitt, O.; Schiffmann, F.; Golze, D.; Wilhelm, J.; Chulkov, S.; Bani-Hashemian, M. H.; Weber, V.;
Borstnik, U.; Taillefumier, M.; Jakobovits, A. S.; Lazzaro, A.; Pabst, H.; Miiller, T.; Schade, R.; Guidon, M.;
Andermatt, S.; Holmberg, N.; Schenter, G. K.; Hehn, A.; Bussy, A.; Belleflamme, F.; Tabacchi, G.; G168,
A.; Lass, M.; Bethune, I.; Mundy, C. J.; Plessl, C.; Watkins, M.; VandeVondele, J.; Krack, M.; Hutter, J.
CP2K: An electronic structure and molecular dynamics software package - Quickstep: Efficient and accurate
electronic structure calculations. The Journal of Chemical Physics 2020, 152. https://doi.org/10.1063/
5.0007045
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Boosting Carbon Capture:
How Positive Charges Supercharge Artificial Enzymes

The Science of the

Enhancing Catalytic
“Outer Coordination Sphere”

Performance

3X

Increase in
Catalytic Activity

The D100R mutation tripled the
turnover frequency compared to the
original wild-type scaffold.

® CO; Localization
in the Pocket

Positive charges attract and hold
CO, molecules near the metal center
for longer periods.

¢ +3.5V %%}%%

Electrostatic
Potential

Arginine mutations create a highly
positive local potential that stabilizes
the reaction's transition state.

)
©® The “Goldilocks” ®

Q..
Water Effect }
Reducing, but not removing, water (¢]

Net Charge at 3 A from the metal center (o)

Change optimizes catalytic efficiency. H.O
Wild-Type DIOOH/ROBA D100R 2 m
(WT)

The D10OR

" . " i
) Winner
Replacing Aspartic Acid at
Aspartic position 100 with Arginine
-0 Amd creates the optimal

environment for catalysis.

Wild-Type
(WT)

Comparing Catalytic
-1 Performance 072
° h (TOF h*)

Turnover 0.4+000
Frequency 034005

The fastest construct
(D100R) achieved the
highest rate of CO,
conversion to formate.

}R'

Laureanti, J. A.; Ginovska, B.; Buchko, G. W.; Schenter, G. K.; Hebert, M.; Zadvornyy, O. A.; Peters, J.
W.; Shaw, W. J. A Positive Charge in the Outer Coordination Sphere of an Artificial Enzyme Increases
CO2 Hydrogenation. Organometallics 2020, 39, 1532-1544. https://doi.org/10.1021/acs.organomet.
9b00843
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Aluminum'’s Hidden Transformation:
How Mineral Surfaces Drive Particle Adhesion

BULK SOLUTION MICA INTERFACE
G Predicted Dominant : Predi i
Environment I{Ie”l:):Kea A|umi::‘l‘l||n;;EEiES AlI**pKa  Aluminum Species
Unhydrolyzed Hydrolyzed
ELIN o | (P) Mica  og  (AIOH))
| Interface ““E(""
While unhydrolyzed aluminum ions dominate bulk 30' ooox Hgen
water, mineral surfaces like mica act as catalysts. Concentration Boost Dramatic pKa Shift

i i The surface reduces the pKa
Hydrolyzed aluminum species are of AP makinﬁ F s

tens of thousands of times more
occur at much lower pH.

W prevalent at the interface -
i 2 OH Bﬁi \ From 6-Fold to 4-Fold
B :é) 0(8 ‘ SURFACE %o & Coordination

Aluminum ions shift their atomic
structure to a 4-coordinated
state at the mica surface

CHEMICAL
o BRIDGING &
& J8.,,  ADHESION

0" Adhesion via Molecular “Glue"
Hydrolyzed ions form specific
chemical bonds between surfaces,
acting as a physical bridge

. H
", 1_OH
.,~°'H0H

Surface Potential Inversion Beyond DLVO Theory

Specific ion adsorption can Adhesion is driven by microscopic
completely flip the mica's surface chemical bonding rather than just
charge from negative to positive. macroscopic electrostatic forces.

Legg, B. A.; Baer, M. D.; Chun, J.; Schenter, G. K.; Huang, S.; Zhang, Y.; Min, Y.; Mundy, C. J.;
De Yoreo, J. J. Visualization of Aluminum Ions at the Mica Water Interface Links Hydrolysis State-to-
Surface Potential and Particle Adhesion. Journal of the American Chemical Society 2020, 142, 6093-6102.

https://doi.org/10.1021/jacs. 9012530
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Beyond Geometry: A New Solvent

Coordinate for Sy2 Reaction Dynamics

PERFORMANCE AND
IMPACT ON MODELING

INNOVATION: THE POLARIZATION

COORDINATE (qp)
@ Tracking Instantaneous © 20x Increase
in Predictive 19.04
Likelihood g i

Polarization

FHg 1

\ Jorg (ry) Comb
\ Only (rstqp)
(0.00 Baseline)

g, measures how solvent
configurations cause solute charges to

fluctuate from their equilibrium average

@ Quantifying the “Pull”
of the Solvent

Solvent
Pull

,>->c © Sharper Transition
State Analysis

| |
' V

Jorgensen Combined Model
Only with g,
Committor tests show clearer
definition of transition state

Energy

Positive dot product indicates
solvent pull toward product state
@ Minimal Impact on

Transmission Rates

@ Capturing
Non-Equilibrium Effects
Static, Dyr;atmic,f' ”
aiEradetield el K =0.39 £ 0.07 k=032 0,07
Little significant
change in
transmission
Static, coefficient n
average field
Jorgensen Combined
(r y qp)

Tracks real-time polarization,
that geometry alone cannot detect (ry)

Leitold, C.; Mundy, C. J.; Baer, M. D.; Schenter, G. K.; Peters, B. Solvent reaction coordinate for an SN2
reaction. The Journal of Chemical Physics 2020, 153. https://doi.org/10.1063/5.0002766
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The Science of Oriented Attachment:
How ZnO Nanoparticles Align and Fuse

The Long-Range Approach (Separations > 5nm) The Final Attachment (< Tnm)
Early Attraction at 10nm Alignment via The Tnm Rapid Surface Fusion
Weak attractive potentials are Dipolar Torque Jump-to-Contact After contact, surface atoms
detected at edge-to-edge Particles begin rotating Once perfectly diffuse into the "neck” region
separations as large as 10 nm. into alignment at 5nm aligned, particles cross to create a smooth nanorod.
driven by ZnO's inherent the final 0.96 nm gap
electric dipole. in a sudden jump.

Rapid Rotation vs. Negligible

Slow Translation Energy Barrier

Rotational alignment is The process is diffusion-limited
significantly faster than with an energy barrier of less
the translational motion than 1kT (thermal energy).

required to close the gap.

Liu, L.; Nakouzi, E.; Sushko, M. L.; Schenter, G. K.; Mundy, C. J.; Chun, J.; De Yoreo, J. J. Connecting
energetics to dynamics in particle growth by oriented attachment using real-time observations. Nature
Communications 2020, 11. https://doi.org/10.1038/s41467-020-14719-w
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Breaking the Mirror: Why 27Al NMR Error Cancellation Fails for AI(OH),"

Theoretical NMR chemical shifts typically rely on "error cancellation" between a target molecule and a reference.
However, when the target (Al(OH),") and reference (Al(H,0)¢3") are chemically distinct (anion vs. cation), intrinsic
errors in correlation and solvation do not cancel, leading to significant predictive challenges.

Intrinsic Electronic & The Impact of Solvation
Methodological Hurdles and Dynamics

The Electron Correlation Gap Additive Rather Than

Subtractive Errors

Reference

2.5%

4.1%
Correlation effects in the Al(OH), I ionsh
anion are nearly double those Sol v%nptp%osr'ltticgggz ave

of the cation reference.

Solvent-Dynamic Dominance

(

Relativistic Effects are Neutral

Both species show a ~12 ppm Correction Magnitude & Sign (ppm) Comblned thermal and solvation
effects represent the largest single

relativistjq correction, allowing this =z
specific error to cancel out. " AOH): | Al(H,0)6> Result correction to the chemical shift.
Relativistic | “4190 | 4126 | Cancels out

Basis Set Sensitivity Heterogeneous Electron Density
Electron | Al(OH); [Al(H,0)¢** | Result:
Correlatlon -21.7 -15.9 Partial Error
A AZ
Contracted Uncontracted
Solvent & | AI(OH), | Al( 3
Accuracy requires “uncontracting” Thermal +3.7 9.0
9.

tight p functions in Dunning basis sets
to prevent shielding discontinuities.

Aluminate exhibits a wider shielding
anisotropy than the reference,
indicating complex dynamics.

Martinez-Baez, E.; Feng, R.; Pearce, C. I.; Schenter, G. K.; Clark, A. E. Al 27 NMR chemical shift of
Al(OH)4— calculated from first principles: Assessment of error cancellation in chemically distinct reference
and target systems. The Journal of Chemical Physics 2020, 152. https://doi.org/10.1063/1.5144294

91


https://doi.org/10.1063/1.5144294

Mapping Nanoscale Diffusion:
Bridging Molecular and Continuum Models

The Methodology:
From Atoms to Equations

System Comparison:
Wetting vs. Non-Wetting

. @

)
Molecular
properties

Molecular properties are
projected onto a numerical
grid to calculate
correlations between
different cells.

Wetting Surface
Dynamics

2570,
-8 :‘».
£ X

)-8

High Fluid
Structuring

e

Grid-Based
Projection
Simulation nalne dather

somerand to projection
and a numerical grid.

Non-Wetting
“Rarefaction”

@ @ @
1 o
O
@ @ !
! ® k
1 ®
/0% O

Lower Fluid
Density

Decreases Near

Increases Near

o
2 Boundary Boundary
@ High fluid structuring near Lower fluid density near
= walls leads to a sharp drop boundaries causes diffusion
8 in diffusion coefficients. coefficients to increase
rather than decrease.
Time
Real-Time Mitbiced Wetting Non-Wetting
i itti i i Feature System System
Correlation Fitting Dometionality Y 4
Fitting time correlation Calculation correxenems Fluctuation-based " . 47
functions directly reduces into managable, high Fitting Formalism Solld-Fl}lld
computational costs by performance numercal Interaction N
ignoring long-time decay functions. High (g = 1.0) Low (egr = 0.25)
tails.
Density i
Near Wall Highly osciliatory/ Low
structured density/rarefied
Diffusion \ /
Trend Decreases near Increases near
boundary boundary
Optimized Dimensionalit :
H Y The Nanoscale Physics Gap

Plane-wave expansion reduces complex ,
3D calculations into manageable, high-
performance numerical blocks. ©

A 50% error compared to direct calculations
suggests current equations need further
refinement.

Palmer, B. J.; Chun, J.; Morris, J. F.; Mundy, C. J.; Schenter, G. K. Correlation function approach for
diffusion in confined geometries. Physical Review E 2020, 102. https://doi.org/10.1103/physreve.102.
022129
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Molecular Pairing: How Aluminum
Dimers Form in Alkaline Solutions

The Two-Step Step 2: Branching Pathways to Final Dimers
Dimerization Mechanism Preferred Oxo-Bridged Structure
Step I:
Formation of a
Labile Intermediate

Single Hydroxo
Bridge

Dominance of the Oxo-Bridged Structure
ALO(OH) 2 is systematically favored over other
structures when ion-paired with cations.

Monomers pair via a

Aluminum 9 single hydroxo bridge,

monamers 0.\' creating a highly unstable,
short-lived intermediate.

Dihydroxo-Bridged Dimer
Altemative pathway.

The Cation Influence specific Cation Energetics
Lithium and Potassium facilitate dimerization more Lithium
favorably than Sodium ions. (Li*) potussiim

Highly Moderately
Stabilizing Stabilizing
wr o=
o, L)
() ()
Oxo-Bridged Oxo-Bridged
Dimer Dimer
Contact lon Pairing (CIP) Rleference pieforence
Close interazition between 03‘hi°",',5 and Impact of High Alkalinity: Extreme caustic conditions
aluminum molecules triggers the “energy reduce the energy differences between various dimer types.

reversal” that stabilizes dimers.

Pouvreau, M.; Martinez-Baez, E.; Dembowski, M.; Pearce, C. I.; Schenter, G. K.; Rosso, K. M.; Clark, A.
E. Mechanisms of Al3+ Dimerization in Alkaline Solutions. Inorganic Chemistry 2020, 59, 18181-18189.
https://doi.org/10.1021/acs.inorgchem.0c02660
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Resolving Proton Dynamics:
How Concentration Shapes Aqueous Transport

Explaining the molecular pathways of proton transfer in HCI solutions and how concentration alters these dynamics.

MECHANISMS OF PROTON TRANSPORT THE IMPACT OF HCI CONCENTRATION
Shuttling vs. Vehicular Motion 50% Reduction in
Transfer Speed
Shuttling motion
() ® o
SLOWER
@ C% 3 FASTER DYNAMICS
@ C@) DYNAMICS (Factor of 2x)

&) Cg) The Zundel

Species Lifetime

Vehicular motion W Increasing HCI @
Cﬁ from 2M to 8M @ @

i = Hs0," H,0," o slows proton transfer g—J
s LOW CONCENTRATION  dynamics by a HIGH CONCENTRATION
%} a (e.g., 2 M HCI) factor of two. (e.g., 8 M HCI)
2 M HCI: ~0.8 ps
@ - High Sensitivity of lon-Pairin
P @ 8 M HCI: ~1.3 ps ghiSensifivity ol Ralfing
4-7 TIMES SLOWER at 8M (cr)

B -0
% (ﬂ @) @ m dl) compared to 2M concentration.
(:8 %W@ & Solvent-Guided Cﬁ &) Independent

i T 3
lon-pair dissociation is H,0*

Activation

Solvent Exchange
(BQ Solvent r_earrang_ement acts Unlike other processes, water
@ as the primary trigger for exchange around hydronium

the transfer of protons

remains unaffected by
(% &) between molecules. C% 93 changing acid concentrations.

Roy, S.; Schenter, G. K.; Napoli, J. A.; Baer, M. D.; Markland, T. E.; Mundy, C. J. Resolving Heterogeneous
Dynamics of Excess Protons in Aqueous Solution with Rate Theory. The Journal of Physical Chemistry B
2020, 124, 5665-5675. https://doi.org/10.1021/acs. jpcb.0c02649
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Flow-Induced Transformation:
How Shear Shapes Boehmite Slurry Rheology

PHASE 1: THE QUIESCENT PHASE 2: SHEAR-INDUCED
INITIAL STATE RESTRUCTURING

POST-SHEAR STATE
(pH COMPARISON)

[@u pH 9 Conditions pH 13 Conditions
Critical Flow Agglomerate Agglomerate
Threshold @ Size (R,) @ Size (Ry)
(~100 s7) ~890 nm ~1800 nm
Fractal Fractal
‘ Dimension (D;) ' Dimension (D,)
/ Oenser) | 0 {Densest)
. Denser Densest
/ System-Spanning ()
S SN
Q Fracla‘llsN: r;work Q \ Q Elasticity i Elasticity
7 @ @ @ Slightly ‘ :§§ Significantly
Rhombic Nanoplatelet Fragmentation Increased " Reduced

Building Blocks

and Densification
(~20nm) @
Finj.tely—Si“zed

\\ (0.9 t(!ofg um)
\ INDUSTRIAL IMPLICATIONS
oG ONS

Viscosity Pipe Flow Consistency: Brittle High-pH
Reduction Identical structural Networks:
= (Permanent) changes occur in At pH 13, slurries
Poiseuille flow, become more
PHO pH13 confirming real-world “brittle,” showing
(Denser) processing relevance. a 10x reduction

in critical strain.

Weston, J.; Chun, J.; Schenter, G.; Weigandt, K.; Zong, M.; Zhang, X.; Rosso, K.; Anovitz, L. Connecting
particle interactions to agglomerate morphology and rheology of boehmite nanocrystal suspensions. Journal
of Colloid and Interface Science 2020, 572, 328-339. https://doi.org/10.1016/j.jcis.2020.03.109
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The Architecture of Thickening:

Mapping Contact Force Networks in Dense Suspensions

THE CRITICAL TRANSITION (THE “TRIGGER") THE TOPOLOGICAL ARCHITECTURE (THE “MECHANISM")
Lubricated/Fluid Data Table /, . . Shear Thickened/Rigid State
L d Rapid Geodesic
Electrostatic Shear
I;eepuisi(aml O Thickened/Rigid Index surge Energy
\_/ bt \/ = =500 Past the onset stress, the Dissipation
£ ber of global interacti
‘hlE e pathways grows rapiay scross o
8 the system. .
£ N\
,9 W, N £ Transitional \ \
0 ‘\rj . Lubricated/ 3/
Liquid | Fluid
Lubrication 2 i
k =40

o °o_~ 0 "

V

Direct

Particle Tiny, Separate

] Contact Void Domains
The Critical | Friction i Homogeneous Correlated
o = 0.3 Threshold Activation . Void Partitioning Rigid Motion
At this dimensionless stress level, Direct particle contact activates | The force network quickly Once the network spans the domain,
hydrodynamic forces overcome nonsliding frictional forces, the I spans the fluid, subdividing particle motion is constrained,
repulsion, driving particles into primary building blocks of the | large empty areas into many leading to massive energy
physical contact. thickening network. i tiny, separate void domains. dissipation and high viscosity.

Edens, L. E.; Pednekar, S.; Morris, J. F.; Schenter, G. K.; Clark, A. E.; Chun, J. Global topology of
contact force networks: Insight into shear thickening suspensions. Physical Review E 2019, 99. https:
//doi.org/10.1103/physreve.99.012607
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QUANTUM WATER: HOW PORE STRUCTURE
TUNES MOLECULAR DYNAMICS

lllustrating how sub-nanometer confinement in minerals drastically alters the quantum behavior and vibrational states of water molecules

BERYL: QUANTUM TUNNELING ENABLED SUB-NANOMETER CORDIERITE: TUNNELING INHIBITED
Hexagonal, 6-fold symmetry, ~5.1 A diameter ??g‘:lgﬂgg;r Orthorhombic, Lower symmetry, ~5.5 A diameter

Water
molecule

Water in ~5 A diameter Water
channels exhibits molecule
quantum behavior
uniike bulk water.

Multiple peaks (0.66-14.7 meV)
reveal water protons tunneling
between six equivalent positions.

Lower symmetry and larger distances prevent
the ground-state splitting observed in beryl;
quantum tunneling not observed

TUNING DYNAMICS VIA PRESSURE & ORIENTATION TEMPERATURE-DRIVEN TRANSITIONS

22 KBAR HIGH-PRESSURE SHIFT POTENTIAL PHASE TRANSITION AT 20 K

Applying 22 kbar of Fi
Er?sgurg shifts MINERAL PROPERTY COMPARISON

eryl's tunneling and
vibrational modes by @ @ @
approximately 2.5%. g
FEATURE (Type-| Water) CORDIERITE

ORIENTATION “SWITCHES” TUNNELING CRYSTAL Hexagonal Orthorhombic
SYSTEM (6-fold symmetry) ~ (Lower symmetry)

Type-Il Water CAVITY
Type-l water in ~5.1A ~5.5A
alkali-rich beryl DIAMETER v e
changes orientation UANTUM ob di Cordierite exhibits a potential phase
and loses its quantum T({INNELING IN§ i'l;':d,lg Not observed transition at 20 K, changing the water
tunneling ability o Y molecule’s position.

Kolesnikov, A. I.; Anovitz, L. M.; Hawthorne, F. C.; Podlesnyak, A.; Schenter, G. K. Effect of fine-tuning

pore structures on the dynamics of confined water. The Journal of Chemical Physics 2019, 150. https:
//doi.org/10.1063/1.5096771
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Resolving lon Solvation in Concentrated Electrolytes

Integrated Experimental Molecular Structure
& Analytical Strategy & lon Solvation
Complementary Total Scattering Probes Collapse of Water's Hydrogen-Bond Network
. Normal Water Concentrated Electrolyte
9 9 e 20 g 6.9
o_o_6 %9652
Yoy :
X-rays detect neutrons resolve ‘ﬁv“?e‘
heavy-atom light hydrogen and v :
correlations deuterium positions Q &)
Typical Hydrogen-Bond Extreme ionic strength
Caustic-Resistant Sub-Ensemble Local Network disrupts bulk water structure,
Double-Walled Vessel  Configuration Analysis mimicking high-pressure

compaction effects

Dominant Na+ Solvation Environments

Molecular dynamics

prevent sample simulations map individual ion
degradation from highly solvation polyhedra to specific
caustic solutions scattering signatures

Baseline Experimental Parameters

NaOD Mole Concentration Mass
Fraction (Xy,00) ﬁ (Molality) Density
2@ 0.245 18.06 m  1.551 g/em?®

of sodium ions
coordinate with 4-5

water molecules and
1-2 hydroxide ions

Semrouni, D.; Wang, H. W.; Clark, S. B.; Pearce, C. I.; Page, K.; Schenter, G.; Wesolowski, D. J.; Stack, A.
G.; Clark, A. E. Resolving local configurational contributions to X-ray and neutron radial distribution func-
tions within solutions of concentrated electrolytes — a case study of concentrated NaOH. Physical Chemistry
Chemical Physics 2019, 21, 6828-6838. https://doi.org/10.1039/c8cp06802]
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PageRank as a Continuous
Collective Variable in Chemistry

Theoretical Framework o Chemical Applications
& Method Formulation /9 ) ®) & Free Energy Mapping

Continuous Weighted
Network Graph

Edge weights vary continuously with
atomic distance to track evolving
local interaction environments.

Analytical Gradients

for Biased MD

Atomic coordinate derivatives allow
direct implementation in biased molecular
dynamics and umbrella sampling.

/\/%

High Resolution of
Reaction Intermediates
Differentiates distinct penta-coordinate

aluminate geometries that overlap when
using traditional coordination numbers.

Captures Fundamental // ®) Maps Solvent-Driven
Vibrational Motions @) @) lon-Pairing Pathways
PageRank fluctuations directly reflect Reveals solvent dynamics dominance
fundamental molecular stretching and along minimum energy paths during
bending modes around 602 cm™. @

aqueous Na*-OH- ion pairing.

Zhou, T.; Martinez-Baez, E.; Schenter, G.; Clark, A. E. PageRank as a collective variable to study complex

chemical transformations and their energy landscapes. The Journal of Chemical Physics 2019, 150. https:
//doi.org/10.1063/1.5082648
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Modeling Cs* Hydration:

The Role of Many-Body Interactions

Model Energy Errors

& Experimental Validation

(TIP4P-Ew)

H,0
H,0 g 8 H,0
HI% @ _iHio

o ¥

H,0

10.55 kcal/mol

2B energy error

SUPPORTING DETAIL: Empirical
model severely deviates from

quantum CCSD(T) reference data.

EXAFS Spectrum Match

~—— Pairwise Model
—— Experimental

Amplitude

Poor
(amplitude
too high)

0 5 10 15 20
Wavelength (A)

SUPPORTING DETAIL:

Pairwise additive models

significantly overestimate

peak amplitude.

Pairwise-Additive Model

10.55 kcal/

2B energy error

Empirical model severely
deviates from quantum
CCSD(T) reference data.

2B Energy 0.05
RBSE: keal/mol

N B

Inclusion of nonclassical
3B interactions yields high
accuracy against CCSD(T).

Hydration Shell
& Structural Predictions

Pairwise Model
Prediction

Many-Body Model
Prediction (Accurate)

o 4Y3
ORIES
|

First hydration peak
centers at ~3.15 A
COMPARISON:

Coordination number shifts
from ~8 water molecules

Broader first peak
extendingupto 4.5 A

COMPARISON:
Coordination number shifts
to ~10 water molecules

KEY FINDING: Minimal structural impact from

> nuclear quantum effects.
i SUPPORTING DETAIL: Path-integral simulations show

many-body forces dominate structural determination.

Explicit Many-Body Model
((2B+3B+NB)-MB-nrg)

0.02 kcal/mol
3B energy error
SUPPORTING DETAIL: Inclusion of

nonclassical 3B interactions yields
high accuracy against CCSD(T).

EXAFS Spectrum Match

—— Many-Body Model
~—— Experimental

Amplitude

Quantitative
agreement

0 5 10 15 20
Wavelength (A)
KEY FINDING: Explicit many-body
models accurately reproduce
measured L1-edge and
L3-edge spectra.

Zhuang, D.; Riera, M.; Schenter, G. K.; Fulton, J. L.; Paesani, F. Many-Body Effects Determine the Local
Hydration Structure of Cs + in Solution. The Journal of Physical Chemistry Letters 2019, 10, 406-412.

https://doi.org/10.1021/acs. jpclett.8b03829
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Decoding Nuclear Waste Rheology:
How Boehmite Nanocrystals Aggregate

Structural Hierarchy of
Boehmite Aggregates

S

Initial Rhombohedral
Nanoplatelets

29 nm long by 6 nm thick.

Primary Stacking
via Basal Planes

Platelets rapidly undergo
oriented attachment along basal
planes, forming tightly bound
stacks up to 150 nm long.

Discrete Secondary
Aggregation

Larger aggregates above
400 nm assemble into
assemble into discrete size
distributions rather than
continuous spectrums.

Synthetic boehmite begins as flat
platelets measuring approximately

Chemical Drivers: pH and Cation Valence

pH 12 Accelerates Primary Stacking

High alkaline conditions significantly increase the prevalence
of primary nanoplatelet stacks compared to pH 9.

100-Fold Potency of Calcium vs. Sodium
Sodium (Na*), Calcium (Ca?*),

Charge +1 Charge +2
100-Fold Lower
Concentration
to Destabilize
0.Imto1.0m 0.01m

Divalent calcium ions destabilize dispersions at 100-times
lower concentrations than monovalent sodium.

2.5 to 2.6 Fractal Dimension

Primary aggregates maintain consistent surface fractal
roughness across varied electrolyte concentrations at high pH.

Anovitz, L. M.; Zhang, X.; Soltis, J.; Nakouzi, E.; Krzysko, A. J.; Chun, J.; Schenter, G. K.; Graham, T.
R.; Rosso, K. M.; De Yoreo, J. J.; Stack, A. G.; Bleuel, M.; Gagnon, C.; Mildner, D. F. R.; Tlavsky, J.;
Kuzmenko, 1. Effects of Ionic Strength, Salt, and pH on Aggregation of Boehmite Nanocrystals: Tumbler
Small-Angle Neutron and X-ray Scattering and Imaging Analysis. Langmuir 2018, 34, 15839-15853. https:

//doi.org/10.1021/acs.langmuir.8b00865
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lon Pairing Dynamics: Bulk Water vs. Liquid-Vapor Interface

Interfacial environments dramatically alter the free energy and kinetic properties of Nal
ion pairs. Due to reduced solvent coupling and enhanced polarization at the interface, ion
pair dissociation is significantly suppressed compared to the aqueous bulk.

Nal lon Pairing in Bulk Water Nal lon Pairing at the Liquid—Vapor Interface

¥ ¢ o
5% 50 sessio0less
@@P Ye® @)@J&c@@)%) o) 2

Higher Solvent Screening Reduced Solvent Coupling
Full hydration shells effectively screen Lower interfacial solvent coordination
and stabilize separated ions. strengthens counter-ion association.
- i
1.30 kcal/mol 20 ps 2.90 keal/mol N 72 ps
Free Energy Dissociation Free Energy Dissociation
Barrier Relaxation Time Barrier Relaxation Time
Bulk water exhibits a Reactive flux calculations The interfacial environment The interface drastically
lower barrier for ion pair confirm rapid lon pair creates a significantly deeper increases ion pair lifetime
dissociation. dissociation in the bulk. contact ion pair minimum.  and suppresses dissociation.

Metric Comparison: Rate Theory & Thermodynamics

Metric Bulk Water Interface (Perpendicular)
|d Free Energy Barrier (PMF) 1.30 kcal/mol 2.90 kcal/mol
¥0) TST Rate Constant (krsr) 0.55 ps”’! 0.06 ps™’
@ Relaxation Lifetime (tgg) 20 ps 72 ps

Dang, L. X.; Schenter, G. K. Rate theory of ion pairing at the water liquid—vapor interface: A case of sodium
iodide. The Journal of Chemical Physics 2018, 148. https://doi.org/10.1063/1.5017874
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Unraveling Solvation Shell Structure in Aqueous Na* via K-Edge XANES

XANES Probes Beyond

Key Structural Order
the First Solvation Shell

Parameters

Interstitial Water (INTg)

Tracks Shell Separation
EXAFS

EXAFS reports primary Na—O
distances (short-range)

K-Edge

XANES Quantifies water molecules

- fluctuating in the transition region
between first and second shells

XANES senses intermediate-
range structural order

Tilt Angle (6) Reflects
lon-Water Orientation

Distinguishing Quantum
from Classical MD

; * PR

===. Defines the alignment between
e/, . the water dipole vector and
| \ 2L/ 4 Peak Ratios Match the central ion
T 3 Classical Experimental Benchmarks
(DFT-based MD) |  (JC/SPCIE) DFT-derived intensity ratios (Ic/lg; = 1.33) Octahedrality (q,) Dictates
DFT models capture | Rigid classical force closely align with experimental values (1.45) High-Energy Spectral Features

realistic interstitial | fields lack realistic
water fluctuations | fluctuation

Comparison of XANES Spectral Metrics

Peak Intensity Peak Energy
B hed Ratio (Ic/lz;) | Separation (E¢_g)
Experiment
(0.1 m NaCl) 1.45 39eV
Quantum e
1.33 29-3.1eV Deviations from perfect
(DF;bas?d :V‘D) octahedral symmetry induce
assica distinct spectral shoulder
(JC 1 SPCIE) 1.8 8245 ) features near 1082 eV

Galib, M.; Schenter, G. K.; Mundy, C. J.; Govind, N.; Fulton, J. L. Unraveling the spectral signatures of
solvent ordering in K-edge XANES of aqueous Na+. The Journal of Chemical Physics 2018, 149. https:
//doi.org/10.1063/1.5024568
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Unlocking ?’Al PFG-NMR:
Measuring Diffusion in Caustic Electrolytes

OVERCOMING NUCLEAR LIMITATIONS TRANSPORT DYNAMICS & ION SPECIATION
Caustic solution —

_/\/—

.9 e e "

\%

Diffusion Driven by Solvent Viscosity

Aluminate diffusivity increases across cations
,\N & ‘ \ (TMA* < Na* < K*) following the Stokes-Einstein relation.

Dominance of J @
= Unaggregated g »‘ X Jﬁ J
= Monomers Y 27 A

TMA*

Hydrodynamic behavior and

= Raman spectra confirm =
Al(OH), monomers without ) @
higher-order clustering. ‘
- Observed Nuclei VTF Model Parameters
) Vall_datmg (3 M NaOH, 25-85 °C)
Reso""ng Stejs al_ _ (1 Pre-Exponential Factor (D,): Activation Energy (E,):
Quadrupolar Tanner Decay H | 3301x107mes 13.55 kJ/mol
Relaxation Bottlenecks Spatially encoded signal
i i attenuation strictly Pre-Exponential Factor (D,): Activation Energy (E,):
Minimizing pulse delay while follows theoretical 1.753x 107 m¥/s 9.393 kJ/mol
maximizing gradient strength Stejskal-Tanner linear L
prevents signal loss in low-y relationships in caustic 27 Pre-Exponential Factor (D,): Activation Energy (E,):
nuclel. media. ) 1.070 x 10" m%/s 2.438 kJ/mol

Graham, T. R.; Han, K. S.; Dembowski, M.; Krzysko, A. J.; Zhang, X.; Hu, J.; Clark, S. B.; Clark, A. E;
Schenter, G. K.; Pearce, C. 1.; Rosso, K. M. 27Al Pulsed Field Gradient, Diffusion-NMR Spectroscopy of
Solvation Dynamics and Ion Pairing in Alkaline Aluminate Solutions. The Journal of Physical Chemistry B
2018, 122, 10907-10912. https://doi.org/10.1021/acs.jpcb.8b10145
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Coupled Multimodal Dynamics in Water-Deficient Alkaline Solutions

Complex microscopic behavior of ions and hydrogen-bearing species within a highly concentrated sodium
hydroxide-aluminate “water-in-salt” regime. Severe water deficiency creates extensive interionic networks.

Lower Al Higher Al

Increasing aluminate content suppresses bulk freezing
transitions and slows down overall translational diffusion.

Fast Cluster Tumbling Slow Collective Dynamics
at 40-60 ps at 350-750 ps

Represents localized backhone Captures structural relaxation and
tumbling and formation lifetimes  collective diffusion within densely
of hydrated ion clusters at 293 K.  packed, interconnected ion networks.

D |
b g s
Gl

7\'..,«\ <N .{'I
(BN jﬂ}/

e %=
X
",ﬁ’ - o

Water-in-Salt
Structural Confinement

Solvent water is severely deficient,
forcing species to bridge multiple
sodium ions in polyhedral networks.

Ensemble Rotation
Times of 184-300 ps
TH NMR confirms reorientation
timescales consistent with QENS
local cluster relaxation.

Non-Vehicular Transport Mechanism

Individual Correlated Network
Molecular Jumps Reorientations

Dynamics shift from individual molecular jumps to
correlated, multidimensional network reorientations.

Graham, T. R.; Semrouni, D.; Mamontov, E.; Ramirez-Cuesta, A. J.; Page, K.; Clark, A.; Schenter, G.
K.; Pearce, C. L.; Stack, A. G.; Wang, H. W. Coupled Multimodal Dynamics of Hydrogen-Containing Ion
Networks in Water-Deficient, Sodium Hydroxide-Aluminate Solutions. The Journal of Physical Chemistry
B 2018, 122, 12097-12106. https://doi.org/10.1021/acs. jpcb.8b09375
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Unlocking the Molecular Mechanism
of Gibbsite Crystallization

Solution Speciation & Solid-Phase Transformation
Molecular Dynamics & Crystal Growth

Reversible
Coordination
Cycling

@)
/ Aluminum transitions between
tetrahedral Al(OH),™ in solution and octahedral
Al(OH); in solid.

7 T1%

Initial .
Thickness: . Increasein Final
29 nm Thickness-to-Length Thé%kR,eT,SS:
" . Aspect Ratio:
Solvent-Separated Origin of Sluggish e Nanoplate thickness
lon Pairs Predominate  Crystallization Kinetics Nanoplate Fows from 29 nm to 63 nm
Medium-range solvent- Activation energy required during hydrothermal
separated pairs (4-6 A) drive to disrupt robust medium- treatment. Final Nanoplate
solution speciation rather range ion pairs retards (Hydrothermal
than contact ion pairs. gibbsite precipitation. / Treatment)
Dramatic Increase in Solid Crystallinity
2% NMR Perturbations NMR peak
v /_ Begin Under 6 A: narrowing from 3100
! : Hz to 750 Hz confirms
AIMD calculations show enhanced solid-

dramatic electrostatic shifts phase ordering.
when Na* approaches
within 6 A of AI(OH),~.

Initial Solid Enhanced Solid-Phase

(3100 Hz Peak Width) Ordering
\ / ‘ (750 Hz Peak Width)

Graham, T. R.; Dembowski, M.; Martinez-Baez, E.; Zhang, X.; Jaegers, N. R.; Hu, J.; Gruszkiewicz, M.
S.; Wang, H. W.; Stack, A. G.; Bowden, M. E.; Delegard, C. H.; Schenter, G. K.; Clark, A. E.; Clark,
S. B.; Felmy, A. R.; Rosso, K. M.; Pearce, C. I. In Situ 27A1 NMR Spectroscopy of Aluminate in Sodium
Hydroxide Solutions above and below Saturation with Respect to Gibbsite. Inorganic Chemistry 2018, 57,
11864-11873. https://doi.org/10.1021/acs.inorgchem.8b00617
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Classical vs. Non-Classical Nucleation in Calcium Carbonate Solutions

Debate exists over whether supersaturated calcium carbonate (CaCO,) solutions form crystals via Classical

Nucleation Theory (ion-by-ion addition) or non-classical pathways dominated by stable oligomeric prenucle-

leation clusters. Coupled density functional theory (DFT) simulations and in situ x-ray absorption spectros-
copy (XANES) confirm that simple ions and lon pairs dominate, validating classical views.

CLASSICAL NUCLEATION THEORY
(VALIDATED MODEL)

Large Clusters
(e.g., (CaCO0,),)

NON-CLASSICAL PRENUCLEATION THEORY
(DISPROVED HYPOTHESES)

Solutions Dominated
by Free lons and
Simple lon Pairs
Free Ca®* and ion pairs

like CaCOg(aqg) dominate
supersaturated solutions.

Classical Force Fields
Overestimated
Complexation

Traditional molecular
mechanics overpredicted

jon pairing compared to
first-principles DFT modeling.

Prenucleation Cluster
(e.g., (CaC0y)e)

Large Clusters Are |
Orders of Magnitude
Rarer

Spectroscopic
Evidence Rules Out
Stable Nanoclusters

In situ Ca K-edge XANES
spectra show no signature

~ - Experimental
,’ “/(Dominant lons)

.
’
K4

Species larger than ion
pairs exist at concentrations

"~~~ Theoretical

Ca K-edge XANES

over 100 to 1000 times \  of oligomeric species like Cluster Signature
lower. \ (CaCo,),. A (e.g., (CaCO,),)
’ Spectrum
Nucleation Proceeds | Critical lon-Pair e
o . | . d
Uphill via Monomer Threshold Triggers | o o
Addition ~3.9mM

/ Nucleation

Crystals form through
thermal fluctuations
adding individual ions
across a classical free
energy barrier.

Nucleation onset relies
strictly on a constant bound
calcium concentration of
~3.9mM.

Henzler, K.; Fetisov, E. O.; Galib, M.; Baer, M. D.; Legg, B. A.; Borca, C.; Xto, J. M.; Pin, S.; Fulton, J. L.;
Schenter, G. K.; Govind, N.; Siepmann, J. I.; Mundy, C. J.; Huthwelker, T.; De Yoreo, J. J. Supersaturated
calcium carbonate solutions are classical. Science Advances 2018, 4. https://doi.org/10.1126/sciadv.

aao06283
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Oriented Aggregation Dynamics
of Anisotropic Nanoparticles

Solution Chemistry Face-to-face stacking Particle Anisotropy &
& Kinetic Regimes of boehmite nanoplatelets Structural Evolution
. Aligning and joining on large
PH & lonic Strength flat (010) surfaces 2 -
A : —T w Vol K /)
ggregation rat ol /
constants span o, <= - ( —
orders of magnitu oe.e V7,
Low High one 4 * N o

Irregular Shapes:
Spherical Transport Coupled Rotational &
Assumptions Fail Translational
Time Scales (~107 s)

Drastically Accelerates
Coagulation Kinetics

20

= From Hours
= to Seconds

Elevating pH &

lonic Strength Orientation essential to attachment

Critical Coagulation Concentration

50-100 mM
=

. D;=2.30

f Nanoplatelet aggregates
form significantly
denser structures than
) spherical colloids
(Df=1.5-1.9)

Above this: Diffusion-Limited
Aggregation Dominates

Contact Area (o) Controls
Aggregate Morphology

S

Transition from RLA to DLA Regimes

)

Yo

—

N

0

Low lonic Strength: High lonic Strength:
Slow Exponential Growth Rapid Power-Law Growth Favors Branched Structures Forces 1D Linear Chaining

Nakouzi, E.; Soltis, J. A.; Legg, B. A.; Schenter, G. K.; Zhang, X.; Graham, T. R.; Rosso, K. M.; Anovitz,
L. M.; De Yoreo, J. J.; Chun, J. Impact of Solution Chemistry and Particle Anisotropy on the Collective Dy-
namics of Oriented Aggregation. ACS Nano 2018, 12, 10114-10122. https://doi.org/10.1021/acsnano.
8b04909
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Unraveling Prenucleation Aluminum Speciation:
lon Pairing & Spectroscopic Siblings

Dimer Energetics &
lon Pairing Reversal

Di-p-hydroxo Dimer
Favored in Pure Water ;

@

g™

Relative Energy (AE):
-1.92 kcallmol
(More Stable)

Di-p-hydroxo Al,(OH),> dimer

Without counterions, the di-u-hydroxo dimer
is more stable than the p-oxo dimer.

Solution Environment:
Preferred Dimer Species: Di-p-hydroxo
AL(OH)

-1.92 kcal/mol

p-oxo Na*-ALO,H>

Relative Energy: +6.78 kcal/mol

Relative Energy (AE)
+6.78 kcal/mol
e (Less Stable)

Counterion Pairing Reverses
Thermodynamic Preference

Adding Na* ions stabilizes the p-oxo dimer by
6.78 kcal/mol over its counterpart.

Dilute / Pure Water ~ Concentrated (Na* lon Paired)

.9

=]

Spectroscopic Siblings
& Spectral Overlap

Distinct aluminate species share nearly identical,
overlapping vibrational bands in IR and Raman spectra.
------ Dominant Al(OH),

Monomer Peak

(623 cm™)
g SPECTROSCOPIC @ :t
> SIBLINGS
©
= R . . AL(OH)>
f_: Dimer Peak
< (608 cm™)
2
e K
[J)
=

Wavenumber (cm™)

i

Direct Raman Band Overlap
Masks Dimer Detection

The Al,(OH),* dimer peak directly overlaps
the dominant Al(OH),” monomer peak.

Statistical Anti-Correlation
. in Spectral Fits

Covariance analysis confirms monomer and
di-p-hydroxo dimer Raman spectra are
strongly anti-correlated (M, =-0.81).

"u)

Pouvreau, M.; Dembowski, M.; Clark, S. B.; Reynolds, J. G.; Rosso, K. M.; Schenter, G. K.; Pearce,
C. L; Clark, A. E. Ab Initio Molecular Dynamics Reveal Spectroscopic Siblings and Ion Pairing as New
Challenges for Elucidating Prenucleation Aluminum Speciation. The Journal of Physical Chemistry B 2018,
122, 7394-7402. https://doi.org/10.1021/acs. jpcb.8b04377
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Classical vs. Quantum Water Models in lonic Hydration

Explaining the failure of fixed-charge classical models in simultaneous cationic and apolar solvation
versus the dynamic adaptation of quantum models, all converging on long-range dielectric screening.

LOCAL SHORT-RANGED RESPONSE
(Model-Dependent)

Classical Fixed-Charge Models
(SPC/E, TIPSP)

LONG-RANGED ELECTROSTATIC RESPONSE
(Model-Independent)

Long-ranged electrostatic response is
completely model-independent across

all water representations.

All water models produce identical
smoothed charge screening past
local hydration shells.

Apolar Solutes:
Accurately Described,

Cations:
el Desgiioed Macroscopic Dielectric Continuum
Theory (DCT) accurately captures

far-field screening.

Fixed-charge
classical models
cannot simultaneously
describe apolar and
cationic solutes.

TIP5P accurately
describes apolar
solutes.

SPC/E handles
cations well.

_Quantum DFT Models

/ K Quantum DFT models
- dynamically adapt
across localized and
@ delocalized structural
regimes.
Electronic flexibility allows DFT
water to adjust local charge
structure dynamically.

Far-Field Screening (DCT)

Atomistic details matter locally,
but continuum models
successfully capture long-
range interactions.

Cation apolar solute

Lone-pair representation drastically skews
cation-anion solvation energy asymmetry (BAAG).

S 0 el 0
£§52
g5g 28
2w
$5%5
29
=% E
S S E
&35z
25 & -102
S (Overestimates)
DFT SPC/E TIPS5P
(Quantum) (Classical) (Classical)

Remsing, R. C.; Duignan, T. T.; Baer, M. D.; Schenter, G. K.; Mundy, C. J.; Weeks, J. D. Water Lone
Pair Delocalization in Classical and Quantum Descriptions of the Hydration of Model Ions. The Journal of
Physical Chemistry B 2018, 122, 3519-3527. https://doi.org/10.1021/acs. jpcb.7b10722
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Extending Marcus Theory
to Ultrafast Solvation Kinetics

THE EXTENDED MARCUS
SOLVATION MECHANISM

Water Coordination Number

Exchange Timescale (1)

Primary Model Characteristic

Solvent Rearrangement
Activates lon-Bound Water

2DIR EXPERIMENT
(Fayer et al.)

Direct spectroscopic
observation

T=7%1

Flexible
simulation

ps

ACTIVATED
STATE

Curvature Correction

Refines Energy Barriers :

Accounting for parabolic

curvature differences

between states prevents

underestimating activation PRODUCTS /

free-energy barriers.

THEORETICAL VS.
EXPERIMENTAL VALIDATION
//EXTENDED MARCUS\ /EXTENDED MARCUS
+ AIMD + CLASSICAL MD

Fixed force fields and
rigid molecular structures

Explicit electronic treatment
and flexible water

(O1=89ps (O t=0.55ps
Molecula Overly fastic
simulation

\ characteristic /

Roy, S.; Galib, M.; Schenter, G. K.; Mundy, C. J. On the relation between Marcus theory and ultrafast
spectroscopy of solvation kinetics. Chemical Physics Letters 2018, 692, 407-415. https://doi.org/10.

1016/j.cplett.2017.12.041
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Probing lon Pairing:
Anticorrelated Transitions in Aluminate XANES

Short Contact Distance Intermediary Longer Separations

(2.54) (4.0 A) (6.0 A)

254 40A 6.0 A
(Contact Pair) (Solvent-Separated)

S-type orbital
overlap
Redlaed |hr§1t|2r|g|?;|:
1st Transition Intensity
(S-Type)

High‘Peak

Intensity

= Moderate
Low Intensity

] Orbital
2nd Transition Intensity Character
(P-Type) .
Intensity Crossover .
Produces a Minimum at 4.0 A High Peak
Intensity
Mechanistic Origin of Analytical Advantage of XANES Spectroscopy
Anticorrelated Transitions
First transition dominates at - :
8 short contact distances 2 &
Traditional NMR and XANES Spectroscopy: Probes
o= N Raman Spectroscopies: medium-range interactions up to 6 A
Second Transmor] intensifies Primarily limited to detecting Enables multi-scale characterization of
at Ionger separations short-range contact ion pairs  electrolyte solutions (combining with vibrational

spectroscopy for holistic view)

Wildman, A.; Martinez-Baez, E.; Fulton, J.; Schenter, G.; Pearce, C.; Clark, A. E.; Li, X. Anticorrelated
Contributions to Pre-edge Features of Aluminate Near-Edge X-ray Absorption Spectroscopy in Concentrated
Electrolytes. The Journal of Physical Chemistry Letters 2018, 9, 2444-2449. https://doi.org/10.1021/
acs.jpclett.8b00642
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Pathways of Silver Nanocrystal Growth:
Classical vs. Nonclassical Mechanisms

Classical Growth Nonclassical Growth
(Monomer Addition) (Particle Attachment)
Diffusion-Limited Isotropic Oriented (OA) and Non-Oriented
and Anisotropic Growth (Non-OA) Attachment
Q @ o
Q o A
o @ Monomers =
(Ag*)
Q ; o d
Q@ d Q@ Q
Q Q
Equal facet growth rates yield nanocubes, while Equal-sized OA forms nanobars, while Non-OA
unequal rates form temporary nanobar intermediate states. forms misaligned dimers that rapidly fuse into cubes.
Driven by Local Precursor Driven by Long-Range
Concentration Fluctuations Van der Waals Forces
V.o e}
L0856 a0 e
; @ e o o Q
—— 80‘%90
Q b “ 39 o
Imbalances between local Ag* Van der Waals attraction overcomes
consumption and bulk diffusion hydrodynamic drag and friction,
cause fluctuating edge growth rates. causing jump-to-contact at 11-82 nm.
Nanocube Nanobar Nanobar Misaligned dimer Nanocube
Intermediate (OA) (Non-0A)

Xiao, D.; Wu, Z.; Song, M.; Chun, J.; Schenter, G. K.; Li, D. Silver Nanocube and Nanobar Growth
via Anisotropic Monomer Addition and Particle Attachment Processes. Langmuir 2018, 34, 1466-1472.
https://doi.org/10.1021/acs.langmuir.7b02870
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lon Pairing Dynamics: Bulk Water vs. Liquid-Vapor Interface

Molecular dynamics reveal suppressed NaCl dissociation at the interface,
requiring polarizable models for accurate kinetics.

BULK WATER ENVIRONMENT LIQUID-VAPOR INTERFACE
&

8
D
s T

MODEL PERFORMANCE &
MOLECULAR MECHANISM

Energy

Nonpolarizable Models Miss 2.80
2.00 Interfacial Kinetics kcal/mol

_~ kcal/mol
= Polarizable 2.80 kcal/mol (
3 ey Model
I).lssgclatlon. (Interface) 57ps |
Activation Barrier
Nonpolarlzahle 2.00 hcal/mol
(Interface) 21ps

Nonpolarizable models incorrectly predict
identical barriers for both environments.

)

©

t

Higher Dissociation
Activation Barrier

A ‘ Lifetime tge: 57 ps
Lifetime tRe: 26 ps [ k e
Polarizable Model captures
increased barrier and suppressed
dissociation due to

Polarizable Model shows lower
barrier and faster dissociation.

) Reduced Solvation Shell Density,
< strengthening contact pair interaction.

Dang, L. X.; Schenter, G. K.; Wick, C. D. Rate Theory of Ion Pairing at the Water Liquid—Vapor Inter-
face. The Journal of Physical Chemistry C 2017, 121, 10018-10026. https://doi.org/10.1021/acs. jpcc.
7b02223
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Decoding Single-lon Solvation Free Energies

Framework & Potential Corrections DFT-MD Quantum Insights & Model Limits
Uncorrected Ewald Summation Uncorrected Ewald: Electrostatic Charge Hydration
Yields Unphysical Energies 3200 K/l Asymmetry Exceeds 200 kJ/mol

Uncorrected +1 Bull ey,

Ewald Energy (2.0 A Cavity) -539 kJ/mol

| . Real Energy:

-521 kJ/mol

c@&o&o

-584 kJ/mol -365 kJ/mol
Uncorrected Ewald Energy ( (Rial) £ | (Rea:)
¥ ek Negative charged har Real ion solvation
é\r;ggir:rlg,o(jrf:z;inc:oﬂ(c)ltiﬁgtrglzlzgw spheres solvate much relies heavily on
Paw Ewald solvati}:)n ST L more favorably than non-electrostatic
ay - equal-sized positive quantum exchange
hard spheres. interactions missing
in hard spheres.
Corrected Real C? ?)
& Bulk Energy
P Significant Asymmetry
(>200 kJ/mol)

Classical Models Oversimplify

Uncorrected Ewald: lon-Water Physics
Corrected Real & Bulk Energy -746 kJ/mol
5 +1 Bulk Energy:
Small Net Surface Potential (2.6 A Cavity) -369 kJ/mol c& W &C
(~0.1V) \, Real Energy:
-365 kJ/mol » L
0.1V
Uncorrected: \
ﬁ/ -746 kJ/mol ? & %Q o 7
-1 . Bulk: Real ion solvation relies — ’//?Q
Converting real to bulk solvation (264 CaVITy) \ -360 kJ/mol heavily on non-electrostatic ;
free energy requires only a minor Real: quantum exchange interactions
net potential shift. -565 kJ/mol missing in hard spheres.

Duignan, T. T.; Baer, M. D.; Schenter, G. K.; Mundy, C. J. Electrostatic solvation free energies of charged
hard spheres using molecular dynamics with density functional theory interactions. The Journal of Chemical
Physics 2017, 147. https://doi.org/10.1063/1.4994912
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Real Single-lon Solvation Free Energies via Quantum Simulations

|u

Accurate "rea

single-ion solvation free energies, previously elusive due to electroneutrality,

are calculated using DFT-MD with Quasi-Chemical Theory (QCT), matching experimental salt
values and revealing distinct physical behaviors between cations (Li*) and anions (F°).

Accuracy and Experimental Validation

Solvation Dynamics:
Cation vs. Anion Behavior

0 2

T
L g LR
&

on/sa g Clodated | Ererimentl |
Lithium (Li) ~ -501+4 -520.1
Fluoride (F) ~ -475%3 -454.1

LiF Pair 9765 -974.2

, JE

Theoretical LiF
Solvation Energy
Matches Experiment
Calculated total solvation free
energy for LiF (-976 kJ/mol)

achieves chemical accuracy
against experiment.

Raw Ewald Potentials
Require Surface
Energy Corrections
Standard Ewald summation
yields unphysical energies

without accounting for air-water
surface potentials.

L)
o3
o

Lithium (Li*)
Cation

Lithium Solvation
Matches a Classical
Charged Hard Sphere

Quantum mechanical
contributions (+25.7 kJ/mol)
and functional corrections
(-3.1 kd/mol) are minimal
for lithium.

&
$ R}
e s
< @ »
& - ©
FIucaArigie(F')

Fluoride Solvation
Exhibits Strong Quantum
Mechanical Behavior
High charging energy

(-585.9 kJ/mol) is substantially

offset by quantum
mechanical interaction

terms (+77.3 kd/mol).

Duignan, T. T.; Baer, M. D.; Schenter, G. K.; Mundy, C. J. Real single ion solvation free energies with quan-
tum mechanical simulation. Chemical Science 2017, 8, 6131-6140. https://doi.org/10.1039/c7sc02138k
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Quantum vs. Classical Models
of Liquid Water

COMPARING FIRST-PRINCIPLES DENSITY FUNCTIONAL THEORY (revPBE-D3)
WITH EMPIRICAL POTENTIALS (SPC/E, MB-pol)

QUANTUM MODEL 3 CLASSICAL MODEL
(revPBE-D3) (Empirical: SPC/E, MB-pol)

Mass Isothermal First RDF
Density | Compressibility Peak Height

-
-
- /
- /
— (g/cm?) (Mbar) Zoolr)

somuar e, (S

Model /
Level of Theory

Ambient Density Isothermal & *“ 124
revPBE-D3 with dispersion CompreSSIblllty —
corrections accurately revPBE-D3 matches
reproduces experimental experimental compressibility
liquid water density at much better than older DFT
ambient conditions functional implementations.
nterfacial and Cavity
Jensity Fluctuations :
</ Consistent Surface

Tension Dynamics
g Height fluctuations in revPBE-D3, MB-pol,
L and SPC/E all align with capillary wave

‘ theory near experimental surface tension.

Broad Local Structural / Robust Molecular
Heterogeneity W o SAt}O Cavity Free Energy

Distribution of the 5th nearest neighbor ; N Quantum and classical models
distance (ds) shows DFT explores wider local ) agree on cavity formation free
environments than rigid empirical models. energy for small radii below 2.5 A.

Galib, M.; Duignan, T. T.; Misteli, Y.; Baer, M. D.; Schenter, G. K.; Hutter, J.; Mundy, C. J. Mass density
fluctuations in quantum and classical descriptions of liquid water. The Journal of Chemical Physics 2017,
146. https://doi.org/10.1063/1.4986284
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Revisiting Aqueous Na* Hydration: Experiment vs. Theory

XRD EXAFS
§ 5 5 y‘ Force _Field
> e 5 Potential
51
Na-O Hydration First Hydration & ‘%\ =
Hydration Distance Shell Coordination \_"
Revised to ~2.38 A Number is 5.5 >
Advanced XRD and High-resolution XRD O30«
EXAFS reveal a shorter determines an average % I 239 A
bond length than historical of 5.5 water molecules e
values (~2.44 A). around each Na* ion.
Classical Force

Fields Accurately
Predict Bond Distance
Joung-Cheatham classical potentials

match experiment closely with a
2.39 A Na-O distance.

Na-O Hydration Distance
Revised to ~2.38 A

Advanced XRD and EXAFS reveal
a shorter bond length than
historical values (~2.44 A).

Performance of
Simulation Models

New Experimental

Benchmarks

Coordination

® AT &
Na-O Distance o W q

%% 8o

PR ATR 2.364::0.003 A [EEECPTERE X v K8 >
T2 g @ : Jo

EXAFS 680.9&) DFT Dispersi

PINAPRY 2370+ 0.024 A N ESEIN X - X' Sposion
max 7 g & 80 Corrections \5
o Increase Error &

TRl =i 'S Adding D2/D3 dispersion

Lits:::z:ﬁ\l/ 45-6.0 eo(fh-e corrections unexpectedly ®:%
& ' increases predicted Na-O @@g ®
distance to over 2.53 A.

Galib, M.; Baer, M. D.; Skinner, L. B.; Mundy, C. J.; Huthwelker, T.; Schenter, G. K.; Benmore, C. J.;
Govind, N.; Fulton, J. L. Revisiting the hydration structure of aqueous Na+. The Journal of Chemical

Physics 2017, 146. https://doi.org/10.1063/1.4975608
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Forces Driving Nanocrystal Coalignment:
Mechanics of Solvent-Separated Adhesion

Approaching nanocrystals align across a ~1 nm solvent layer driven by anisotropic
van der Waals forces, competing with electrostatic and hydration effects, subject to
crystallographic orientation, salt concentration, and temperature.

Solution &

Crystallographic
Environmental Controls

Orientation & Symmetry

o

Adhesion Force

o

0 10 20 30
Salt Concentration (NaCl, mM)
Non-Monotonic

Salt Response

Adhesion drops rapidly up to
10 mM NacCl, rebounds around
20-30 mM, then declines.

60° Periodic
Adhesion Patterns
Rotating mica (001) surfaces
reveals 60° periodicity, with
peak adhesion doubling
minimum values.

Amorphous SiO,

O (O aae 020 Ae® /
— @9l | PP

Mgz+ Ca®* Na* K*

Anisotropic Dispersion Crystalline vs. Amorphous Valence and Hydration Thermally Enhanced

Force Control: Response: Ranking Adhesion

Tensorial van der Waals Amorphous SiO, exhibits Adhesion is highest in pure Adhesion increases with
forces mirror crystal lattice no periodic orientation water, favoring smaller, temperature across most salt
symmetry, driving non-contact dependence, showing only strongly hydrated ions levels, diverging from standard
rotational co-alignment. minor force fluctuations. (Mg?* > Ca2*, Na* > K*). molecular bond models.

Li, D.; Chun, J.; Xiao, D.; Zhou, W.; Cai, H.; Zhang, L.; Rosso, K. M.; Mundy, C. J.; Schenter, G. K.; De
Yoreo, J. J. Trends in mica—mica adhesion reflect the influence of molecular details on long-range dispersion
forces underlying aggregation and coalignment. Proceedings of the National Academy of Sciences 2017, 114,
7537-7542. https://doi.org/10.1073/pnas.1621186114
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Marcus Theory of lon-Pairing Dynamics

Collective solvent rearrangement creates an activated coordination state, driving ion separation and
association kinetics in solution. Coupling strength and reaction path curvature dictate overall dissociation rates.

o, ..
¥ [ L] . ¢
Contact lon Pair » Transition -~ Solvent-Separated
(CIP) State lon Pair (SSIP)

1. Solvent Coordination Activation 2. Spontaneous lon Separation 3. Final Solvation Relaxation
Fluctuations alter the first solvation shell The ion pair splits from contact to solvent- Further solvent fluctuations relax the
water count to reach an activated state. separated state while activation persists. system into its final equilibrium state.

Marcus Inverted Region Discovered Coupling Dictates Dissociation Success
Li*-F- Li*-1- Rb* - I
(Strong Coupling) (Optimal Coupling) (Weak Coupling)
i
|
2 |
© |
o« |
[ I
=p- L VS
] ! .
(-] | o
& ; Coupling 3.50 kcal/mol 1.90 kcal/mol 0.01 keal/mol
: Strength C:
i fssion @ @050
i () L0 —if
Free Energy Difference a @ @»0 | =(l={
lon transition rates non-monotonically depend Outcome: Persists as Outcome: Smooth Outcome: Barrier
on reactant-product free energy differences Paired CIP (Insoluble) Dissociation to SSIP Recrossing Prevents Rate

Roy, S.; Baer, M. D.; Mundy, C. J.; Schenter, G. K. Marcus Theory of Ion-Pairing. Journal of Chemical
Theory and Computation 2017, 13, 3470-3477. https://doi.org/10.1021/acs.jctc.7b00332
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Probing the Water Deprotonation Equilibrium on TiO,(110)

KINETIC ENERGETICS 5}0 DYNAMIC STEERING
& STATE STABILITY & BOND ACTIVATION
(ﬂ) Electrostatic Steering (5-10 A)

90%:%590 \ o

The H20 dissociation barrier is
0.36 eV and the recombination
barrier is 0.355 eV.

H,0
Dissociation
Barrier

0.36 eV

Torqueing one 0-H
bond parallel

Long range surface fields reorient
approaching water molecules,
torqueing one O—H bond parallel.

Recombination
Barrier

0.355 eV

0.035 eV
Free Energy
Difference

Bond Activation & Kinetic Yield

5% Dissociation fraction
rises from 5% at 0.06 eV

-
-
o
P

w

Molecularly Y’ 5 impact energy up to
Bound Water A s 35%at 1.3 eV. O
(H;0) (e
=
o
=T &
Surface-Bound Thermal g
Hydroxyl Pairs Recombination 2
(OH-OH) Above 110K a
Molecularly bound water ~ Metastable hydroxyl 5%
is favored over pairs revert back to T
surface-bound hydroxyl  molecular water when 0.06 eV 1.3eV
pairs by only 0.035 eV. heated past 110 K. Impact Energy

Source: Molecular Beam Experiments, STM, and AIMD Research Data.

Wang, Z. T.; Wang, Y. G.; Mu, R.; Yoon, Y.; Dahal, A.; Schenter, G. K.; Glezakou, V. A.; Rousseau, R.;
Lyubinetsky, I.; Dohnélek, Z. Probing equilibrium of molecular and deprotonated water on TiO 2 (110).
Proceedings of the National Academy of Sciences 2017, 114, 1801-1805. https://doi.org/10.1073/pnas.
1613756114
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Solvent Exchange Mechanisms in Liquid Methanol:
Dynamic Insights & Rate Theories

Strong Solvent
Coupling

Explicit Dynamics Reveal
Dissociative Mechanism & Recrossing

GLE & GH dynamics eliminate recrossing noise
by incorporating solvent degrees of freedom

Transition State Theory (TST) Falsely
Predicts Associative Mechanism

TST ignores dynamic solvent recrossings,
yielding decreasing free-energy barrier heights

Transmission Suppressed
Coefficient Q  Transmission
R . .
©  Coefficient

(k = 1.00) :
| (k=0.01-007)

Energy

Calculated Dynamic Properties (0 bar)

Reactant Product
well well 0
-~ _- Transition State
> . Theory (TST) ~
/ N\ 1.00 -0.8 cm®/mol
Reactive Flux n
(RE) =

0.070 +2.5 cm®/mol

Grote-Hynes
Associative Mechanism: Dissociative Mechanism: (GH) Theory ~
0.020 +9.2 cm®/mol

Negative Activation Volume (AV? < 0) Positive Activation Volume (AV* > 0)

Dang, L. X.; Schenter, G. K. Solvent exchange in liquid methanol and rate theory. Chemical Physics Letters
2016, 643, 142-148. https://doi.org/10.1016/j.cplett.2015.10.045
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Accurately Modeling Mesoscopic Multiphase Flows:
The rPF-SDPD Framework

THE THERMAL FLUCTUATION THE rPF-SDPD
CHALLENGE SOLUTION & VALIDATION

"\ Maintains high predictive

accuracy with under 5%
Universal scaling law numerical error.

accurately relates thermal P

energy to surface tension. A58 S s

~i Temperature
@ (Thermal Energy)

Particle
Density j

R Mesoscopic 27.0(n,,) 64.0(n,) 91125(n,,)
@ ’ Surface o & =

217%

Zero-fluctuation equations Tension Wil oSt il
H H c -Grained simulation results across Yane
overestl;nate me§oscop|c f:ftfse p;?,:‘; temperatures and resolutions.
surface tension. A coarse-grained lattice model
links mesoscopic surface tension ) N
to temperature, particle density, Captures dynamlc bubble
and interaction energy. coalescence and capillary
Surface tension decay depends wave spectra.
on spatial resolution (n,,)
é Lower Spatial
2 Resolution (nq)
8 .
a
2 | Higher Spatial
E Resolution (n,q)
Thermal fluctuations cause & >
local interfacial roughness, Temperature
reducing the effective Higher spatial resolutions experience g 1/2)
surface tension across fluid gmorg rapid decrease in sﬂrface Colue il ey e et ?frov_vthﬂr Sl ety
boundaries. tension as temperature increases. and gravity-dampened interfacial fluctuations.

Lei, H.; Baker, N. A.; Wu, L.; Schenter, G. K.; Mundy, C. J.; Tartakovsky, A. M. Smoothed dissipative
particle dynamics model for mesoscopic multiphase flows in the presence of thermal fluctuations. Physical

Review E 2016, 94. https://doi.org/10.1103/physreve.94.023304
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Quantum vs. Classical Dynamics in Aqueous lon-Pairing

Classical Potentials

Empirical force fields

Higher Association Barriers.
underpredict barrier heights.

Predicts higher barrier heights separating ion pairs.

Weaker Solvent Coupling Drives Higher Recrossing Rates Stronger solvent coupling leads to lower
Lower friction barrier coupling results in double the recrossing transmission factor.
recrossing transmission factor.
Barrier Distance  Barrier Frequency Recrossing r* (R) w* (em) Factor (key)
(&) w* (cm") Factor (Kgy) opLs-TipaP 2,71 218.28 0.298

() A\ M n-
2.61 221.06 0.572 Dang-SPC/E  2.98 189.12 ) 95¢

Reduced Modeling & Reaction Rate Optimization

1D GLE Models Capture Rotating Dividing Surfaces via
Short-Time Anharmonicity VTST Maximizes Reactive Flux

Incorporating solvent
=0 bath coordinates
significantly improves

rate estimates over

Coarse-graining 3N-dimensional dynamics into , standard transition
state theory.

a 1D coordinate with 100 bath oscillators yields
accurate dynamics.

Pluharova, E.; Baer, M. D.; Schenter, G. K.; Jungwirth, P.; Mundy, C. J. Dependence of the Rate of LiF
Ton-Pairing on the Description of Molecular Interaction. The Journal of Physical Chemistry B 2016, 120,
1749-1758. https://doi.org/10.1021/acs. jpcb.5b09344
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ION SOLVATION KINETICS:

Reaction Rate Theory in Coordination Space

SOLVATION STRUCTURE ACROSS ION TYPES TRANSITION KINETICS & SOLVENT RECROSSING DYNAMICS
CATIONS ANIONS Transition State Theory systematically
(Structured) (Less Structured) overestimates solvent exchange rates

Preferred Coordination (7)=6 Preferred Coordination (1)=7

CLASSICAL TST PREDICTION

@ @ Direct, fast transition
% (@ Assumes immediate transition

! into product states
@) @ TRANSITION

STATE (n?)

TRUE RATE

(with Solvent Recrossing)
Slowed by non-equilibrium

Cations exhibit significantly solvent dynamics

higher shell structure and

stability than anions. Transmission coefficients (k)

slow true rates by 3.8x t016.6x.

/[ coorDINATION
SPACE (n)

REACTIVE FLUX
ANALYSIS & CORRECTIONS

Caz
Divalent Cation
(n=8)

Kge = 0.26

o

True Exchange Rate:
3.8x slower than TST

Monovalent Cation

Monovalent Anion

True Exchange Rate: True Exchange Rate:
10.0x slower than TST 16.6x slower than TST

Preferred Coordination (n)=8 Preferred Coordination (n)=7
Divalent cations favor higher Anion solvation shells remain i Reactive flux analysis reveals small
states, deeper potential wells, and markedly less structured than transmission coefficients (k = 0.06 - 0.26),
sharper free-energy boundaries. cations of identical size and charge. confirming high barrier recrossing.

Roy, S.; Baer, M. D.; Mundy, C. J.; Schenter, G. K. Reaction Rate Theory in Coordination Number Space:
An Application to Ion Solvation. The Journal of Physical Chemistry C 2016, 120, 7597-7605. https:
//doi.org/10.1021/acs. jpcc.6b00443
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Molecular Compression:
Water Structure Up to 360 MPa

Structural Changes in
Water at 360 MPa

Ambient
Pressure

v
\
|

360 MPa
Pressure

360 MPa
Compressmn

|
[l
1
]
t

Rigid First
Coordination Shell:
Primary H-bonded shell
(2.3-3.0 A) maintains
shape under pressure

360 MPa

00

Primary Hydrogen-
Bonded Shell

/ (~4 molecules)

f

Average Coordination
Increases to 5.5:
Extended 0-O
coordination (within
3.3-3.4 A) grows
from 4.4t0 5.5

Compressmn

Densmcatlon via 5th
Nenghbor Encroachment:
Pressure pushes non-bonded
5th molecule into network,
collapsing 2nd shell

Evaluating Molecular
Simulation Models

HIGHEST ACCURACY FACE LIMITATIONS
revPBE-D3 Classical
and MB-pol Force Fields
J
Both models reliably TIP4P/2005 over-
match experimental structures the primary
diffraction patterns peak, while

across ambient,
high-temperature, and
high-pressure states.

coarse-grained mW
fails under high

pressure due to rigid
angle potentials.

Model Accuracy
(Agreement Factor x)
: : Agreement Factor
Simulation vy 461 Type  (x.) at 360 MPa
Model 20 N
Lower factor = Higher Fidelity
Empirical
MB-pol Many-Body ® 0.031
Potential
5 First-Principles
revPBE-D3 (DFT) ® 0.035
Classical y
TIP4P/2005 Rigid Model 1 0.052

Skinner, L. B.; Galib, M.; Fulton, J. L.; Mundy, C. J.; Parise, J. B.; Pham, V. T.; Schenter, G. K.; Benmore,
C. J. The structure of liquid water up to 360 MPa from x-ray diffraction measurements using a high Q-range
and from molecular simulation. The Journal of Chemical Physics 2016, 144. https://doi.org/10.1063/

1.4944935
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Beyond Bulk: How Structured Solvent Layers
Amplify Nanoscale van der Waals Forces

Structured water at interfaces fundamentally reshapes forces between nanoassemblies at sub-5 nm separations.

CONVENTIONAL BULK THEORY INHOMOGENEOUS SOLVENT MODEL

e (Lifshitz) e tacen (New Breakthrough)

Uniform Bulk
Solvent
Weak
van der Waals
Attraction

Assumes uniform bulk dielectric response
everywhere. Misses interfacial structuring.

Surface 2

H Sub-5 nm

Structured
Solvent Layers

TENFOLD
DISPERSION FORCE
AMPLIFICATION

Non-uniform density produces attraction
roughly 10x stronger than bulk theory at ~3 nm.

INTERFACIAL STRUCTURING & PERMITTIVITY MATERIAL SENSITIVITY & ASSEMBLY IMPACT
2% Solvent Density ' MICA (001) TiOz (Rutile 110) GOLD (111)
Lk Oscillates deM Clausius-Mossotti ' 5
o ¢ (upto0.9-12nm) f _ I8V Lifshitz Integration: I I A
9 d. Maps Local Density ! \f

N\ A to Dielectric Function | d
' «~— Structuring — Structuring > Structuring
Resolves Legacy Measurement Anomalies: Correctly ; Length: ~1.2 nm Length: ~0.9 nm Length: ~1.2 nm
predicts jump-to-contact and short-range deviations. ! VERY HIGH MODERATE MINIMAL
. ENHANCEMENT ENHANCEMENT ENHANCEMENT
) (~10x Stronger) (Matches Bulk)
| Massive attraction Moderate enhancement. Minimal deviation.
enhancement.

Electrostatic
Repulsion

Amplified
] vdW Attraction

ELECTROSTATIC REPULSION:
Amplified attraction balances repulsion
at 3 nm, governing assembly.

i COMPETES DIRECTLY WITH

Chun, J.; Mundy, C. J.; Schenter, G. K. The Role of Solvent Heterogeneity in Determining the Dispersion
Interaction between Nanoassemblies. The Journal of Physical Chemistry B 2015, 119, 5873-5881. https:
//doi.org/10.1021/jp512550¢
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Bridging Mesoscale Science: Nanoscale Hydrodynamics
via Smoothed Dissipative Particle Dynamics (SDPD)

Demonstrating how an enhanced SDPD particle model accurately captures nanoscale interfacial fluctuations
and hydrophobic solvation while significantly reducing computational cost compared to Molecular Dynamics (MD).

INTERFACIAL DYNAMICS & HYDROPHOBICITY &
COMPUTATIONAL EFFICIENCY SOLVATION FREE ENERGY

Matches Atomistic Finite Particle-Size Scaling Correction
Capillary Wave Spectra

@ ’,‘Q @

At molecular resolution, SDPD @ @= 9® o
achieves quantitative agreement 1) o Ce
with atomistic MD water models. @7 9{:

@ 1 @
OO [®) ‘0%g
e e 20
@ .. ©®

Accounting for effective particle radius resolves local
Accounting for effective particle radius resolves local
density fluctuation errors in coarse-grained models.

6,144
CPU hours

Without With Correction
Correction (SDPD)
Nanometer Corrected SDPD models reproduce
fluid volume  atomistic fluid particle number distributions
within nanometer volumes.

76-1,934
CPU hours

Conserves Scale
Fluctuation Consistency

Fine \/\/\/\f\v

Precise Solvation

Solute Free Energy Prediction

Computational —
Speedis Medium V\NW
Y
Coarse ¥ % WW
¥
SDPD required only 76-1,934 Fixed smoothing lengths collapse Successfully predicts nonpolar
CPU hours compared to 6,144 spectra across multiple coarse- solute solvation free energy
CPU hours for atomistic MD. grained particle resolutions. across varying particle radii.

Lei, H.; Mundy, C. J.; Schenter, G. K.; Voulgarakis, N. K. Modeling nanoscale hydrodynamics by smoothed
dissipative particle dynamics. The Journal of Chemical Physics 2015, 142. https://doi.org/10.1063/1.
4921222
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Persistent lon Pairing in Aqueous Hydrochloric Acid

Molecular Structure of the Solvation Shell Reorganization
Cl~...H30" Complex MD-EXAFS Across Concentrations
Chloride forms stable e ol Hydronium replaces
contact ion pairs e coordinating water as
with hydronium Multi-technique validation molarity increases

i ; confirms Eigen-like model. : : : ;
lon pairing persists across MD-EXAES. XRD. and neutron Higher acid concentration drives
concentration ranges down diffraction jointly confirm an direct hydronium pairing, reducing
to moderate 2.5 m solutions. Eigen-like ion pair structure. total water coordination numbers.

25mHCI 6.0mHCI 16.0 mHCI

Coordinating  Coordinating

Water Water
(nh,0): (Mh,0):
A 5.21 3.99

Water

Coordinating % CQ) @ (@ ’Q)
e LY >@9 Qe
w ¢ w @ C%)
Contracted CI”...Op,o+ distance measures @)

2.96 A. The hydronium-chloride @ C@

chlornium-chloride distance is

noticeably shorter than the standard Coordinating Coordinating Coordinating

CI"...Oy,o distance of 3.14 A. Hydronium Hydronium Hydronium
(Nhy0+): 017 (Nh,0t): 0.42 (n4,0+): 3.99

Baer, M. D.; Fulton, J. L.; Balasubramanian, M.; Schenter, G. K.; Mundy, C. J. Persistent Ion Pairing in
Aqueous Hydrochloric Acid. The Journal of Physical Chemistry B 2014, 118, 7211-7220. https://doi.org/
10.1021/3jp501091h
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DYNAMICS OF AMINE BASES: NMR EXPERIMENTS VS. MD SIMULATIONS

NMR vs. MD SIMULATION ACCURACY
’ — , MD Simulations Closely Match )

) Experimental Correlation Times

Rotational dynamics follow the progression
TMP > LUT > PYR across molecular axes.

High Precision in Primary Rotational Axis

7 ‘\% 1 3 70/ Simulatedtu(e"t)haxis rotatior; Tcﬂ%ed
¢/ e agreement with experimenta
(4 m EXPER\“\“\ Yp SimuL A.“O\\"b O yiithin a 13.7% error.
PYRIDINE (PYR) 2,6-LUTIDINE (LUT) TETRAMETHYLPIPERIDINE (TMP)

14N NMR 14N NMR 14N NMR
(1.4 ps) (3.4 ps) (3.0 ps)
MD u(3) Axis MD u(3) Axis MD u(3) Axis 1
(1.31 ps) (3.32 ps) (3.41 ps)
DSE Stick Model DSE Stick Model DSE Stick Model
a (17.8 ps) a (25.6 ps) a (375 ps)

HYDRODYNAMIC BREAKDOWN &
FLP IMPLICATIONS

Classical DSE Model Overestimates
Reorientation Times by 15x

Standard stick boundary conditions fail

because solute and solvent molecules
\ are similar in size. ﬂ Afy ’ @ Hz2
\ ﬁ l\ 7
&'i Weak Solute-Solvent Coupling
Confirms Termolecular FLP Mechanism BCF
. Absence of stable TMP/BCF adducts indicates 5
Hydrodynamic Breakdown: short-lived, transient encounters during Termolecular FLP Mechanism:
Solute x Solvent Size catalytic hydrogen splitting. Short-lived Transient Encounters

Kathmann, S. M.; Cho, H.; Chang, T. M.; Schenter, G. K.; Parab, K.; Autrey, T. Experimental and
Theoretical Study of Molecular Response of Amine Bases in Organic Solvents. The Journal of Physical
Chemistry B 2014, 118, 4883-4888. https://doi.org/10.1021/jp500821u
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Broken Symmetry and Electrostatics in Solvation Models

Comparing Classical and Quantum Water Models at Solute Cavity Interfaces

Broken Orientational N°"P°::’""‘L’i‘(’iﬁ’:tee‘: cavity Restored Symmetry
Symmetry (SPC/E) & (TIP5P & DFT)
SPC/E Exhibits Strong TIP5P and DFT Show
Donor/Acceptor Symmetric H-Bond
Asymmetry Configurations

Preferred orientations point donor
hydrogens around the cavity, leaving
acceptor groups pointing into bulk.

Explicit lone pairs in TIPSP restore
symmetry between donor and
acceptor hydrogen-bonding
orientations.

Interfacial Electrostatic
Potential Decomposition

Calculated via ®,y = Apg + Ay,
separating local cavity (Agg) and
surface dipole (Agp) contributions.

 ®yw = Ag + A
. A - A HW Cc D
Orientational Net Cavity Potential \ - ¢ @ 2
Population vs. Split Interfacial PBt‘"kt,B‘i‘he s, ( :
Distance Components olenta ("’B)% Cavity Interface
: " ® l Potential Is
1 Consistently
= S Bulk Bethe Potential | S Negative: Local
s — SPC/E ko = TIP5P & DFT Cancels Out: potential Agg ranges from
3 = Model-dependent bulk T -100 mV to -500 mV
= g Bethe potential (gg) plays across all tested models.
= = no role in physical cavity
H H solvation thermodynamics.
£ £ I Cavity Interface Ag; [ Surface Dipole [l NetCavity *480mV
2 2 +260 Agp Potential Oy
6 6 mV
> > +103 mV
Distance from Cavity Center (nm) 0.5 nm
Length-Scale Crossover TIP5P and DFT Show
Peak Near 0.5 nm: Symmetric H-Bond:
Orientational populations peak Explicit lone pairs in TIPSP
near Ry = 0.5 nm across all restore symmetry between
models during hydrophobic donor and acceptors. SPC/E TIP5P BLYP
transition. (Classical 3-site) (Classical 5-site) (Quantum DFT)

Remsing, R. C.; Baer, M. D.; Schenter, G. K.; Mundy, C. J.; Weeks, J. D. The Role of Broken Symmetry in
Solvation of a Spherical Cavity in Classical and Quantum Water Models. The Journal of Physical Chemistry
Letters 2014, 5, 2767-2774. https://doi.org/10.1021/jz5601067w
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e s o _Mapping Aluminum
D Distribution in Zeolites
DFT

Parameter-Free
Validation

Trajectories predict shifts without
adjustable empirical fitting

Dissociated T-Site
, Acid Centers

i3 Lattice charges balanced
by hydronium ions under
ambient conditions

'‘NMR
Site Distinction
& Identification

Captures photoelectron
scattering across
3-4 atomic shells

Framework Distribution: HBEA150 vs. HBEA25

HBEA150 (Dealumination) HBEA25 (Parent-Like)

. . . completely lacks retains 35-38%
via Dealumination Set C sites Set C occupancy
4-Member Ring 4-Member Ring

Sites (Sets A & B) Sites (Sets A &B)

89% - 96% / 41% - 42%

Non-4-Member | Non-4-Member

Ring Sites (Set C) Ring Sites (Set C)

0% 35% - 38%

Extra-Framework Extra-Framework
Octahedral Al Octahedral Al

6% - 9% 21% - 23%

Kinetically Controlled Siting Profiles
Neither zeolite mirrors thermodynamic stability predictions, indicating
synthesis kinetics govern aluminum framework placement.

Vjunov, A.; Fulton, J. L.; Huthwelker, T.; Pin, S.; Mei, D.; Schenter, G. K.; Govind, N.; Camaioni, D. M.;
Hu, J. Z.; Lercher, J. A. Quantitatively Probing the Al Distribution in Zeolites. Journal of the American
Chemical Society 2014, 136, 8296-8306. https://doi.org/10.1021/ja501361v
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Hydration Dynamics & Solvation
Shell Structure of Aqueous Ca?*

Comparative Cation
Solvation Trends

Charge Density (Z/R,
Shell Polarization

) Controls

on

o Q¢ P & O @ ) ~o®é
Dynamic 1st Shell 5 @ J G o @g, @a. ¥ Q y.
Coordination (CN, = 6.67) Q@ 4 2L0) oale W |- 5
Fluctuates dynamically between @ 8,7 e 2 -9 s
6-coordinate (30%) and 7-coordinate ® Bulk Water st
(70%) species during simulation +O o) Ca?:0.019  Zn?*:0.027 AR+ 0.056

Higher charge density increases 1st-shell dipole
moments and shortens metal-oxygen bond lengths.

Valence Configuration Dictates

Water Tilt Angle )
\ é\AA 0“
‘—v—‘ Cauon with

Noble-gas core cations occupied d-orbitals

Noble-gas core cations (Ca2*, Al**) exhibit smaller
tilt angles than cations with occupied d-orbitals.

. 32.2° 278

Transition from Trigonal to
Tetrahedral H-Bonding

o % °
°‘;‘;@v., E Q.
5@ o (0] o
. caz+ A|2*
(1) ( 18% Tetrahedral, (0% Tetrahedral,
¥ (o] (82/T' 1) 100% Trigonal)
2 ; e\ @ 5 % Trigonal % Trigona
EXtend_ed 2nd nd Hydration SY . @ Ca? shows 18% tetrahedral character between
Hydration Shell . 0’* 0o @ shells, whereas AP** is purely trigonal (0%).
(CN, = 16.53) i
L} ® . s
Features an average Ca-O, o) 0. ) G2 o) Comparative Cation Data
distance of 4.65 A with a 4.6 ps Q ORI © )
) ® : Charge 1st Shell 2nd Shell
residence time. [0 Cation  pongity  TiltAngle Mean Residence
: Bulk Water @ Species (7 ) ®) Time (ps)
- i & o) G 2+ o
2nd-Shell Dipole — o C e o ca 0019 | 322 46
Moment Sl.lppl'eSSIon GH 5 ® OH Zn%* 0.027 44.0° 29
Water dipole moments drop to 2.9 D in @ ) e
the 2nd shell, below bulk water levels (05 : ? ‘9 i AR m 27.8° 86
H 7o) (€20 ) H

Bogatko, S.; Cauét, E.; Bylaska, E.; Schenter, G.; Fulton, J.; Weare, J. The Aqueous Ca2+ System, in

Comparison with Zn2+, Fe3 4, and Al3 +: An Ab Initio Molecular Dynamics Study. Chemistry — A

European Journal 2013, 19, 3047-3060. https://doi.org/10.1002/chem.201202821
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Aqueous Uranium lons: Structure & Hydrolysis Dynamics

Computational insights into hydration shell structure, solvent polarization, and acidity constants
(pKa) of U4, UO,*, and UO42" species for nuclear waste remediation.

< U%:Dynamic 8-to-9 UO,*: 5-Coordinate UO0,2*: 5-Coordinate
¥ Coordinate Shell Pentagonal Pentagonal

D High charge nduces Bipyramidal Shell \ Bipyramidal Shell
> 3 slrongsolventdlpole

S o e m’a;;zsgtmsr ;hzeﬂ . | :

PO RS | R ™ O

(&ELE | )/

. charge transfer |
Fluctuatiog Geometry: pronnotion
Square Antiprismatic (8-fold) &
Tricapped Trigonal Prismatic (9-fold)

0,4 High charge induces
strong solvent dipole
polarization: +1.2 D
increase in 1st-shell
water dipole over bulk.

1st Shell Coordination: 8.7 (§—9)
Avg U-0 Distance: 2.45 A

Avg U-0gq Distance: 2. 54 A/ U=0,,:185 A Avg U-0 Distance: 246R 1 U=0,: 177 A
Ist Shell Dipole: 4.2 + 0.5 D

lst Shell Dipole: 35 +0.3D Ist Shell Dipole: 41+ 0.4 D

U*+: Strong Acid (pK, 0.93)

Rapid proton
release to 2nd shell

U0,*: Weak Acid (pK, 8.51)

Ist Shell Coordination: 5 Ist Shell Coordination: 5
0,2*: Validated Acidity (pK, 4.95)

Simulated pK,: \ Simulated pK,: \\ Simulated pK:
Strong metal-ligand .0'93 Predicted as weak acid, L L) | Simulation volidates _4'95
charge transfer Experimental pK,: remains unhydrolyzed Experimental pK,: acidity; closely matches  Experimental pK,:
promotes acidity. 0.54 up to pH -85 N/A (Predicted) experimental benchmarks. | 5:24-5.58

Atta-Fynn, R.; Johnson, D. F.; Bylaska, E. J.; Ilton, E. S.; Schenter, G. K.; de Jong, W. A. Structure
and Hydrolysis of the U(IV), U(V), and U(VI) Aqua Ions from Ab Initio Molecular Simulations. Inorganic
Chemistry 2012, 51, 3016-3024. https://doi.org/10.1021/1c202338z
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How Frustrated Lewis Pairs (NH;/BX3)
Activate Hydrogen (H,)

Th? 3-Stage (4] Stage 1: Pyramidal Distortion
Reaction Pathway | of the Boron Center
B Planar BX; deforms into a pyramidal
N 0/ \\o shape to aaccept the incipient hydride.
Qo 50

Reaction Barriers & Enthalpies NH,* [BHX,]
(G3(MP2)B3LYP)
y , Stage 2: Asynchronous H-H Stage 3: N-H Bond Formation
Fluorine (F) Chilorine (CI) Cleavage & B-H Formation & lon Pair Generation

18.9 keal/mol The H-H bond stretches (0.81 A at Final proton transfer completes,
transition state) as B-H bonding begins. producing a stable [NH,*][BHX,] ion pair.

gty e keal/mol Primary Driving Forces & Catalyst Design Principles
arrier
AH¥ Charge Transfer Rehybridization Energy Design Strategy: Pre-
o kealrml Dominates Over Electric  Drives Reaction Barrier  Organize Boron Geometry
¥ Field
o Ohu
eaction
Enthalpy FT ®
AH OO —~0 ‘\ N aeap]
. B Q". N 9 Reorganization L :. o \v'e
. O A Energy & \ ®
- B,
OH-H Pu ® \..
\ Donor-acceptor orbital Most of the activation Inducing pre-existing
== interactions (0.; — pg  energy is spent reorganizing  pyramidal distortion at
-7.3 keal/mol and py — o},y) provide  BX, geometry to maximize  boron lowers the energy
(Exothermic) primary stabilization. orbital overlap. barrier for Hy activation.

-_

Camaioni, D. M.; Ginovska-Pangovska, B.; Schenter, G. K.; Kathmann, S. M.; Autrey, T. Analysis of the
Activation and Heterolytic Dissociation of H2by Frustrated Lewis Pairs: NH3/BX3(X = H, F, and Cl). The
Journal of Physical Chemistry A 2012, 116, 7228-7237. https://doi.org/10.1021/jp3039829
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Solvent Effects on Frustrated Lewis Pair (FLP) Formation

Molecular dynamics simulations reveal how nonpolar and weakly polar solvents shape the
thermodynamic free-energy landscapes and kinetic interconversion of 2,6-lutidine (LUT) and
tris(pentafluorophenyl)borane (TRIS) FLPs, crucial for metal-free hydrogen activation.

Dichloromethane Environment (CH,Cl,)
Solvation Structure & Thermodynamics

e © °LUT w
:
°0° RISOO

Dichloromethane Favors Solvent-Separated Pairs

Contact Pair
(0.1 keal/mol)

Energy

Solvent-Separated
(Stable Minimum: -0.2 kcal/mol)

000 ©6 00000

0:09 990
LUT

00g © %% 0

Kinetic & Rate Dynamics
Higher Association Rates in Dichloromethane

—”k =S Transition-state theory yields
f k: TST = 0.352 ps~" in CH,Cl,

Energy

Toluene Environment (C;Hg)
Solvation Structure & Thermodynamics
©e
© © %@)O ©
© 0”0 RS'O ©
Toluene Favors Contact Pair Formation

RS

Contact Pair
(Stable Minimum: -0.6 kcal/mol)

o OO@ LUT

Solvent-Separated
(Unstable)

Slower Solute Rotation in Toluene
Bulky TRIS retains 50%
reorientational correlation after
100 ps in toluene vs. 20% in CH,Cl,
Kinetic & Rate Dynamics
Slower Association Rates in Toluene
ku‘> Transition-state theory yields

Rate Theory Parameters

TST Rate Constant (k'ST): 0.352 ps™
Barrier Frequency (w): 1.5 ps™
Grote—Hynes Transmission (xgy):  0.0108

k: TST = 0.134 ps~" in toluene
Rate Theory Parameters

TST Rate Constant (k'S7): 0.134 ps™
Barrier Frequency (w): 1.38ps'!
Grote—Hynes Transmission (xgy):  0.0074

Dang, L. X.; Schenter, G. K.; Chang, T. M.; Kathmann, S. M.; Autrey, T. Role of Solvents on the Thermo-
dynamics and Kinetics of Forming Frustrated Lewis Pairs. The Journal of Physical Chemistry Letters 2012,
3, 3312-3319. https://doi.org/10.1021/jz301533a
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First-Principles MD-XAFS: Unlocking Metal lon Hydration Shell Structures

CLASSICAL APPROACHES ~ FIRST-PRINCIPLES MD-XAFS
(EMPIRlCAL POTENTlALS)

(PARAMETER-FREE DFT-MD + XAFS THEORY)  £y)yates ~106 scattering paths per ensemble without

fitting interparticle potentials or structural models.

o
0.006 A

BOND LENGTH
ACCURACY

Underpredict dynamic disorder;
causes divergent spectral

COMPARATIVE MODELING ACCURACY
amplitudes at high momentum.

NEAR-QUANTITATIVE MATCH
S |\ 770y N Modified 0.006 A
Pseudopotentials ERROR
: (PBED) ive match with i | DWFs
Variable, less
accurate first- Default :
shell bond errors. Pseudopotentials COSUATRROR

(AIMD) | ynderestimates higher-R scattering features.
Predicts disorder Classical W44\, pirB1 E ERROR
iv\- too low; diverges st ’ . ! )
I D B at high k. otentials | predicts disorder too low; diverges at high k.
5T s T o
KEY THEORETICAL FACTORS DRIVING HIGH PRECISION
ACTIVE SPACE HYBRID DFT (PBEO) RESOLUTION OF
CORE INCLUSION EXACT EXCHANGE SECOND-SHELL STRUCTURE
. g ™ -~
/\: Accurately
accounts
@ for 30-40%
second-shell
| scattering
/. contributions
Including 3s and 3p core functions Adding exact exchange significantly inthe 3-4 A
in pseudopotentials improves bond improves Debye-Waller factor disorder region.
distances by 0.1 A.

predictions and bond accuracy.

Fulton, J. L.; Bylaska, E. J.; Bogatko, S.; Balasubramanian, M.; Cauét, E.; Schenter, G. K.; Weare, J. H.
Near-Quantitative Agreement of Model-Free DET-MD Predictions with XAFS Observations of the Hydration

Structure of Highly Charged Transition-Metal Ions. The Journal of Physical Chemistry Letters 2012, 3,
2588-2593. https://doi.org/10.1021/j23008497
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Vibrational Dynamics of Solid Ammonia Borane:
Harmonic vs. Anharmonic Modeling

ANHARMONIC MD &

HARMONIC APPROXIMATION
LIMITATIONS

Inaccurate Below 1000 cm™’

Accurately models high-frequency

dihydrogen bonding.

Experimental [INS

0 100 600

1000
0-1000 cm’™

Predicts False Spectral
Features: Generates
incorrect peak positions

and artificial splitting. Spectral Harmonic
Region Approximation
>1000 cm’? ——/\_
Accurate
Unresolved by Larger peak match
Displacements: M
Adjusting Hessian 0-1000 cm-!
displacement step sizes Misleading
red-shifts modes without peak shapes
restoring correct peak
shapes. 200-400 cm
(ND4BDy) Single peak
\_ (misses broadening)

EXPERIMENTAL VALIDATION

Direct Match with IINS Spectra

;nharmonic A
MD Method

M

Consistent
with harmonic

y -

Excellent
experimental fit

A

Broad peak
matching IINS )

Ab initio molecular dynamics
precisely reproduce 10 K
neutron spallation data.

NH,
Modes 200-400
NH;-BD <
o /
0 100 200 300 400

Frequency cm™

Captures Coupled
Dihydrogen Dynamics:
Accounts for large-amplitude,
highly coupled hydrogen

motions along release
pathways.

d g

2(-1/2)

Isotopic
Scaling
Factor

Undeuterated spectra scaled
by 2(/2) accurately predict
deuterated AB dynamics.

Kathmann, S. M.; Mundy, C. J.; Schenter, G. K.; Autrey, T.; Aeberhard, P. C.; David, B.; Jones, M. O.;
Ramirez-Cuesta, T. Understanding Vibrational Anharmonicity and Phonon Dispersion in Solid Ammonia
Borane. The Journal of Physical Chemistry C 2012, 116, 5926-5931. https://doi.org/10.1021/jp207540x
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Hydration Structure & Ligand Dynamics
of Aqueous Curium(lil)

First-Hydration Shell Cogxi':stle;ge ofdQ-F:!d and Ligand Exchange
Structure & Polarization S Mechanisms
Average First-Shell Cm-0 Distances:
2.49-2.53 Associative Water Exchange
(Matches Experimental EXAFS Values) Mechanism (9 > 10 - 9)

Square Tricapped Tricapped
Antiprism Trigonal Prism
(8-Fold) (9-Fold)

Trigonal Prism +
(9-Fold) kcﬂb

+ Bicapped
Square Antiprism
(10-Fold)
lon Polarization Increases 8-Fold ’)
Water Dipole Moment 9-Fold Coordination Coordination
by 0.3-0.5D  (Tricapped Trigonal (Square Antiprism)
Prism) 3
Tricapped
. ” Trigonal Prism
- _ (9-Fold)
Dissociative Water t
First Solvation Shell Excha;rg'ngj g‘ffg;"“'sm
Average CIE—O Distance: e
) 2.49-2.53
Coordination Number (CN): e (ﬁ
Mean Residence Time: = —
8-9
Average Cm-O Distance: Tricapped o Tricapped
4.67-4.75 A Trigonal Prism Squa{g-éatép))nsm Trigonal Prism
Coordination Number (CN): (9-Fold) (9-Fold)
Mean Residence Time: 5 .
15.8-17.7 Short-Lived Intermediate States (8-Fold & 10-Fold)

Persist for 3-7 Picoseconds

Atta-Fynn, R.; Bylaska, E. J.; Schenter, G. K.; de Jong, W. A. Hydration Shell Structure and Dynamics of
Curium(IIT) in Aqueous Solution: First Principles and Empirical Studies. The Journal of Physical Chemistry
A 2011, 115, 4665-4677. https://doi.org/10.1021/jp201043f
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The Dual Solvation Nature of the lodate Anion

Discovery that the iodate polyoxyanion (I057) possesses both cationic and anionic hydration
regions, explaining its structure-making behavior as a kosmotrope in aqueous solutions.

Cationic Hydration Region

Electropositive lodine Atom
(+4.73 Charge)

Bader charge analysis reveals a strongly positive
iodine center within the net negative ion.

Anionic Hydration Region

- Electronegative Oxygen Atoms
(-1.76 to -1.89 Charge)

The three covalently bound oxygen atoms
maintain significant partial negative charges.

Cation-Style % Anion-Style
Water Alignment \ Hydrogen Bonding
Three hydrating water \ Water molecules direct their

molecules direct their oxygen
lone pairs directly toward

hydrogen atoms toward iodate
oxygens in typical anionic fashion.

the iodine atom. D\sia“
z mwtaw .I_ Coh 1\
% Coordination
% Number (N):
Strongly Bound 4 Coordination
First Hydration Shell : / e

Water molecules reside
in a tight potential well in
a staggered orientation.

Structured Second
Hydration Shell

Approximately 6 to 9 water
molecules construct a highly
ordered anionic solvation layer.

Baer, M. D.; Pham, V. T.; Fulton, J. L.; Schenter, G. K.; Balasubramanian, M.; Mundy, C. J. Is Iodate
a Strongly Hydrated Cation? The Journal of Physical Chemistry Letters 2011, 2, 2650-2654. https:
//doi .org/10.1021/j2z2011435
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Unifying Models of Water’'s Surface Potential

FULL SPATIAL PROBING INTER-MOLECULAR FILTERING
(Electron Holography vs. QM) (Electrochemical Alignment)

Quantum calculations match Electrochemical probes sample
direct electron holography inter-molecular regions

QM Ab Initio (DFT):  Electron Holography (Ice): Point Charge (SPC/E, DC):

(2+31V $+3.511.2v 0 =-05V

Everywhere Everywhere Electrochemical Estimates:
(Includes near-nuclear mesh)  (High-energy electron probe) Small Positive (= 0 V)

Empirical PC models produce = -0.5 V due to Hydronium ion probes reside between water molecules
parameerized point-charge electroneutrality constraints rather than penetrating near atomic nuclei

Unscreened Filtering high electron density
protons drive ® lowers computed potential
massive positive ‘

otential spikes H Excluding high-density nuclear regions
P P reduces QM surface potential from
+3Vdowntonear0V

N MT— ; Spatial coarse-graining I

oncentration of nuclear protons : : | Sampling low electron-density regions

produces extreme positive potential recor;cﬂes theoretical /' aligns QM results with small positive
peaks up to +350 V. \ rameworks electrochemical estimates

Kathmann, S. M.; Kuo, I. F. W.; Mundy, C. J.; Schenter, G. K. Understanding the Surface Potential of
Water. The Journal of Physical Chemistry B 2011, 115, 4369-4377. https://doi.org/10.1021/jp1116036
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Benchmarking SCP-NDDO:
High-Accuracy Molecular Dynamics of Water

THERMODYNAMIC & ELECTRONIC PERFORMANCE

ACCURATELY CAPTURES
LIQUID POLARIZATION

E

ol

Molecular Dipole
(Matches Experimental
Liquid Values)
SCP-NDDO predicts a 2.8 D molecular dipole,
matching experimental liquid values.

BENCHMARK COMPARISON
Liquid AHygp
Dipole (D) (kcal/mol)
Method/  Liquid = AH,, . Self
Model D) caim) g'g\“zjr';’s')‘
PM3 1.9 4.60 0.78

PM6 2.3 6.26 1.28

SCP-NDDO 2.8 corrected)

Comparing core physical water properties
predicted by semiempirical methods against
experimental benchmarks.

1065 0.21 °

PRECISE ENTHALPY
OF VAPORIZATION

4, 1 0.65 keal/mol

Enthalpy of Vaporization (AH,,p)

Yields 10.65 kcal/mol enthalpy,
directly aligning with experimental
benchmarks.

SCP-NDDO

(Self-Consistent Polarizati

Standard semiempirical methods
like PM3 and PM6 fail to model
condensed-phase water
because they lack sufficient
polarization and dispersion. The
SCP-NDDO method introduces an
auxiliary charge density, delivering
DFT-like structural and dynamic
accuracy at a fraction of the
computational cost.

DYNAMIC & STRUCTURAL FIDELITY

CORRECTS SEVERE
OVER-DIFFUSION
Traditional
Methods SCP-NDDO
(PM3/PM6)

A2
1 ° 2 8 /ps
Unphysical Rapid Motion
(e.g., PM6)

0.21%

Realistic Motion
(Matches Exp. 0.23 A%/ps)

Eliminates PM3/PM6 unphysical rapid motion,
aligning with the experimental 0.23 A%/ps rate.

HIGH-FIDELITY DENSITY &
INTERFACIAL STRUCTURE

Liquid
Water

Accurate Liquid-Vapor

Matches Experimental  Interface Model

Density

Matches experimental liquid density
(0.993 g/cm®) and accurately models
liquid-vapor interfaces.

Murdachaew, G.; Mundy, C. J.; Schenter, G. K.; Laino, T.; Hutter, J. Semiempirical Self-Consistent Po-
larization Description of Bulk Water, the Liquid—Vapor Interface, and Cubic Ice. The Journal of Physical
Chemistry A 2011, 115, 6046-6053. https://doi.org/10.1021/jp110481m
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Diammoniate of Diborane (DADB): Structure & Hydrogen Release

Communicating the crystal structure, synthesis mechanism, and faster hydrogen release kinetics of DADB compared to Ammonia Borane (AB).

Diammoniate of Diborane (DADB)

Crystal Structure & Synthesis Mechanism

Formed via Solid-State Decomposition

Disordered,
rapidly

rotating o

O borohydride
lons N ZON N

Short Intermolecular
Dihydrogen Bonds

Tetragonal Unit Cell (/4/mcm)

Thermal Hydrogen Release Performance

ok Lower Hydrogen
= Onset Temperature
(85 °C) alln

DADB begins releasing
hydrogen gas 25 °C earlier
than ammonia borane.

-34

Two-Stage Thermal Decomposition

Reaction proceeds through an
ammonia borane intermediate

Close contacts (H...H distances 1.8 to
2.1 A) link neighboring ionic units

Accelerated by
mechanical
milling

First-Stage Enthalpy
of -34 kJ/mol

-34

Exothermic energy release
is greater than the -21 to
-22 kJ/mol observed in AB.

Direct Property Comparison:
DADB vs. Ammonia Borane (AB) for Hydrogen Storage

Molecular crystal
structure

Thermal Hydrogen
Release Performance

- Onset
= Temp -DI
< 110°C
-21t0-22
kJ/mol

Slower Hydrogen Release

Performance Diammoniate of Ammonia
Metric Diborane (DADB) Borane (AB)
1 H,Release & &
& Onset Temp 83 °G (oS
gl Chgtade -34kJfmol | -21to -22 kJ/mol

Enthalpy (AH)

Releases H, in Minor borazine evolution @ Key Crystal Disordered BH,~ Molecular crystal
two phases between 140 °C and 170 °C A Feature in 14/mcm structure
T e 7/

Bowden, M.; Heldebrant, D. J.; Karkamkar, A.; Proffen, T.; Schenter, G. K.; Autrey, T. The Diammoniate
Chemical Communications 2010, 46, 8564-8566.

of Diborane: Crystal Structure and Hydrogen Release.
https://doi.org/10.1039/c0cc03249b
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Inside the Hydration Shells of Aqueous Zn?*

6 water molecules form a Solvation Dynamics &
rigid octahedral 1st shell 14 water molecules form a Computational Performance
Located at 2.13-2.15 A with a strongly trigonally bound 2nd shell
polarized dipole moment of 3.4 D. Located at 4.2-4.3 A with minimal

polarization (2.8 D dipole moment).

0 1st-Shell Stability =~ 2nd-Shell Exchange
Zero 1st-shell exchanges  active 2nd-shell transfers

& 1st shell remains stable while 2nd shell undergoes
picosecond-scale associative and dissociative

} exchanges.

Qo
. ‘ |
S & ‘

p % achieves
17x-23x
Simulations match computational
experimental EXAFS speedup
spectra in detail
Beyond the 2nd shell, standard Both AIMD elmd AIIMD/MM —Cj
bulk water structure resumes accurately replicate i
i experimental radial Maintains full quantum
Outer water molecules transition back to distitati i maitiol accuracy for the 1st shell
isti stribution and MUMIPIe o 5 graction of full-AIMD
characteristic bulk tetrahedral hydrogen scattering features.
bonding. cost.

Cauét, E.; Bogatko, S.; Weare, J. H.; Fulton, J. L.; Schenter, G. K.; Bylaska, E. J. Structure and dynamics of
the hydration shells of the Zn2+ ion from ab initio molecular dynamics and combined ab initio and classical
molecular dynamics simulations. The Journal of Chemical Physics 2010, 132. https://doi.org/10.1063/
1.3421542
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Deciphering Aqueous lodide Hydration: DFT-MD vs. Classical Models

DFT-MD: Accurate Solvation Structure Classical Models (D/C): Over-Polarized Distortion

DFT-MD Correctly Classical Models

Captures Solvation Underestimate
Coordination Number ; _ Water Disorder
DFT-MD: N = 6.0 . @_@ Classical D/C: N = 5.0
(XAFS Experiment: 6.3) A 7 (Too Low)
m ‘J .‘“ 0
(® ‘ ) it
{ y
0 @ @
i \
@) . @0 @ .
S ‘ 1-H Disorder
X b ; ‘ 0= 0.023 A2
| (Overly Rigid)
Realistic Induced Dipole Dipole Over-Polarization
& Solvation Symmetry : Distorts Solvation Geometry
1.3D 2.6 D Dipole
O = @ Dipole Moment
Moment [ (Over 100%
T Error)
ACeuate e Disordes Symmetric Hydration ! Asymmetric Solvation @
[1
I=H Disorder o2 = 0.037 Az | STRUCTURAL XAFS DFT-MD CLASSICAL 'QQ
| METRIC EXPERIMENT ' SIMULATION D/C MODEL m. \_/ ‘m
| Coordination 6.3 6.0 5.0 @ 79° Q
| Number (N) & : : @) ®
5 | I-H Distance (A) 2.65 2.69 2.60 Second-Shell Bridging
XAFS Experiment: 0.036 A2 | I=HDisordera® ja¢ 0.037 0.023 | Governs First-Shell
(Matches DFT-MD) (A?) ) Water Ordering

Fulton, J. L.; Schenter, G. K.; Baer, M. D.; Mundy, C. J.; Dang, L. X.; Balasubramanian, M. Probing
the Hydration Structure of Polarizable Halides: A Multiedge XAFS and Molecular Dynamics Study of the
Todide Anion. The Journal of Physical Chemistry B 2010, 114, 12926-12937. https://doi.org/10.1021/
jp106378p
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Deciphering Hydrogen Storage:
Reaction Pathways of BNH, Oligomers

Computational quantum chemistry reveals how ammonia borane (NHzBHs;) forms oligomers and releases hydrogen (H,),
highlighting the role of dihydrogen interactions (DHI) in lowering activation barriers and the dominance of terminal chain scission.

Two-Step Oligomer Formation Mechanism Dehydrogenation Pathways & Energetics

I Terminal Scission Dominates

m H H
H G H 9 H i —~
3 e i .( : H, Release Dehydrogenation
m m m H m H m ! (~40 kcal/mol) ~60 (~40 kcal/mol)
H H H 3 keal/mol
Step 1: BH; Intermediate o B-N Scission
w

(~25-29 kcal/mol)

\ea. @ ®

Attacks N-Site

R-BH,(n*-H,)
Dihydrogen
Complex

Middle-Chain
Elimination
(High Barrier)

R_BS':lta(l:llze_H ) DHI Stabilize Transition States:
Dihy’érogerf Protic (Hy) and hydridic (Hg)
Complex interactions stabilize electron-

deficient boron centers.

me n=2
@ H,_ H
.
@& B (N) H)

NH,BH, + H, c=(NH,BH,), + Hy c=(NH,BH,); + H,

-0.3 keal/mol -

-4.4 kcal/mol

Reaction Energy

Peak Dehydrogenation Energy,
driving cyclic borazine formation.

Nucleophilic NH;
Attack Releases H,

Li, J.; Kathmann, S. M.; Hu, H. S.; Schenter, G. K.; Autrey, T.; Gutowski, M. Theoretical Investigations on
the Formation and Dehydrogenation Reaction Pathways of H(NH2BH2)nH (n = 1—4) Oligomers: Impor-
tance of Dihydrogen Interactions. Inorganic Chemistry 2010, 49, 7710-7720. https://doi.org/10.1021/
ic100418a
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SCP-DFT: Next-Generation Precision for Water Modeling

Overcoming traditional DFT limitations to accurately model water clusters and
liquid with quantum-level accuracy and minimal parametrization

Water Cluster Correct Hexamer Isomer
Energetics & Dynamics Stability Ordering —MP2

Benchmark

Standard BLYP SCP-DFT

Completely Accurately ranks 5 ; A
reverses trend hexamer stability Superior Vibrational

Sub-kcal/mol Interaction e Frequency Alignment
Energy Accuracy Matches benchmark MP2 harmonic

Y frequencies in the intramolecular
SCP-DFT cluster energy errors are within OH-stretch region.
a few tenths of a kcal/mol.

Data Comparison: Iz:erforman Metnci} / Bulk Liquid Water
O = @ Properties

Standard = Dispersive Benchmark
BLYP BLYP-D | Target

Binding O O o @

Behavior  Underbinds Overbinds ~ Accurate  yno/cg

SCP-DFT

~Tkecal/mol ~ ~1kcal/mol (0.3 kcal/mol) %
& e E
Hexamer O O ° @(@( (‘ — SCP-DFT
Isomer Order  poyersed Correct Correct  Ring < Book < -~ - Standard BLYP

(Incorrect) (Overbound) | (Ring to Prism) ~Cage < Prism

Enthalpy of §.82 N/A 0.96 @

Vaporization = |c4(/mol PG 1) L 10.5 keal/mol

©9.96

kcal/mol

Experil | . S
e Enthalpy of Refined Liquid
Vaporization Structure Prediction
Gf' SCP-DFT significantly improves SCP-DFT refines structural
bulk energy predictions compared  predictions for the oxygen-oxygen
to standard BLYP’s 8.82 kcal/mol. radial distribution function.

Murdachaew, G.; Mundy, C. J.; Schenter, G. K. Improving the density functional theory description of water
with self-consistent polarization. The Journal of Chemical Physics 2010, 132. https://doi.org/10.1063/

1.3385797
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Mapping Solvation Potential at the Oil-Water Interface

Experimental Soft- Key Dielectric &

Landing Methodology Potential Insights

Layer-by-Layer Fil . /‘/‘ ! ttivity (. =
l?g':rrica{io:ﬁrm;w i 3-Methylpentane (Oii)Y ong i Prmlttwuty =100

Phase ; ' Q

o Cos, @
e
ol @& P Born Model
ﬂBO K/® & © Potential
Molecular beam epitaxy precisely
places water layers and Cs* ions
inside 3-methyipentane glass.

Beyond 0.4 nm, the potential follows
the Born model with high dielectric
permittivity.

Kelvin Probe Thermal Tracking

Short-Range Well Depth (g, = 5)

T(ﬂ fes

Near-Field
Solvation
Well

Near-field solvation depth requires a
low effective dielectric constant due
to molecular orientation limits.

Measures film voltage during slow
warming (0.2 K/s) to monitor exact
jon displacement.

Proof of k-Dependent

0.1 Monolayer Spatial Resolution . X ]
— Dielectric Behavior

'y

&

> k

1Monolayer 0.1 Monolayer
Voltage sensitivity under 0.01 V Water Phase Interfacial water retains high bulk

permittivity except when forced into

detects sub-monolayer average € 1 ) I
high spatial frequency reorientation.

movement of trapped ions.

Bell, R. C.; Wu, K.; Iedema, M. J.; Schenter, G. K.; Cowin, J. P. The Oil—Water Interface: Mapping the
Solvation Potential. Journal of the American Chemical Society 2009, 131, 1037-1042. https://doi.org/
10.1021/3ja805962x
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How Liquid Water Redefines Stratospheric Ozone Destruction:
CIO Radical Interfacial Dynamics

INTERFACIAL DYNAMICS ALTERED ATMOSPHERIC
& THERMODYNAMICS RECOMBINATION PATHWAYS
Strong Propensity for Interfacial Reaction Produces
Water Surface Adsorption CIOCIO Over CIOOCI
f % clo Stratospheric %
cio f liquid water aerosol ce
" o® % droplet clocio

Solvent quenching rapidly traps
radicals in asymmetrical CIOCIO
configurations instead of
standard gas-phase CIOOCI.

Trajectory simulations QE. clo g
show 130 of 250 ClO A
radicals remain adsorbed O

on the interface.

Microscopic Mass CIO Radical OH Radical
Accommodation Solvation Free Energy (AGg): O% Solvation Free Energy (AGg): Aerosol Surface
Upper Bound of -2.9 keal/mol -3.9 keal/mol Reactions Drive Cl,

i Henry's Law Constant (ky): Henry's Law Constant (ky): Molecular Generation
f / 0 4 8 5 5.5 M/atm 30 M/atm

A - Primary Surface Primary Surface
Thermal accommodation coefficient Dimer Product: Dimer Product: Cl,
reaches 0.93 at 298.15 K. Asymmetric Symmetric CIOOCI
clocio (Gas Phase) f

Exposed Chlorine End Acts
as Primary Reactive Site

o° %

g oclo

e
q /O /O-__ - Photodissociation of interfacial CIOCIO
q /é.'o\ yields Cl and OCIO, ultimately

~

generating reactive Cl, gas.

Du, S.; Francisco, J. S.; Schenter, G. K.; Garrett, B. C. Interaction of CIO Radical with Liquid Water.
Journal of the American Chemical Society 2009, 131, 14778-14785. https://doi.org/10.1021/ja9033186
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Unveiling the Real Hydrated Structure of the Silver (Ag*) lon

STRUCTURAL PARADIGM: Traditional vs. Multiedge XAFS Model

OLD MODEL

Disproving the 5- to 6-Coordinate
Tetrahedral Model Hydration Shell

Ag* coordinates 5 to
6 water molecules,
characterized by
collinear and 90°
0-Ag-0 bonds.

4d2-5s Hybridization

Site-specific water binding
to hybridized Ag* valence

orbitals creates directional,

non-ionic solvation structures.

Structural Parameters from Corefined XAFS

Coordination Number (N) ~ Average Ag-0 Distance (A) Eg?au;g:g’
Regular NS  (EPPYFS =
r Tetrahedral 0.049
Single K-edge spectra cannot Trigonal
distinguish geometries, but Bipyra?nidal 0.024
L,-edge data decisively

rules out tetrahedrons. Distorted Py pryT—

Octahedral (2+4) 2.331 (short) / 2.507 (long)

METHODOLOGICAL BREAKTHROUGH: K- & L,-Edge Synergies

Non-Redundant Dual-Edge XAFS DFT-MD Outperforms Classical Physics
Classical DFT
K-edge inaccurate accurate

L,-edge

L,-edge transitions (2p-initial) access
symmetry-forbidden multiple scattering paths
unmeasurable at the K-edge.

DFT molecular dynamics accurately predicts
Ag*-oxygen oscillation frequencies,
whereas classical potentials fail.

Fulton, J. L.; Kathmann, S. M.; Schenter, G. K.; Balasubramanian, M. Hydrated Structure of Ag(I) Ion
from Symmetry-Dependent, K- and L-Edge XAFS Multiple Scattering and Molecular Dynamics Simulations.
The Journal of Physical Chemistry A 2009, 113, 13976-13984. https://doi.org/10.1021/jp9064906
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Structural Phase Evolution of Ammonia Borane (NH;BH)

Low-Temperature Orthorhombic Phase (< 225 K) ‘glfi*emperature Tetragonal Phase (> 225 K)
S

& £
Nz M= N
T '
‘ 2.86 A ‘
Progressive B-N Disruption of
Bond Alignment Dihydrogen Network
Borane group translates The D2- - - D4 distance
along the b-axis, aligning the stretches to 2.86 A, breaking
B-N bond with the c-axis. the bond entirely.

Ordered Pmn2,
Crystal Structure
Features ordered Pmn2,

¥
Material Capacity &
g 2 H, Release (> 340 K)

o Rapid H, release occurs

symmetry held by three distinct above 340 K due to high
dihydrogen bonding sets. p S hydrogen density.
,x \
@
-
Order-Disorder
Strongest Dihydrogen Transition at 225 K
Bond (D2---D3) Transition to [4mm space group
Forms corrugated planes triggers rotational disorder of
along the a-¢ plane with a hydrogen atoms.
length around 2.04 A.
15K 225K 340K

Hess, N. J.; Schenter, G. K.; Hartman, M. R.; Daemen, L. L.; Proffen, T.; Kathmann, S. M.; Mundy, C. J;
Hartl, M.; Heldebrant, D. J.; Stowe, A. C.; Autrey, T. Neutron Powder Diffraction and Molecular Simulation
Study of the Structural Evolution of Ammonia Borane from 15 to 340 K. The Journal of Physical Chemistry
A 2009, 113, 5723-5735. https://doi.org/10.1021/jp900839c
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Ammonium borohydride ([NH,]*[BH,]") hoids ~24 wt%
theoretical hydrogen density. Experimental testing shows
rapid >20 wt% release across three thermal steps, with
x-ray diffraction revealing its true room-temperature
crystal structure.

3-Step Dehydrogenation Pathway

Step 1: Forms DADB
Intermediate at 50-53 °C

. Yields first equivalent of H, with a
6.5% mass loss (AH = -40 kJ/mol).

7\

H, Release: 6.5%

Step 2: Yields

Polyaminoborane (PAB) \
at85°C |
Releases second equivalent of A

H, with a 6.0% mass loss

(AH = -15 kJ/mol). -

£ /7

H, Release: 6.0% .«

y Step 3: Converts to
Polyiminiborane (PIB)
at130°C

Releases third equivalent of H,

(~9% mass loss), bringing total
release to >20 wt%.

f A

H; Release: ~9%
(Total >20 wt%)

Ammonium Borohydride:
High-Capacity Hydrogen
Storage Breakthrough

Crystal Structure & Thermodynamic Stability

Confirmed Rock Salt (RS) Crystal Structure

Predicted
Zinc Blende (ZB)

Predicted
(Incorrect)

Experimental powder XRD matches face-
centered cubic Rock Salt symmetry rather than
predicted Zinc Blende.

Vibrational Entropy Drives Phase Stability

~ ol \
\ / \
\J

Greater hydrogen mobility
lowers Rock Salt free energy
by 18.4 kJ/mol below

Zinc Blende.

Energy
Lowered:
18.4 kJ/mol

&’\

Rock Salt

Karkamkar, A.; Kathmann, S. M.; Schenter, G. K.; Heldebrant, D. J.; Hess, N.; Gutowski, M.; Autrey, T.
Thermodynamic and Structural Investigations of Ammonium Borohydride, a Solid with a Highest Content
of Thermodynamically and Kinetically Accessible Hydrogen. Chemistry of Materials 2009, 21, 4356-4358.

https://doi.org/10.1021/cm902385¢c
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Deciphering Dihydrogen Bonding:
Hydrogen Dynamics in Ammonia Borane

NH; Dominates Low-Frequency BH; Rotational Dynamics
Torsion at 210 cm™ Peak at 340-350 cm’

BH; Torsion

Intermolecular forces split
single gas-phase torsion
into distinct crystal
environment modes.

Hydrogen atoms on the
boron end contribute
primary intensity to this
higher mode.

Dihydrogen Bonding
Drives Broadband
Coupling (50-250 cm™")

| Complex non-linear
Redshift

Low-frequency modes
represent strongly
coupled translations and
rotations across adjacent
molecules.

Broadband Coupling

Harmonic Models Fail Ab Initio MD vs. Harmonic Analysis

W X

(4
1

‘/

Isotopic Redshifts Defy Harmonic Scaling Ab Initio MD Captures Anharmonic Dynamics
Frequency shifts deviate from simple square-root-of-two Velocity autocorrelation functions from MD accurately
calculations due to strong intermolecular coupling. mirror experimental IINS where harmonic models fail.

Kathmann, S. M.; Parvanov, V.; Schenter, G. K.; Stowe, A. C.; Daemen, L. L.; Hartl, M.; Linehan, J.; Hess,
N. J.; Karkamkar, A.; Autrey, T. Experimental and computational studies on collective hydrogen dynamics
in ammonia borane: Incoherent inelastic neutron scattering. The Journal of Chemical Physics 2009, 130.
https://doi.org/10.1063/1.3042270
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MOLECULAR NANOCLUSTER NUCLEATION: BEYOND CLASSICAL THEORY

THE PROBLEM: FLAWS OF CLASSICAL THE SOLUTION: ADVANCED
MOLECULAR APPROACHES

NUCLEATION THEORY (CNT)
GNT PREDICTION: DYNAMICAL NUCLEATION THEORY (DNT)

BULK LIQUID DROPLET
- » (o4 . g
o
L MACRO-SCALE ) <
O EVAPORATION &

©se0 0 ASSUMPTIONS
Oy @
il ¥ CONDENSATION
. ®°%eo A w | KINETICS
® g Q VARIATIONAL TRANSITION
= % @ STATE THEORY

Evaluates cluster evaporation and condensation
Kinetics using variational transition state theory.

AVUS-HR THERMODYNAMIC SAMPLING

CNT incorrectly assumes nanoclusters containing tens
of molecules behave like bulk spherical liquid droplets.

SMALL NANOCLUSTERS FORM
NON-SPHERICAL FRACTAL SHAPES

BIASED MONTE
CARLO TECHNIQUES

Efficiently computes free-energy landscapes of rare critical

f g ""L,:, g & & nanoclusters using biased Monte Carlo techniques.
' UNLOCKING COMPLEX ATMOSPHERIC MECHANISMS

FRACTAL STRUCTURE
Initial molecular clusters grow as fractal, low-density
structures rather than compact 3D spheres.

FAILURE TO MODEL MULTICOMPONENT VAPORS

e @

CNT: NON-BULK MIXING

D MULTI-COMPONENT
CONUCLEATION CHANNELS
& CORE-SHELL STRUCTURES

GORE-SHELL MOTIF &
NANOSCALE SURFACE ENRICHMENT UNACCOUNTED
CNT cannot account for nanoscale surface enrichment, Accurately predicts multi-component conucleation channels
and core-shell structures in atmospheric droplets.

core-shell motifs, and non-bulk mixing behavior.

Kathmann, S. M.; Schenter, G. K.; Garrett, B. C.; Chen, B.; Siepmann, J. I. Thermodynamics and Kinetics
of Nanoclusters Controlling Gas-to-Particle Nucleation. The Journal of Physical Chemistry C 2009, 113,

10354-10370. https://doi.org/10.1021/jp8092226
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SCP-DFT: Resolving Weak Interactions
in Quantum Chemistry

Efficiently correcting standard DFT for accurate van der Waals interactions

across gas, liquid, and solid phases.

THE PROBLEM:
STANDARD DFT'S LIMITATIONS

Standard Functional
(e.g., BLYP)

0
- -

Purely Repulsive

Fails to capture long-range dispersion
forces, rendering noble gas interactions
purely repulsive.

THE SOLUTION:
SCP-DFT FRAMEWORK

Integrates Auxiliary Polarization
L H
Auxiliary

Polarization
Densities

Kohn-Sham
DFT

Linear
Response

Theory

0.4 .
l\ —=- Standard BLYP DFT
= 02 \ —— SCP-DFT
E ’ \ —— CCSD(T) Benchmark
=
B 00 e
2N SsiizeeseT
=
©
[~y
S 0.2
2
2 0.4
W SCP-DFT
\ > Min Reparation: 3.788 A
7 5 -06 Binding Energy: 0.3807 keol/mol
- S -0.
\/ @ Experiment Benchmark
4 _0.8 Min Reparation: 3.751 A
SCP-DFT & Binding Energy: 0.2840 ksol/mol
- .

Framework

PERFORMANCE ACROSS
PHYSICAL PHASES

Converts Repulsive BLYP into
Near-Exact Potential Curves

25 3.0 35 4.0 4.5
Separation r, (A)

Converts Repulsive BLYP into
Near-Exact Potential Curves

KEY FINDING
Corrects long-
range dispersion
with only two
parameters.

Solid Lattice Liquid
Constant Structure

3.75 A

Accurately replicates structure.
experimental solid-state
cohesion energy.

Uses just two fitted
parameters for argon
to capture classical
polarizability and
quantum dispersion.

Accurately replicates
experimental liquid

Maerzke, K. A.; Murdachaew, G.; Mundy, C. J.; Schenter, G. K.; Siepmann, J. I. Self-Consistent Polarization
Density Functional Theory: Application to Argon. The Journal of Physical Chemistry A 2009, 113, 2075-

2085. https://doi.org/10.1021/jp808767y
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Active Rhodium Cluster Structure
& DMAB Dehydrogenation Pathway

Catalyst Resting State Identified as Rh,(BH,NMe,)g?* Catalytic Dehydrogenation Reaction Pathway

; . . Active Catalyst DMAB Binding & H, Release &
AIMD simulati | ataye > e &
matchﬂ?:,:.:é’;‘%ﬁ'&'é‘“" X Generation via N-H Proton Transfer Reduced Activation
data to a dicationic Rh, Ligand Loss
cluster framework.

Characteristic . .
Interatomic R Net Catalytic
Bond Distances ) Activation Berrier
\ (28 kcal/mol) vs.

Uncatalyzed
(45 kcal/mol)

Dynamic Fluxionality at Dissociation of a Substrate coordination is Molecular hydrogen
Room Temperature: Thermal Primary djstance single BH,NMe, ligand highly exothermic (-27 releases via a 12 kcal/mol
'energy.drlyes rgpld cluster core poaks: 2.1 A (Rh-B) requires 14 kcal/mol, kcal/mol) before undergoing barrier, yielding a nat
isomerization, Ilgand migrations, and 2.7 A (Rh-Rh) opening a reactive rate-limiting N-H transfer 28 kcal/mol catalytic
and reversible hydride transfers, coordination site. (24 kcal/mol barrier). activation energy.

Rousseau, R.; Schenter, G. K.; Fulton, J. L.; Linehan, J. C.; Engelhard, M. H.; Autrey, T. Defining Active
Catalyst Structure and Reaction Pathways from ab Initio Molecular Dynamics and Operando XAFS: De-
hydrogenation of Dimethylaminoborane by Rhodium Clusters. Journal of the American Chemical Society
2009, 131, 10516-10524. https://doi.org/10.1021/ja901480u
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SCP-NDDO: Elevating Semiempirical Precision in Water Clusters

TRADITIONAL NDDO METHODS:
WEAK INTERACTION MISREPRESENTATION

Standard models (MNDO, PM3) severely underestimate
hydrogen bonding energies and yield distorted geometries.

P

~ @ Severely
g o Underestimated
D Energy & Distorted
f s & ‘ @& Geometry
n=6Cage
TRADITIONAL
SEMIEMPIRICAL
LIMITATIONS

SUPERIOR VIBRATIONAL
& STRUCTURAL FIDELITY

s
Correct H-O-H
bend blueshifts

o
Correct Roq bond
contraction trends

)
Correct O-H
stretch redshifts

0 1 9 kcal/mol

° RMS ENERGY ERROR

Matches complete basis set limit ab initio binding
energies across small water clusters.

Chang, D. T.; Schenter, G. K.; Garrett, B. C. Self-consistent polarization neglect of diatomic differential
overlap: Application to water clusters. The Journal of Chemical Physics 2008, 128. https://doi.org/10.

1063/1.2905230

THE SOLUTION:
HYBRIDIZING QM FORMALISM
WITH CLASSICAL ELECTROSTATICS

Integrates an iterative atomic polarization density matrix
with a second-order perturbation dispersion expression.

) 1 o
Q= X b
J@ G-

N
o5 e | @

QM Classical

Formalism Electrostatics
(Polarization &

Dispersion)

SCP-NDDO

HYBRID
METHOD

CLUSTER BINDING ENERGY COMPARISON (D, in kcal/mol)
n=20

n=2 (Dimer)
Reference Standard ~ SCP-
Energy PM3 NDDO
I —
-4.98 -3.50 -4.97

n=6 (Cage)

Reference Standard ~ SCP-
Energy PM3 NDDO

Reference Standard ~ SCP-
Energy  PM3 NDDO

-30.44
-45.80

-45.89

[ Reference Energy
[ Standard PM3
[l SCP-NDDO

-212.51

-214.07
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Resolving the Symmetry Paradox
in Ammonia Borane (NH;BH;)

RECONCILING STRUCTURAL DATA

THE MOLECULAR SYMMETRY PARADOX VIA ENSEMBLE AVERAGING
Diffraction Models Static 2H NMR Function Averaging vs.
Predict Asymmetry (C,) Demonstrates Cs, Single Cartesian Coordinates
Symmetry

0‘

Averaging nonlinear functions over
ensembles restores computed Cs,
symmetry and eliminates Cartesian artifacts.

Quantitative Alignment with NMR Data

= v
£ =
= ! o e
S = = E - g
e =3
= s 0 :l:s 5. I
R " . =0 £ £ 18 ES £
Atomic coordinates from Experimental spectra 3 2 TE g= -
neutron diffraction imply exhibit equal EFG & B 53 ST S
imply inequivalent hydrogen tensors for all three i
sites with up to 121% borane and amine Borane Hydrogen Amine Hydrogen
EFG variance. hydrogens.

Ensemble-alveraged Vs calc#latior;]s match st?tic NMR
. . experimental parameters within tight statistical margins.
Measured Static EFG Tensor Magnitudes

® [+

Static V,, measurements yield

1.652 x 102" V/m? and 2.883 x 10%' V/m?

(borane) (amine)

)35_‘ Minimal Intermolecular
Environmental Influence

Cluster models show
intermolecular dihydrogen bonding
causes less than 3% change in V,,.

Cho, H.; Shaw, W. J.; Parvanov, V.; Schenter, G. K.; Karkamkar, A.; Hess, N. J.; Mundy, C.; Kathmann,
S.; Sears, J.; Lipton, A. S.; Ellis, P. D.; Autrey, S. T. Molecular Structure and Dynamics in the Low
Temperature (Orthorhombic) Phase of NH3BH3. The Journal of Physical Chemistry A 2008, 112, 4277-
4283. https://doi.org/10.1021/jp7117696

158


https://doi.org/10.1021/jp7117696

o, Many-Body Decomposition of
@, | .0 OH-Water Cluster Binding Energies

a « H

)'@K Ab initio electronic structure calculations (CCSD(T) and MP2) decompose binding
HH) Ho o H) energies into multi-body terms. Three-body interactions heavily dictate structural
v@ VG stability, while four-body terms are minimal (<3%).

CONFORMATIONAL IMPACT ON ENERGY DOUBLE ACCEPTOR (aa)

CONTRIBUTIONS - CYCLIC (da) STRUCTURES STRUCTURES

-

H H
T Double Acceptor
U,Q . \e (aa) Complex

)

Y0
™ ¢ Cyclic (da)
i Complex

H H

Cyclic (da) structures exhibit
attractive 3-body forces

Three-body terms contribute 17% to 27% of total
binding energy, matching pure water.

5ot S S S|

Double Acceptor (aa) structures
trigger repulsive 3-body forces

Three-body terms contribute -23% to -30% to
binding, significantly destabilizing the cluster.

I Jb Jo S|

COMPLEX -BODY 3-BODY TOTAL ENERGY COMPLEX 2-BODY 3-BODY TOTAL ENERGY
GEOMETRY CONTRIBUTION ~ CONTRIBUTION (kcal/mol) GEOMETRY CONTRIBUTION ~ CONTRIBUTION ~ (kcal/mol)
OH-(H;0 OH-(H,0
Cycl(ic %da))z 80.6% +19.4% -12.6 Double((Ac)zcez)ﬁor 129.9% -29.9% -4.1
aa
OH-(H,0)
KEY FINDING: DoubleAcceptor  120.3%  -22.9% -111
. ), Two-body bonds weaken (aa)
ATTRACT'VE . when OH acts as a proton

; acceptor. OH-water
FORCES 9 pair interactior}s are1.7
J 10 2.4 kcal/mol weaker
y than water-water pairs. REPULSIVE FORCES

PHYSICAL & ENVIRONMENTAL IMPLICATIONS

Preference for a maximum @ High surface activity of
of two hydrogen bonds i atmospheric OH radicals
Weakened acceptor bonds and repulsive 3-body Lower bulk solvation free energy (3.9 vs 6.3

forces restrict OH to two hydrogen bonds. kcal/mol) drives OH to aqueous interfaces.

Du, S.; Francisco, J. S.; Schenter, G. K.; Garrett, B. C. Many-body decomposition of the binding energies
for OH - (H20)2 and OH - (H20)3 complexes. The Journal of Chemical Physics 2008, 128. https://doi.

org/10.1063/1.2828522
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Electron-Driven Salt Formation:
How a Single Electron Triggers Proton Transfer

INITIAL STATE: STEP 1: STEP 2: FINAL IONIC
NEUTRAL COMPLEX ELECTRON PROTON TRANSFER SALT ANION
TRAPPING & BOND CONTRACTION
d in a diff 5
G balth e Barrier-free proton
Excess Electron (weakly bound by 0.03 eV) transfer to form (NH,*CI)

" A »o A
w?‘ LY %"@ ‘ H
ﬁ\i)w  N-Cl distance

¢ Weak
» hydrogen
bond
0.541eV g519ey

N-Cl

&
w Experimental Theoretical
VDE VDE

Experimental VDE
matches theoretical

Energy

Contraction of the N—Cl

t0 9.82 D, confirming intermolecular bond by
0.249 A stabilizes the predictions,

successful transition to
an ionic salt pair. resulting ammonium confirming salt anion
chloride radical anion. formation.

Neutral isolated molecules Dipole moment surges

form only a hydrogen-
bonded complex without
undergoing proton transfer.
Dipole moment: 4.15D

Eustis, S. N.; Radisic, D.; Bowen, K. H.; Bachorz, R. A.; Haranczyk, M.; Schenter, G. K.; Gutowski, M
Electron-Driven Acid-Base Chemistry: Proton Transfer from Hydrogen Chloride to Ammonia. Science 2008,

319, 936-939. https://doi.org/10.1126/science.1151614
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Phase Transition Dynamics in Single-Crystal
Ammonia Borane (NH;BH,)

Disordered /4mm Crystal Symmetry H igh'TemPerat“ re
2 2 & Tetragonal Phase (> 225 K)

Spectral Similarity
to Free Molecule

Concise spectrum,
21 vibrational
degrees of freedom

» Space Group: /4mm (Cyy)

. ® Molecules/Bravais Cell (Zp): 1

225K

PHASE TRANSITION

Low-Temperature

Expansion to 45 Vibrational Degrees Delayed Mode Splitting at 210-215 K

Significantly increased active
e Space Group: Pmn2; (Cy,) Raman modes; full splitting © Space Group: Pmn2; (Cy,)
 Molecules/Bravais Cell (Zy): 2 10-15 K below transition © Molecules/Bravais Cell (Zg): 2

Hess, N. J.; Bowden, M. E.; Parvanov, V. M.; Mundy, C.; Kathmann, S. M.; Schenter, G. K.; Autrey,
T. Spectroscopic studies of the phase transition in ammonia borane: Raman spectroscopy of single crystal
NH3BH3 as a function of temperature from 88t0330K. The Journal of Chemical Physics 2008, 128. https:
//doi.org/10.1063/1.2820768

161


https://doi.org/10.1063/1.2820768
https://doi.org/10.1063/1.2820768

Dynamics of Water Cluster Evaporation:
DNT & Activation Energy Breakdown

SIZE-DEPENDENT EVAPORATION

ACTIVATION ENERGY
TRENDS (i = 2-10)

DECONSTRUCTION

Total
Activation
Energy (E,)

E,: 7.37 kcal/mol

A- -1
TETRAMER logyo A:16.43 s
PMF Barrier Reaction-Coordinate (i=4) ;
(Potential of Mean Force) Free Energy
Free energy along Nonseparable motion

reaction coordinate

90%
Reaction-Coordinate

E, . ‘i g

Motion Accounts for
E,: 2.42 kcal/mol

logy A: 13.42 5™

E,: 7.81 kcal/mol
log,, A: 16.88 s

Enhanced
Low-Temperature
Stability in Water

Loose Transition
: Tetramers
States Yield Large Peal aciilationBnergy Larger Clusters
o< Collision Prefactors DIMER due to structural . APproach Bulk Water
» (10"to10%s7) (i=2) stability Vaporization Enthalpy
High density of states reflects Lower stability, Nearing bulk value
] * entropy gains (Trouton's rule) faster evaporation (~9.8 kcal/mol)

Kathmann, S. M.; Palmer, B. J.; Schenter, G. K.; Garrett, B. C. Activation energies and potentials of mean
force for water cluster evaporation. The Journal of Chemical Physics 2008, 128. https://doi.org/10.

1063/1.2837282
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CORRECTING WATER CLUSTER
MONOMER DISSOCIATION ENERGIES

THE FLAWED ZERO-RELAXATION ASSUMPTION THE CORRECTED MODEL & RELAXATION VALUES

Photon Photoionized
ASSUMED
Water relax = =,
cluster En o y RELAXATION

} TRIMER BINDING ENERGY: =
19.12 kcal/mol X

Zero-Relaxation Assumption Distorts
Binding Energies. Dramatic Overestimation.

TRIMER BINDING ENERGY:

7.61 kcal/mol ey
Mandatory Thermodynamic Cycle Erelax
Correction. Requires measured ap- | n
pearance energies and computed (large)
relaxation energies.

RELAXATION ENERGIES ARE LARGE

AND GROW WITH CLUSTER SIZE
n=4
reO: & © ¢
q4 &3 n.75 1785 F 2833 |
kcal/mol keal/mol keal/mol I

Kathmann, S. M.; Schenter, G. K.; Xantheas, S. S. On the Determination of Monomer Dissociation Energies
of Small Water Clusters from Photoionization Experiments. The Journal of Physical Chemistry A 2008,
112, 1851-1853. https://doi.org/10.1021/jp710624r
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Structure and Dynamics of the Aqueous Uranyl (UO,?*) Hydration Shell

5-6 DYNAMIC WATERS
Average Distance

APICAL SECOND SHELL: g @9
(ry-o): 440 A % d® %@ &)
Ciah

Positioned above and below

uranyl oxygens with protons oriented
toward the cation. r N\ g / ; @p
" -
U

EQUATORIAL SECOND SHELL:
10 WATER MOLECULES
Average Distance
(ry—o): 4.45 A

Hydrogen-bonded to first-
shell waters in a structured
trigonal planar

arrangement. %
FIRST SHELL:

5 TIGHTLY BOUND WATERS

Average Distance

(ry-o): 245 A

— / 4 \\\
Arranged equatorially around @ov '
the 0-U-0 axis. i
4 ' 4
- |
’% 1 PICOSECOND

DISSOCIATIVE
RAPID RECOVERY TO EXCHANGE

BULK WATER Second-shell water exchange
Beyond the second shell, water QP\ occurs rapidly on a picosecond

rapidly returns to standard tetrahedral scale primarily via dissociative

hydrogen bonding. ®q@ mechanisms.

Nichols, P.; Bylaska, E. J.; Schenter, G. K.; de Jong, W. Equatorial and apical solvent shells of the UO22+
ion. The Journal of Chemical Physics 2008, 128. https://doi.org/10.1063/1.2884861
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Ammonia Borane: Rotational Dynamics in Solid-State Hydrogen Storage

19 Mass% Hydrogen Content Orthorhombic Phase
Ammonia borane is a high-density 10° Bond Tllt

donor-acceptor complex evaluated

for fuel cell hydrogen storage. m Below 225 K, B-N bonds

tilt 10° away from

/ the unit cell c-axis.

Intermolecular
Dihydrogen Bonding
@ O

el
Dihydrogen Bond

Close contacts form between protonic
N-H donors and hydridic B-H acceptors.

Rotational Dynamics & Energy Barriers

Uncorrelated NH; Rotation Preferred Correlated Rotation High Uncorrelated BH; Barrier
(12.7 kJ/mol) (31.1 kd/mol) (38.3 kJ/mol)

31.1 /383 \
12.7 kJ/mol o [ i
Driven primarily by internal BHj rotates concurrently with Disfavored due to high exchange
molecular torsion with minimal NH, to preserve favorable repulsion from close dihydrogen
crystal interference. staggered molecular geometry. contact (1.43 A contact).

P~  12.7 kJ/mol | Internal Molecular Torsion
(2 Q,) 31.1kJ/mol | Intermolecular Dihydrogen Network
cﬁ% 38.3 kJ/mol | Steric Exchange Repulsion

Parvanov, V. M.; Schenter, G. K.; Hess, N. J.; Daemen, L. L.; Hartl, M.; Stowe, A. C.; Camaioni, D. M.;
Autrey, T. Materials for Hydrogen Storage: Structure and Dynamics of Borane Ammonia Complex. Dalton
Transactions 2008, 4514-4522. https://doi.org/10.1039/b718138h
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Unmasking the Pyroelectricity of Water Ice

Partial Alignment Unlocks
Strong Pyroelectricity

& ®
A
@o‘ww

Deposition > 160 K
0 W »

Disordered
(Symmetric)

Performance Rivals
Commercial Pyroelectrics
Like PZT ol

(Pyroelectric
Coefficient
0.01/K)

PZT

_—

Polarized ice demonstrates a
dimensionless pyroelectric coefficient
of 0.01/K—four times that of PZT.

Generates Fields
Up to 10 MV/m

T 10MV/m

Cooling (30-150 K)

Reversible voltage changes
upon cooling create immense
internal electric fields.

Aligned
(Asymmetric)

Universal Across Ice
Phases and Isotopes

fogga

Crystalline Compact H,0

Amorphous

Pyroelectric behavior is observed
equally in crystalline, compact
amorphous, Hy0, and D50 ices.

Driven by Thermal
Lattice Vibrations

Low-frequency modes
(<200 cm™)
Alter molecular dipole alignment
during temperature drops.

Accelerates Planetesimal
Formation in Space

Temperature changes unmask
electric fields on interstellar icy
grains, facilitating grain cohesion.

Wang, H.; Bell, R. C.; ledema, M. J.; Schenter, G. K.; Wu, K.; Cowin, J. P. Pyroelectricity of Water Ice.
The Journal of Physical Chemistry B 2008, 112, 6379-6389. https://doi.org/10.1021/jp073870c
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Atmospheric Chemistry Dynamics:
The CIO-H,O Complex

Core Complex Energetics
& Electronic States

¢ Dual Co-Existing
Ground-State Minima

© Reduced Binding Energy
vs. OH-H,0

H H H
.  Stratosphere. @ 9 o f
wH @’)\0 . o CIOH,0 | OHH,O

s e -
Local Minima * ) " Substituting Chlorine for
Global Minima (322 keal/mol) Hydrogen weakens
(3.42 keal/mol) binding by ~2.4 kcal/mol
compared to traditional
Near-Degenerate g Nalyiggen oo
Excited State

Small energy splitting enables
both ground and excited
states to influence

R
aﬁb * Draager Binding Energy
atmospheric dynamics. T vs. OH-HO State

> Interactions 99.4
Hydrated Cluster G
i o ’ __ | Progressive Increase
Energetics (ClO-(H,0),) 5 | in Global Mirimu
Atmospheric Cluster Growth Driven by CI-O = | Binding Energy
Radical-water interaction remains favorable as L
surrounding water molecule counts increase. = 43.7
H___H 2 kcal/mol
{=
H,0 H,0 H,0 \? » =
0 . £ 12.6
a £ keal/mol
H,0 H,0  H,0 &
H H n=2 n=5
n=2 n=5 Cluster Size (n)

Du, S.; Francisco, J. S.; Schenter, G. K.; Garrett, B. C. Ab initio and analytical intermolecular potential for
ClO-H20. The Journal of Chemical Physics 2007, 126. https://doi.org/10.1063/1.2566537

167


https://doi.org/10.1063/1.2566537

Harmonic Approximation vs.
Anharmonic Sampling in lonic Clusters

Demonstrating the need for full anharmonic sampling for chemical
accuracy in ion-induced nucleation thermodynamics.

Harmonic Approximation (RRHOA) Anharmonic Configurational Sampling

Multiple Energy

Single Minimum
Landscapes

(Stationary Point)

Liquid-Like
Fluctuations

Frozen, Rigid | /
Struclte ‘ Errors Up to - Errors Within
Restricted to 4 ° 0 Captures Full 1 e 3
Single Minima kcal/mol Energy Landscapes kcal/mol
Assumes stationary points, Significantly deviates Thermally samples local Consistently achieves
ignoring liquid-like structural from experiment as vibrations and higher-lying global chemical accuracy
fluctuations in growing clusters. cluster size and configurations simultaneously. across both positive and
K | temperature increase. negative ionic clusters.

Thermodynamic Free Energy Error Performance
Theoretical Method Max Error vs. Experiment Configuration Sampling

Single Minimum RRHOA Up to 4.0 kcal/mol Single stationary point

Multiple RRHOA (Superposition) Up to 3.0 kcal/mol Discrete local minima

' Full Anharmonic Monte Carlo < 1.3 kecal/mol Complete phase space volume

Kathmann, S.; Schenter, G.; Garrett, B. The Critical Role of Anharmonicity in Aqueous Ionic Clusters
Relevant to Nucleation. The Journal of Physical Chemistry C 2007, 111, 4977-4983. https://doi.org/10.
1021/jp067468u
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Structural Stability of BNH, Oligomers for Hydrogen Storage

Ammonia borane (NH,BH,) dehydrogenation produces H(NH,BH,),, oligomers.
Computational modeling reveals that long linear chains suffer from high dipole
moments, forcing molecules to adopt colled or branched configurations to

Coiled Geometries achieve thermodynamic stability. " " i

Form Global Minima Linear Zigzag Chains Suffer
Intramolecular dihydrogen bonds Electrostatic Instability
and staggered conformations Dipole moments scale linearly
minimize dipole moments, providing with chain length, resulting in

maximum thermodynamic stability. severe thermodynamic instability.

Comparative Analysis:
n=4 Oligomer

2\, Coiled (Global Minimum)
| AE: 0.0 keal/mol

[ )

ji: 1.3 Debye

Square-Wave Chain (C,)
HIGH-STABILITY i m AE: 8.0 keal/mol o LOW-STABILITY
CONFIGURATIONS \ S ‘ CONFIGURATIONS

p: 7.8 Debye

Zigzag Linear Chain (C,)
- ’lgt& AE: 33.4 kcal/mol =,
) }

| 22.6 Debye

Biradicalization Falls -

- Selective Branching
to Suppress Instability

Provides Viable Alternatives

Branching at B or N sites (N@B. B@N) Triplet biradical states remain over
yields stabilities within 6-8 kcal/mol 90 keal/mol higher in energy than
of colled forms. singlet ground states.

Li, J.; Kathmann, S. M.; Schenter, G. K.; Gutowski, M. Isomers and Conformers of H(NH2BH2)nH
Oligomers: Understanding the Geometries and Electronic Structure of Boron—Nitrogen—Hydrogen Com-
pounds as Potential Hydrogen Storage Materials. The Journal of Physical Chemistry C 2007, 111, 3294-3299.
https://doi.org/10.1021/jp066360b
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High-Accuracy Free Energy Profiles via Hybrid Multitiered Modeling

Context Summary

Multi-Tiered Hybrid Framework

Novel hybrid framework shifts statistical
everaging from expensive Coupled Cluster
(CC) theory to inexpensive classical
representations (ESP) across a multi-tiered
thermodynamic cycle, enabling accurate
aqueous reaction free energy barriers.

THREE-TIER HIERARCHY
(CC > DFT > ESP)
Shifts heavy burden of solvent

statistical sampling to computationally
inexpensive ESP/MM representations.

DENSITY-BASED COUPLING
SIMPLIFIES CALCULATIONS

DFT electron density closely matches
CC, allowing energy perturbation
differences to omit wave-function
dependencies.

ZERO-TEMPERATURE
REACTION PATHING

Uses Nudged Elastic Band
optimization with effective
QM electrostatic charges to
simplify path generation.

Application to CHCI; + OH™
Aqueous Sy2 Reaction

29.3 kcal/mol Eﬁﬁgﬂg”

High CC/MM barrier indicates the Sy2
mechanism is unlikely in chloroform
aqueous hydrolysis.

DFT UNDERESTIMATES
FREE ENERGY BARRIER

DFT/MM yields a 24.8 kcal/mol barrier,
underestimating the barrier relative to
high-level CC/MM.

20 29.3 e
keal/mol RSN Y W] -46.7
5 N keal/mol
]
510
8
o
=
£ 9
o
3
¢ | Nl e 110
kcal/mol

-10

CC/MM DFT/MM
SOLVATION SHELL DYNAMICS

Hydroxide water coordination shifts from six-
fold in reactants to three-fold in product states.

REACTANTS
(Six-fold Coordination)

PRODUCTS
(Three-fold Coordination)

Valiev, M.; Garrett, B. C.; Tsai, M. K.; Kowalski, K.; Kathmann, S. M.; Schenter, G. K.; Dupuis, M. Hybrid
approach for free energy calculations with high-level methods: Application to the SN2 reaction of CHCI3
and OH— in water. The Journal of Chemical Physics 2007, 127. https://doi.org/10.1063/1.2768343
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Bridging Theory and Experiment in lon Solvation

Empirical MD Hybrid ES-MD Fuses Solvent Independence
Underestimates Local Disorder Quantum and Classical Data in First Shell Dynamics

Solvent

Electronic Structure
Quantum Calculations

Water  Coordination ~Methanol
Solvent  Numbers Solvent

Empirical MD

Standard classical MD
empirical potentials
underestimate
Debye-Wailer factors (0?)
by up to 40% for cations.

L0 M Empirical MD

I Hybrid ES-MD
0.04 | ™ Measured EXAFS

<
»
1}
<
=)

0.0293
0.0290

Identical First Shell in

©
=
N
=
o

0.03 | § Water and Methanol
~ : ~Q Ca?* maintains nearly identical R
0.02] «’ (~2.42 A) and coordination numbers
Hybrid ES-MD Model (~6.8) in both solvents.

001 S First Shell Disorder Dominates:

Second-shell hydrogen bonding
differences do not significantly alter
immediate ion-oxygen interaction
disorder.

Integrating logarithmic quantum
cluster vibrational data across MD
radial distribution functions yields
Gazt K* cr i superior accuracy.

Debye-Waller Factors (a2 in A2)

Dang, L. X.; Schenter, G. K.; Glezakou, V. A.; Fulton, J. L. Molecular Simulation Analysis and X-ray
Absorption Measurement of Ca2+, K4 and Cl- Tons in Solution. The Journal of Physical Chemistry B 2006,
110, 23644-23654. https://doi.org/10.1021/jp064661f
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Modeling the OH Radical:
Precision Interactions in Aqueous Systems

Model Innovations &
Excited State Physics

@ Anisotropic Polarizability
Integration

Accounts for asymmetric electron

distribution caused by the open-
shell radical’s unfilled p-orbital.

@ Thermally Significant
Excited State

Excited State

é < 0.5 keal/mol

Ground State

Energy

Energy splitting between ground
and excited states is under 0.5
kcal/mol across key geometries,

@ High-Level Ab Initio
Surface Mapping

Potential Energy

Geometric Coordinates

Extensively scans potential energy
surfaces across ten geometric
coordinates to fit model parameters.

Du, S.; Francisco, J. S.; Schenter, G. K.; Iordanov, T. D.; Garrett, B. C.; Dupuis, M.; Li, J. The OH radical-
H20 molecular interaction potential. The Journal of Chemical Physics 2006, 124. https://doi.org/10.

1063/1.2200701

o’

Unfilled

\ - p-orbital

N
\ N\

mTTM Model

Derived from high-level CCSD(T)/aug-cc-pVTZ
for open-shell OH radical and water interactions,
explicitly incorporating anisotropic polarizability and
low-lying excited-state electronic behavior.

Validation &
Benchmark Performance

0.3 kcal/mol

Mean Unsigned Error

Demonstrates exceptional accuracy
compared to benchmark CCSD(T)
calculations near global minima.

© Validated Across Clusters
(n=11t010)

Accurately predicts binding
energies and structural
configurations for multi-water
radical complexes.

mTTM Potential Accuracy across Energy Cutoffs (E,;)

-3 kcal/mol

Mean Unsigned Error:
@ 0.28 kcal/mol

@

Max Absolute Error:

72 0.65 keal/mol

-
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0 kcal/mol

—s Mean Unsigned Error:

0.29 kcal/mol

Max Absolute Error:
7% 2.19 keal/mol

2 kcal/mol

+ Mean Unsigned Error:
U
= 0.35 kcal/mol

~, Max Absolute Error:
7% 3.54 kcal/mol
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Quantifying Quantum Effects in Liquid Water

|
I
|
I

H

CLASSICAL MODEL |,

H QUANTUM MODEL
=)

(P=32 beads)

H  H

Structural Radial Distribution Functions (RDFs)
CLASSICAL SIMULATION (P=1) QUANTUM SIMULATION (P=32 beads)

3 i
ﬁl-tl;lamolecular : Quantum Effects Broaden
| Intramolecular
2 Peak H-H Peak ! 2 Peak Heights Convergence to
= Overestimated Overestimated | = . Experimental RDFs
S by ~4x by >2x o = at P=32 Beads
1 ! 1 i Experimental ™\
! / \ . RDFs-._ ‘
0 L :
0 i 2 3 4 5 O 0 1 2 3 4 9 6
Radial Distance (r) | Radial Distance (r)

Thermodynamics & Energetic Differences

' Classical Quantum
Y Simulation Simulation Experiment
ﬁf (P=1) (P=32)
Energy Difference (AE): Energy Difference (AE): Energy Difference (AE):
1.01 keal/ m.OI . -11.67 £ 0.02 keal/mol  -10.66 * 0.01 kcal/mol N/A
Quantum Energy Contribution

Quantum effects contribute Heat of Vaporization (AH,): =~ Heat of Vaporization (AH,):  Heat of Vaporization (AH,):
1.01 £ 0.02 keal/mol to liquid 12.26 +0.02 kcal/mol  11.25 £ 0.02 keal/mol 10.51 keal/mol

formation enthalpy at 298.15 K.

Fanourgakis, G. S.; Schenter, G. K.; Xantheas, S. S. A quantitative account of quantum effects in liquid
water. The Journal of Chemical Physics 2006, 125. https://doi.org/10.1063/1.2358137
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Micro vs. Macro:
The Water Interface Transport Discrepancy

MICROSCOPIC VIEW MACROSCOPIC VIEW
(Molecular Dynamics Simulations) (Droplet Experiments & Resistance Models)
Faster Absorption Inferred Preferred

Desorption
(kdesorb 2 kabsorb)

Than Desorption

Q 24
: t s Low Mass
High Stlc.k.lng Accommodation
Probability — \ (R <0.3)
1~ ol e - '
(R'=1) v f | ) 28 'b@ Inferred significant
— 0O activation barrier
Minimal Energy @ 3
Barrier £
(< 5 k3/mol)
N " -15% Model Calibration Uncertainty
2 o % Fluid dynamics calculations
2 2 ~ 2\ reveal experimental models
u u . (Y tend to overestimate gas-phase
diffusion resistance.
Hydrophilic solutes impinging on water surfaces absorb with nearly Experimental resistance models consistently report mass accommodation
100% efficiency at room temperature. Simulations reveal aimost coefficients well below unity. Macroscopic kinetic analyses infer an
no intrinsic activation barrier for solute entry into bulk liquid. activated process where desorption dominates over bulk absorption.
MICRO SCALE DIRECT PARAMETER CONTRAST MACRO SCALE
Mass Transfer Efficiency: Mass Transfer Efficiency: Mass Accommodation
Sticking Probability R’ = 1.0 Significant Inferred Barrier R~ 0.01- 0.32
- Activation Barrier: -
(o ) Negligible (< 5 k3/mol) (= )
. Rate Dominance: 3
Absorption Faster Absorption Faster Desorption Faster

Garrett, B. C.; Schenter, G. K.; Morita, A. Molecular Simulations of the Transport of Molecules across the
Liquid/Vapor Interface of Water. Chemical Reviews 2006, 106, 1355-1374. https://doi.org/10.1021/
cr040370w

174


https://doi.org/10.1021/cr040370w
https://doi.org/10.1021/cr040370w

Decoding the Solvation Structure of Aqueous Potassium (K*)

BENCHMARK STRUCTURAL PARAMETERS OF HYDRATED K*

2732A
0 = @8
< -\,\\ @_{ /
\

Coordination Number
of 6 Water Molecules

K-O Hydration
Distance of ~2.73 A

<

High Thermal and
Configurational Disorder

Experimental Debye-Waller factor
(0.0293 A?) reveals significant
flexibility in K* hydration.

EMPIRICAL MD UNDERESTIMATES " / HYBRID AB INITIO + MD
SYSTEM DISORDER MATCHES EXPERIMENT

Standard MD simulations yield a METHODOLOGICAL Convoluting quantum cluster calculations with
Debye-Waller factor of only 0.0221 A2, PERFORMANCE MD dynamics yields an accurate 0.0276 A2,
COMPARISON

K-0 2.730 A

@9 66 &

K-0 2.725A

060
wmdel Debye-Waller

Factor (0°) E Model Dt;l;{:;\l{:!l)er
Standard MD simulations yield a | Empirical | 1907 22 ! | Hybrid Ab 00276 A2 | Convoluting quantum cluster iluster
Debye-Waller factor of only 0.0221 A2, | Pure MD _| 1 [!nitio+ MD calculations with MD dyn. 0.0276 A2,

Glezakou, V. A.; Chen, Y.; Fulton, J. L.; Schenter, G. K.; Dang, L. X. Electronic structure, statistical
mechanical simulations, and EXAFS spectroscopy of aqueous potassium. Theoretical Chemistry Accounts
2006, 115, 86-99. https://doi.org/10.1007/s00214-005-0054-4
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Sensitivity Analysis of Liquid Water Potential Models

Critical Potential Components

Short-Range Interactions Polarization Accounts for 30- Long-Range and Attractive
Drive Primary Properties 50% of Electrostatic Sensitivity Terms Have Minor Impact
Van der Waals repulsion and short-range Polarization contributes nearly 30% of Attractive van der Waals and long-range
Coulomb interactions dominate water electrostatic sensitivity for energy/entropy Coulomb components show negligible
thermodynamic sensitivities, and 50% for pressure. sensitivity for entropy and heat capacity.

.

, Energy/
30% Entropy

_@

Pressure

Component Scaling Enables
Targeted Reparameterization

Adjusting specific potential contribution
scaling factors improves classical
predictions of bulk properties.

Model Complexity Is Secondary
to Parameterization

Simple and complex functional forms exhibit
similar sensitivity trends across bulk
thermodynamic calculations.

X & 8

Trends
Model Refinement & Performance: TTM2R Adjustment

Pressure Static Dielectric Constant _LL
P (atm) € 1B

000 Model

festieet

Experimental Value Experimental Value

1.0
v
Baseline TTM2R |

Experimental Value

-9.92 78.36

\ Baseline TTM2R Baseline TTM2R

D -1752.3

Adjusted Model :
D -231.2

80.89

Adjusted Model Adjusted Model

81.52

Tordanov, T. D.; Schenter, G. K.; Garrett, B. C. Sensitivity Analysis of Thermodynamic Properties of Liquid
Water: A General Approach to Improve Empirical Potentials. The Journal of Physical Chemistry A 2006,
110, 762-771. https://doi.org/10.1021/jp0538868
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Quantum vs. Classical Modeling
of Water Phase Equilibria

Quantum statistical mechanical treatments narrow the vapor-liquid phase envelope of rigid TIP4P
water compared to classical models. Accounting for quantum effects lowers critical temperature
and normal boiling point, while critical density remains virtually unchanged.

Narrowed Vapor-Liquid Phase Envelope

(9(& Quantum mechanics decreases liquid density and

Evaluation of increases vapor density across temperature ranges.
Theoretical Approaches
Critical Point
; . (Te, pe) Critical
Shifted Quantum QUANTUM
j \\ Curve Mirrors MODEL Iempergt;lr e
X Classical Results (PIMC, P=16) owered by

22 K

Quantum simulations
reduce T, from 581 K
(classical) to 560 K.

Increasing quantum results by
22 K aligns them closely with
classical phase diagrams.

CLASSICAL

% Semiclassical '/
Potentials Prove / MODEL
Inconsistent y Normal Boiling
i gt | o : ) Point Reduced by
emiclassical moaels work 1or
virial coefficients but fluctuate (] SEMICLASSICAL
unreliably for phase equilibria. MODEL 1 7 K
(Inconsistent)
Critical Density Sﬁ?tn}u?(:‘:ver? tf?;ef:ts
Remains Constant 368 K 10 340 K
Critical density ’
stays around 0.33
/mL across all = e e
trEatients \?vithin Model Critical Normal Boiling Critical
uncertainty. Treatment Temp (T,) Point (T,) Density (p)
Classical ‘ 581K 368K 0.334 g/mL
Semiclassical | 575K 357K | 0.334g/mL
Quantum ‘
(PIMC, P=16) 560 K 340K 0.332 g/mL

Wick, C. D.; Schenter, G. K. Critical comparison of classical and quantum mechanical treatments of the phase
equilibria of water. The Journal of Chemical Physics 2006, 124. https://doi.org/10.1063/1.2178322
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THE PHYSICS AND CHEMISTRY
OF WATER RADIOLYSIS

IONIZATION & EXCITATION RELAXATION & SOLVATION NONHOMOGENEOUS &
106-10"s 10-10"s HOMOGENEOUS REACTIONS

-0~

R
CHON- T ]

€hq+€aq+2H,0  Hy+20H

High-energy deposition and Thermalization, state quenching, and Spur recombination followed by
secondary electron ejection. dielectric solvent cage formation. radical diffusion into bulk solution.

Ultrafast Progression from Primary Chemical Yields. Radical reactions evolve over
lonization to Homogeneous Chemistry. lonized water (H,0*) rapidly yields microsecond time scales.
Primary excitations occur within H30* and OH radicals, alongside

femtoseconds. hydrated electrons (e’).

Environmental Impacts
WATER DENSITY EFFECTS TEMPERATURE EFFECTS

lonization lonization
(% 275°C

Neutral
Dissociation
Gy

Reaction Rate (OH +H,)

_Neutral
Dissociation

High density water Below 0.2 g/cm?® (6x

»
>

k—

Temperature (°C)

Neutral Dissociation Increases at Low Water Densities ° Anomalous Temperature Kinetics for Radical Scavenging
Below 0.2 g/cm?, the neutral dissociation pathway (G,,) The aqueous OH + H, reaction rate drops sharply above
becomes six times larger than ionization (G,). 275°C, deviating from gas-phase Arrhenius behavior.

Garrett, B. C.; Dixon, D. A.; Camaioni, D. M.; Chipman, D. M.; Johnson, M. A.; Jonah, C. D.; Kimmel,
G. A.; Miller, J. H.; Rescigno, T. N.; Rossky, P. J.; Xantheas, S. S.; Colson, S. D.; Laufer, A. H.; Ray, D.;
Barbara, P. F.; Bartels, D. M.; Becker, K. H.; Bowen, K. H.; Bradforth, S. E.; Carmichael, I.; Coe, J. V.;
Corrales, L. R.; Cowin, J. P.; Dupuis, M.; Eisenthal, K. B.; Franz, J. A.; Gutowski, M. S.; Jordan, K. D.; Kay,
B. D.; LaVerne, J. A.; Lymar, S. V.; Madey, T. E.; McCurdy, C. W.; Meisel, D.; Mukamel, S.; Nilsson, A.
R.; Orlando, T. M.; Petrik, N. G.; Pimblott, S. M.; Rustad, J. R.; Schenter, G. K.; Singer, S. J.; Tokmakoff,
A.; Wang, L. S.; Zwier, T. S. Role of Water in Electron-Initiated Processes and Radical Chemistry: Issues
and Scientific Advances. Chemical Reviews 2005, 105, 355-390. https://doi.org/10.1021/cr030453x
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Rethinking lon-Induced Nucleation:
Why Chemical Identity Matters

Classical lon-Induced Molecular DNT Insights
Nucleation Theory (CIINT) 2 & Chemical Identity
2 78
2 o,ve 2 @ 2% " o
@) . & b % @
o o) S
© @ @ 4 Sodium (Na) U079 F)
a0 /" Lithium (Li*) =Y
%) ( o G) C@ a} (&
@
T ety
CIINT Failure vs. Molecular DNT Insights @0 & ;
e 4 -23.3 kcal/mol
Up to 20 kcal/mol g 340 kea/mol RN
gap between CIINT Monohydration g ﬁ
and DNT predictions Enthaiy o @ S

Classical theory ignores cluster

chemical physics, creating massive
discrepancies in single-monomer
addition thermodynamics.

lonic core size

A 0.5 kcal/mol
energy shift
alters nucleation

Chemical Size and Charge Effects

lon sign alone cannot predict
water vapor preference

rates by Water vapor actually prefers small cations over large
10 ordgrs of anions under specific structural conditions.
magnitude

lonic core size dictates depthin

Extreme kinetic sensitivity makes

simplified classical models the attractive Coulomb well
unreliable for predicting real- Smaller ionic cores allow water molecules to penetrate
world nucleation rates. deeper into attractive electrostatic potentials.

Kathmann, S. M.; Schenter, G. K.; Garrett, B. C. Ion-Induced Nucleation: The Importance of Chemistry.
Physical Review Letters 2005, 94. https://doi.org/10.1103/physrevlett.94.116104
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Unlocking the Lattice Inverse Isotope Effect:
Helium Diffusion in Amorphous Ice

Experimental discovery reveals helium moves faster through heavier D,0 ice
than lighter H,O ice, driven by quantum mechanical lattice interactions.

Standard Ice (H,0)

>

=
>

>

Desorption Peak
Desorption Peak

.

55-110 K

Helium diffuses faster.
Lower Activation Energy

55-110K

Helium diffuses slower.
Higher Activation Energy

First observation of a lattice-driven inverse isotope effect:
Isotopic substitution in the host solid, not the diffusing atom

Quantum Mechanism & Temperature Dependence

H,0 N Frustrated rotational modes  _ 60 Inverse isotope effect
\C&P/ drive rate enhancement: QI“ Al vanishes above 150 K.
/\ / Differences in vibrational = Ratio sv‘?;r‘i:;esergg'?g
ZPE = zero-point energy between L RElaIC,
N reactant and transition states 1
. ZPE | lower the barrier in D,0. e S e T e o e
D,0 50 100 150 200 250

Temperature (K)
Experimental Arrhenius Parameters Comparison

Ice Host Lattice H,0 ASW D,0 ASW e Diffusion in H,'°0 and
Activation Energy (E,) 11.9 kJ/mole 11.2 kJ/mole ﬁ H,'®0 is identical,
S confirming lattice translational

Pre-exponential Factor (Dg) | 1.3 x 103 cm?/s | 0.8 x 10 cm?/s motion is not responsible.

H,0 D,0

Daschbach, J. L.; Schenter, G. K.; Ayotte, P.; Smith, R. S.; Kay, B. D. Helium Diffusion through H20 and
D20 Amorphous Ice: Observation of a Lattice Inverse Isotope Effect. Physical Review Letters 2004, 92.
https://doi.org/10.1103/physrevlett.92.198306
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Characterizing the Water-Hydrogen (H,0-H,) Complex

Understanding water-hydrogen vapor mixtures is critical for industrial energy applications and metrology
standards. Using Scaled Perturbation Theory (SPT) and ab initio methods, researchers constructed a 5D

potential-energy surface to map dimer binding configurations and determine accurate second cross virial
coefficients across a wide temperature range (100-3000 K).

Potential-Energy Surface Quantum Virial Coefficient (B,,) Modeling
& Minimum Geometries

Semiclassical Models Path Integrals

v oo & oa s

Semiclassical models fail  Path Integrals Resolve

a below 150 K due to dominant Low-Temperature
hydrogen rotational
¢ quantum effects. Quantum Effects

Theory Delivers Lower Uncertainty
Than Experiment

Global Minimum Local Minimum +201
Exhibits C,, Forms T-Shaped
Symmetry C, Geometry -
+10 1
Hydrogen acts as a Hydrogen acts as a
proton donor to oxygen proton acceptor -
with a binding energy perpendicular to a water i 0 Ti Ab initio B,, predictions
near 1076-1097 pE,,. OH bond direction. 2 ? provide higher accuracy
E across 200-2000 K than
S scatter-prone experimental data.
\ & -10
>3 i Temperature B, Uncertainty
E (K) (cm®mol™")  (cm® mol™)
— -204 200 -20.56 +3.37
500 7.62 +116
. . o re 1000 13.91 +0.55
Coulomb and Dispersion Forces Govern Binding 304

Electrostatic multipoles determine directional anisotropy, 0 500

S . . . 1000 1500 2000
while dispersion dominates attractive magnitude.

Temperature (K)

Hodges, M. P.; Wheatley, R. J.; Schenter, G. K.; Harvey, A. H. Intermolecular potential and second virial
coefficient of the water-hydrogen complex. The Journal of Chemical Physics 2004, 120, 710-720. https:
//doi.org/10.1063/1.1630960
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Multicomponent Dynamical Nucleation Theory:
Molecular Kinetics & Sensitivity

Dynamical Nucleation Theory (DNT) models molecular vapor-phase cluster growth by applying gas-phase kinetics and Variational
Transition State Theory, revealing extreme sensitivity to molecular interactions and contaminants, unlike classical bulk models.

THEORETICAL FRAMEWORK: o
DNT VS. CLASSICAL MODELS VARIATIONAL ( Chenmical Potential Shift

DIVIDING SURFACE

CLASSICAL MODEL
(Uniform Droplet)

o .®) VARIATION IN NUCLEATION RATE
Y / y W A 0.5 kcal/mol chemical potential shift alters
\ / \ nucleation rates by 10 orders of magnitude.
DYNAMICAL NUCLEATION
THEORY (DNT)

Replaces bulk droplet Employs Variational Transition
models with explicit State Theory to unambiguously KINETIC SENSITIVITY &

molecular-scale kinetics define cluster boundaries CONTAMINANT EFFECTS

of cluster growth. and calculate rates.

DOMINANCE OF = 7
PRE-CRITICAL CLUSTERS 2] / \

o 1 \ < Original

w ‘, Barrier

Lowered
Barrier
(-1 keal/mol)

Pre-Critical Clusters . - 10x CONDENSATION
; Multicomponent S RATE BOOST
nucleation rates are most : S :
M b Lowering the activation barrier
CRITICAL CLUSTER COMPOSITION & SENSITIVITY sensitive to all pre-critical by lical/mol increases
(Model NH,-H,0 System at 298 K) cluster rate constants. condensation rates nearly tenfold.

C%Dﬁ“) &)ﬁ% —_>_>—;>:::\¢t

AMMONIA (NH;) WATER (H,0)
Critical Cluster Composition: Critical Cluster Composition:
7 molecules 18 molecules
Monomer Sensitivity Monomer Sensitivity
(dfln J;./dIn[N;]): 7 (dn J,/dIn[N;]): 18

Kathmann, S. M.; Schenter, G. K.; Garrett, B. C. Multicomponent dynamical nucleation theory and sensitiv-
ity analysis. The Journal of Chemical Physics 2004, 120, 9133-9141. https://doi.org/10.1063/1.1695323
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Polarizable MD-EXAFS:
Validating Solvation Models for lon Solvation

Molecular dynamics (MD) simulations coupled with electron scattering calculations (FEFF8) provide a precise method for modeling the extended
X-ray absorption fine structure (EXAFS) of solvated ions. By incorporating polarizable potential models, simulations capture multi-body
polarization effects, yielding calculated EXAFS spectra and radial distribution functions that closely match experimental observations.

Polarizable Models Capture @ MD-EXAFS Spectra Achieve
Dynamic Electric Field Responses \ ‘ Quantitative Experimental Alignment
O 2C)
0. [H) ® Qﬁ? S’ AS-0  — MDEXAFS
% 0_6 % -® 0’ °Q) Aqueous -~ - Experimental Data
®)

\

@ 4 Ly
‘5; | g@) ®:%/ 9 Ca%* 4Ca-0
® ,‘6 ) ? Q) Aqueous

DARC) & ®

Flexible water dipole moments realistically =@
respond to dynamic electric fields ('D
during ionic solvation.

Comparison of MD Predicted Metrics Against Experimental Measurements (Aqueous lons)

Coordination Number : lon-Oxygen Distance (R,.q) i Solvation Enthalpy (AH,,)
Sr2+ (MD vs. Expt): 7.9 O\Q 2 Sr2* (MD vs. Expt): 2.60 A ) Sr2+ (MD vs. Expt) Ll vs. -347 keal/mol
5,
78 @ é I 6 A | [ vs. 347 keal/mol
Ca® (MDvs. Expt): [ &g,o ! 2.45 A ! vs. -377 kcal/mol
P .8 oye | _ 2.43A | -379 vs.-378 keal/mol

Solvation Structure of Ca?* in Liquid Methanol
Predictive Model Reveals Coordination Number of 6 in Methanol Multi-Atom Scattering Paths Produce EXAFS Spectral Shoulders

20 3 5 A
Spectral features between
3 and 4 A reflect combined

scattering across 0, H, and C.

B M 10 S0)
g First-shell radial distribution

functions show narrow, well-defined
peaks for Ca-0 and Ca-H.

Dang, L. X.; Schenter, G. K.; Fulton, J. L. EXAFS Spectra of the Dilute Solutions of Ca2+ and Sr2+ in
Water and Methanol. The Journal of Physical Chemistry B 2003, 107, 14119-14123. https://doi.org/10.

1021/3jp030968s
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Efficient Solvation Free Energy Calculations:
The QM/MM:MM/MM Protocol

Step 1 & 2: Gas-Phase Pathway Step 3 & 4: Classical Solvent Step 5: Reduced QM/MM Averaging
& CHELP Charge Fitting Sampling
S,2
Reaction Initial Gas Phase:
L}{- No Activation Barrier

,"/r 3

o8 ’/" 9.
o Transition < i 103 .": k .-y 2 %
0%,,%- State C}‘o)f p. ¢ ¢ points (N Y
) Randornly extract ~103 S G \
b uncorrelated configurations
Products for high-level QM/MM
of energy averaging.

Reactants

Q
Non-solvated reaction coordinate and s
electrostatic partial charge fitting for

: >99.9%
each solute structure. . g QC%p é’%&

Reduction in QM
Sampling Calculations

Free energy converges using only
2,000 quantum evaluations instead
of millions of Monte Carlo steps.

usmg classical
O© MM/MM potential

O functions.

VALIDATION VIA S)2 REACTION

B 11.04

( 0

Solvation-Induced

G 2 T 2.27
Activation Barrier £ 0.00
g 0.0
Solvation creates an "}
_~11 keal/mol 2 st -3.26
activation barrier fora &
reaction that has no -0
barrier in gas phase. | Gas Phase Energy e
= Full QM/MM PMF
-0.8 0.0 0.4
(Transition State) ~ (Products)
Reaction Coordinate (s in Bohr)
DO@ °e This demonstrates the drastic impact
& Generates initial free L Ie e scimpac
& energies from extensive of solvent dynamics on the §,,2
classical walk. energy landscape across key points.

Dupuis, M.; Schenter, G.; Garrett, B.; Arcia, E. Potentials of mean force with ab initio mixed Hamiltonian
models of solvation. Journal of Molecular Structure: THEOCHEM 2003, 632, 173-183. https://doi.org/
10.1016/s0166-1280(03)00297-5
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Generalized Transition State Theory:
Free Energy vs. Potential of Mean Force

Non-Zero Correction
Coordinates (W, # 0)

Zero-Correction
Coordinates (W, =0)

Atom Transfer
Coordinates
Bond angle dependence introduces

a curvilinear correction, though
usually small in magnitude.

Rectilinear Cartesian
Coordinates
Metric mass terms are constant,

leaving activation free energy
directly equal to PMF.

Transition State Theory (TST) rate o
constants are frequently evaluated
Free PMF using the Potential of Mean Force (PMF). [?:;:ngzgz
Energy While rectilinear reaction coordinates
relate free energy directly to the PMF,
Bond & Jacobi non-linear (curvilinear) reaction Energy Gap
% coordinates require an explicit "
Distances Coordinates

Mass factors remain
coordinate-independent,
causing the curvilinear correction
term to vanish completely.

Bond
Distance

Jacobi
Distance

correction term to prevent errors in 4
calculating reaction rates.

" Steep potential surface gradients
near reaction bottlenecks can
produce significant correction
terms.

Steep Gradient &
Reaction Bottleneck

-0+-0

Free PMF Correction
Energy Term (W)

Schenter, G. K.; Garrett, B. C.; Truhlar, D. G. Generalized transition state theory in terms of the potential of
mean force. The Journal of Chemical Physics 2003, 119, 5828-5833. https://doi.org/10.1063/1.1597477
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Decoding Nano-SERS Fluctuation Dynamics

Researchers used AFM and sub-microsecond Raman time-stamping to show SERS spectral intensity fluctuations are dictated by
nanoscale confinement of electromagnetic fields at Ag nanocluster interstitial sites, modulated by molecular rotational dynamics.

Nanoscale Geometry &
Experimental Dynamics

QO VO

Isolated/Fused Particles
(Weak/No SERS)

Nanocluster Junction
(Strong SERS Signal)

SERS Enhancement Requires
Sub-Nanometer Interstitial Gaps

Strong SERS signals occur exclusively
at narrow nanocluster junctions.

Rhodamine 866G Cytochrome ¢ \
Q’ Photo-induced Q Strictly
Spontaneous i Photo—i'nduced
x Fluctuations Dynamics

Molecular Structure Dictates
Fluctuation Drivers

Experimental Fluctuation Parameters
(Small Dye vs. Large Protein)

Rhodamine 6G (R6G)  Cytochrome ¢
Fluctuation Photo-induced QQ- Strictly
Origins & Spontaneous ‘¥'¥"  Photo-induced
Observed Up to ~15% Up to ~25%
Coverage Limit Monolayer Monolayer
Spontaneous . e Unobservable
Rate (k,) WEESh, ©s)

Fluctuation Amplitude Inversely
Scales with Molecule Count
Fluctuation amplitude decreases
linearly (1/N) as more molecules

enter the local interstitial field.

Theoretical &
Simulation Insights

o)

Interstitial Junctions Confine
Over 70% of Optical Enhancement
Mie theory simulations show SERS
signals originate predominantly within
sub-50 nm? interstitial areas.

Rotational Diffusion Drives
Sub-Second Intensity Spikes
Random-walk orientational diffusion

continuously shifts molecular dipoles
relative to local field gradients.

High Laser Powers Trigger
Signal Blinking
Complete intensity blinking occurs
frequently at laser power densities
exceeding 100 W/cm?2.

Suh, Y. D.; Schenter, G. K.; Zhu, L.; Lu, H. Probing nanoscale surface enhanced Raman-scattering fluc-
tuation dynamics using correlated AFM and confocal ultramicroscopy. Ultramicroscopy 2003, 97, 89-102.
https://doi.org/10.1016/s0304-3991(03)00033-0
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- Decoding Nano-SERS Fluctuation Dynamics -

Excitation > 50 W/cm? Fluctuation Does Not Equal Single Molecule
Photoinduced Dynamics Submonolayer coverage with multiple molecules exhibits
Excitation above 50 W/cm? triggers identical fluctuation behavior to single molecules.

photoinduced dynamics, whereas
lower intensities display spontaneous
fluctuations.

Nanoscale Field
Confinement
Localized electric field
enhancements occur
in extremely small
nanocluster
interstitial gaps.

Single Molecule Multi-Molecule
(Submonolayer Coverage)

Amplitude
O Inversely Proportional
to Molecule Count

The fluctuation autocorrelation
amplitude decreases as more
molecules enter the

hot spot volume.

Fluctuation
Autocorrelation Amplitude

1 2. 3 4 5
Molecule Count

50 nm?
Interstitial
Junction

70%

Signal
Concentrated

Discrete
Molecular Motions
Rotational and translational
motions alter molecular
orientation relative to

local field polarization.

Other
Areas
70% Signal Concentrated in 50 nm?

FEM simulations show over 70% of SERS signal
originates from tiny interstitial junctions.

Suh, Y. D.; Schenter, G. K.; Zhu, L.; Lu, H. Probing nanoscale surface enhanced Raman-scattering fluc-
tuation dynamics using correlated AFM and confocal ultramicroscopy. Ultramicroscopy 2003, 97, 89-102.
https://doi.org/10.1016/s0304-3991(03)00033-0
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Sensitivity of Water Nucleation Kinetics:

Molecular Dynamics & Rate Thresholds

KINETIC SENSITIVITY & MODEL POTENTIALS &
CHEMICAL POTENTIAL IMPACT THERMODYNAMIC DISCREPANCIES

S1010RATE

0.5 kcal/mol Shift Causes Ten-
Order-of-Magnitude Rate Change

TIP4P MODEL DANG-CHANG MODEL
(Overbinding) (Underbinding)

+0.5 kcal/mol
Chemical
Potential

keal/mol +41.0 kcal/mol
FREE ENERGY GAP  (Hexamer)
-46.9 kcalfmol  (at Decamer, i =10)
(Hexamer)  1ip4p and Dang Chang water
models divarge significantly in

absolute Heimholtz free energy. @
@
10°
CONCENTRATION
DIVERGENCE

\ Discrepancics in hinding
energy produce a five-order-of-

magnitude difference in decamer

HICH equilibrium concentrations. LOW

CONCENTRATION CONCENTRATION

L TIP4P  Dang-Chang [ MP2/CBS
Cluster Size (i) Model Model Benchmark

@ =

l ’ N
& © CRITICAL

& CLUSTER

Ome @@ 62 -47 | 50

SIZE (i*)
Peak Sensitivity Precritical Rate Constants Te&rfr:)er @ 279 -24.0 -27.6
Concentrates at Drive Overall &
Critical Cluster Size Kinetic Instability x
Rate sensitivity peaks tightly at i* Extreme sensitivity revealed across all examer
when treating exeporation and precritical clusters when condensation Prism -46.9 '4].0 '45.9
cluster populations independently. and evaporation rates are independent. (i=6)

Kathmann, S. M.; Schenter, G. K.; Garrett, B. C. Understanding the sensitivity of nucleation kinetics: A
case study on water. The Journal of Chemical Physics 2002, 116, 5046-5057. https://doi.org/10.1063/

1.1451059
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Benchmarking Water Nucleation: VTST vs. Exact Dynamics

VARIATIONAL TRANSITION RATE CONSTANT EXACT DYNAMICAL
STATE THEORY (VTST) CORRECTION (x) & DYNAMICS SIMULATIONS

Exact Dynamics
Establish Required Correction
)

= Correction Factor Drops
to ~0.2 for Small Clusters

©—
B2 Na

Using 500-trajectory
molecular dynamics at 243 K.

VTST Overestimates
Rate Constants by ~2x

_2.

REACTIVE CROSS SECTIONS

& CLUSTER GROWTH

Eﬂ?ﬁg?ﬁﬁl?ﬁfﬁﬁ?ﬁg X Effective Reactive Size
surface recrossing. Correction Factor (k) Exceeds Cutoff Radius

of ~0.5 for Clusters j > 10

Long-range molecular forces

Recrossing effects are extend effective reactive size (bon)

more severe in clusters well beyond variational radii.
<10 water molecules.

ZERO-IMPACT PROBABILITY
& EFFECTIVE SIZE SCALING

Collision Impact Induces
Molecule Evaporation

Cluster

E} Size (i):
Zero-Impact

Probabmty

Sticking probability approaches 1
faster than reactive capture
probability due to collision energy.

Ef'fectwe
Reactive Size beg:

Schenter, G. K.; Kathmann, S. M.; Garrett, B. C. Dynamical benchmarks of the nucleation kinetics of water.
The Journal of Chemical Physics 2002, 116, 4275-4280. https://doi.org/10.1063/1.1448487
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The Water Dimer Partition Function Paradox

How differing phase-space constraints on dissociative states cause multi-order-of-magnitude variations in calculations.

Over 100-Fold Sensitivity  geometric Constraint

Energetic Constraint ) . .
(Total Energy Limits) to Constraint Selection. Choice of boundary (Geometric Bounds)
alters computed Q by over two orders of magnitude.
High
Temperatures:
Molecular

Energy

" Peaks Near
Dissociation

Dissociative

continuum
contributions
become significant.

Yields Largest Partition Functions

Constraint Choice Dominates

Geometric (Largest Q)

_

Yields Smallest Partition Functions

Evaluation of Phase-Space Constraints

Energetic (Smallest Q)
Q(T) at 300K: 1.4 x 10 (Quantum RRHO) ' 2.2 x10°
Q(T) at 500K: 2.0 x 10* (Quantum RRHO) ‘ (Classical Anharmonic)

Q(T) at 300K:

Harmonic Extrapolation (Intermediate Q) UL 6
Q(T) at 300K: 3.2 x 10° (Quantum RRHO) 1 .1 X 1 o
Q(T) at 500K: 2.2 x 10* (Quantum RRHO) (Classical Anharmonic)

Constraint Choice Outweighs Quantum vs. Classical Effects:
Above 300 K, methodology impacts results far more than quantum versus classical approximations.

Schenter, G. K.; Kathmann, S. M.; Garrett, B. C. Equilibrium Constant for Water Dimerization: Analysis
of the Partition Function for a Weakly Bound System. The Journal of Physical Chemistry A 2002, 106,

1557-1566. https://doi.org/10.1021/jp0129131
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Semiclassical Effective Potentials for
Water's Second Virial Coefficient

THE TAKAHASHI-IMADA
SEMICLASSICAL SOLUTION

THE LOW-TEMPERATURE

QUANTUM CHALLENGE
- Experimental » Exact Quantum Accuracy
- Data Distorted Aiack kol Takahashiimada  Within 0.02 kcal/mol
g Below 350 K Effective

Potential

== Takahashi-Imada

Exact
Quantum

100% Deviation in / - - - Exact Quantum
First-Order QM Benchmark
Approximations
200 K to 500 K
Gas-expansion measurements At 250 K, conventional ,
at low temperatures are first order quantum corrections Takahashi-Imada
skewed by water adsorption overestimate exact quantum calculations closel . :
on apparatus walls. virial results by up to 100%. match exact quantu¥n Economical Classical

path integral benchmarks | Simulation Sampling

across 200 K to 500 K.

Classical Potentials Overestimate
Molecular Binding

Classical Exact N

Potentials Quantum

\

\l/
/N

Z/IN

Force-Gradient

Zﬁefr?élr’oi"t Semiclassical
______________________ % Formulation Classical Monte Carlo
Uses potential gradients to Recovers full quantum statistical
. i o incorporate guantum nuclear mechanical partition functions
Raw classical potentials create deeper binding wells by corrections directly into using low-cost classical Monte
neglecting zero-point energy and quantum uncertainty. classical sampling routines. Cario methods.

y

Schenter, G. K. The development of effective classical potentials and the quantum statistical mechanical
second virial coefficient of water. The Journal of Chemical Physics 2002, 117, 6573-6581. https://doi.

org/10.1063/1.1505441
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Dynamics of Proton Transfer in Polar Solvents:
VTST/MT Evaluation

Evaluating a model phenol-amine proton transfer reaction in liquid methyl chloride using variational transition state theory
with multidimensional tunneling (VTST/MT) reveals how quantum effects and solvent environment influence reaction rates.
Solute motion is treated explicitly while solvent dynamic friction is modeled via a Generalized Langevin Equation (GLE).

Key Physical Drivers of the Reaction Performance of Theoretical Models

Quantum Tunneling Dominates Reaction Rate 1D Approximations Fail Against Multidimensional VTST

\ a0 Sne®
‘\ Ction Cop, " dfhate “eac\-“,“ 000‘
\ 1D Approximations Multidimensional VTST
- One-dimensional parabolic
. - i X barrier cuts misestimate rates
Including multidimensional tunneling by incorrectly predicting
enhances the proton transfer rate constant TU""E""EtJhPFObat;"'T'eS and
by up to two orders of magnitude. EEn S a s
Solvent Friction Has Minimal Dynamical Impact Benchmark Rate Constant and Kinetic Isotope Effect
y p P
Proton Rate H/D Kinetic
V Constant (107 ™) Isotope Effect (KIE)
, ‘Corrected’
L Classical TST 0.0077

Path-Integral

° Quantum TST 11 40
(PI-QTST)
& Multidimensional 3 13 15
VTST/SCT
> @ l o ‘ ¢

(Benchmark)
High imaginary barrier frequency makes proton Full VTST/SCT calculations yield a rate of 13 x 10" s™' and
transfer much faster than solvent relaxation an H/D KIE of 15, demonstrating multi-order-of-magnitude
time scales. variation among dynamic rate theory methods. 4

7

McRae, R. P.; Schenter, G. K.; Garrett, B. C.; Svetlicic, Z.; Truhlar, D. G. Variational transition state theory
evaluation of the rate constant for proton transfer in a polar solvent. The Journal of Chemical Physics 2001,
115, 8460-8480. https://doi.org/10.1063/1.1409953
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Unifying Marcus Theory and
Variational Transition State Theory

Theoretical Approaches: WOCTT |

Fixed Transition State
(Step 2)

\o %

\

\ @ @

@

————————— ®
Reactant Product
(Step 1) (Step 3) <

Solvent Reorganization
(rigid 1D path)
WOCTT postulates a rigid
3-step separable path

Assumes activation occurs solely via solvent
reorganization, ignoring coupled solute motion.

2 kcal/mol

activation energy
errors cause

30x rate

discrepancies

Presuming the bottleneck
location instead of optimizing
itintroduces severe rate
calculation errors.

__Presumed
Bottieneck

Optimized
Bottleneck
\ (VTST)

Methodological Advantages
and Quantified Comparisons

3 1 amu 15 amu
Theoretical Model ' Solute Mass Solute Mass
WOCTT (AW%) 2.6 kcal/mol 2.6 kcal/mol
Conventional TST
(Equilibrium) 3.1 keal/mol 3.9 kcal/mol
L i D e O s — | pEn
VTST \ *‘n
Monequilibrium Solvation) 3.2 keal/mol | 3.9 kcal/mol

Purpose: Compare classical activation free energies (AGt in kcal/mol) for a
2D test model across different theoretical methods.

Schenter, G. K.; Garrett, B. C.; Truhlar, D. G. The Role of Collective Solvent Coordinates and Nonequilib-
rium Solvation in Charge-Transfer Reactions. The Journal of Physical Chemistry B 2001, 105, 9672-9685.

https://doi.org/10.1021/jp011981k
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Theoretical Approaches: VTST

A Optimize-

('O Q able path

@ A &

Coljagy:
Ctiy,
& Coupjgq s0ivent
PflranedM O_’Ute C el‘gy_Ga
“/I'dffnen;,?grdinateg
"al Patp,

VTST treats solute and solvent
on equal footing

Optimizes the transition state bottleneck
dynamically across all degrees of freedom.

Soly,

Quantum
Tunneling

VAVRVA Effect

VTST seamlessly incorporates quantum
mechanical tunneling

Essential for light-particle transfers like proton
transfer particle transfers like proton transfer
without requiring artificial 1D approximations.

1D energy-gap OQO o)
coordinates simplify g ~O\
SN = @ .
multidimensional ~ © o o?
bath dynamics L&) OQ
Reduces complex solvent e
environments to a single, manageable

free-energy gap variable. R
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Probing lon Solvation at Sculpted Oil-Water Interfaces

EXPERIMENTAL SCULPTING & PROBING METHODOLOGY SOLVATION TRAPPING & ELECTRIC FIELD DYNAMICS

Ultra-Gentle Soft-
Landed lon Dosing

Hydronium ions deposited at
under 1 eV kinetic energy to
prevent structural damage.

Molecular
Beam source

Real-Time Kelvin Probe
Surface potential voltage
monitoring continuously

tracks precise average ion Aqueous Layers Trap Transporting lons

height across films. Interfacial water layers create attractive potential
wells, pausing ion drift until thermal escape.

Precision
Nanoscale
Film Sculpting

3MP . o
(Organic) Solvation Limits at
Sculpted ~12 Water Monolayers
Water (H,0) ‘ Sandwich 40
(Aqueous) | =~ Film a2
. [ a
. o D :
ool 5, | / D
g : The solvation potential
s | depth saturates fully
g 10 | once water thickness
Cryogenic % | reaches 12 monolayers.
Substrate @ :
05 oW 158 20 o5H o1
Water Thickness (Monolayers)
SOLVENT COMPARISON: RELATIVE SOLVATION POWER & DIELECTRIC CONSTANT
gb Hydronium
R?Iatlve ions
Solvation
Power 2 Water (H,0)
(kML) 0.75 2 (queous)
) =
S %@
Dielectric Electric Field High Electric Fields
Constant (s) D) Overwhelm Solvation Traps
- Collective fields near 109 V/m
systematically lower energy barriers
WATER METHANOL PROPANOL to accelerate ion escape.
(H,0) (MeOH) (PrOH)

Wu, K.; Iedema, M. J.; Schenter, G. K.; Cowin, J. P. Sculpting the Oil—Water Interface to Probe Ion Sol-
vation. The Journal of Physical Chemistry B 2001, 105, 2483-2498. https://doi.org/10.1021/jp003053b
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Centroid Molecular Dynamics:
Unlocking Quantum Vibrational Spectra

Centroid Molecular Dynamics (CMD) provides a scalable quantum statistical approach for
condensed-phase systems, revealing key spectral features and major hydrogen-bonding
redshifts in chloride-water clusters that classical methods miss.

Theoretical Quantum Spectral Insights
Advantages of CMD in Cl-(H,0), Clusters
Scalable Solution for ~400 cm™ Hydrogen-Bonding
Complex Systems Redshift Captured
1 T H

%\ ?ﬁﬁ - | Classical
o{ A ‘f‘ — *—é— simulation

&go Q- £

Formulated using classical
molecular dynamics algorithms
on an effective Feynman
path centroid potential.

Frequency

Accurately recovers the major O-H
stretch frequency shift caused by
strong hydrogen bonding.

Comprehensive

Spectral Broadening Selective Quantum Sensitivities

Vibrational

High-Frequency Low-Frequency

0-H Stretches Librations
AR Rotating
molecules ﬁ V2
i[|4, Thermal C&
W " fluctuations

Implicitly accounts for temperature, Quantum shift Quantum shift
rotations, overtones, hot bands, and Show massive Remain largely

vibration-rotation coupling. quantum shifts. classical.

Schenter, G. K.; Garrett, B. C.; Voth, G. A. The quantum vibrational dynamics of Cl—(H20)n clusters.
The Journal of Chemical Physics 2000, 113, 5171-5178. https://doi.org/10.1063/1.1290132
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Unlocking Aqueous Structure: Resolving the
Cr3* Hydration Shell via Molecular Dynamics

PROBLEM: SOLUTION & FINDINGS:
Overlapping Signal Interference Structural Findings & Observability
First shell multiple-scattering paths - . .
abscure signal contributions from Precise Interatomic f_ﬁg‘:;gg:;I}:)%!::tei%a:;:;mﬁggt:g::d'
the second hydration shell. . Distance Fitting: roughly one-third of the Fourier-
. c 2 9 First Shell Distance transformed signal peak.
R = (R)) =2.0008 A

Amplitude
Factor
(Sy?) = 0.821

Second Shell
Distance (Ri
=3914

A de' ted = Emed' tal
U[Il]ﬂ redicte ;‘_-'/ Xperimenta

Parameter Value Value
Reduction via MD:

Th | | g A . A
ftoﬂ:&apc”m“:msd R,: 1.9956 A 81 : 2.0908 A
T Ry 42522 A R,:3.914A

free parameters.

S2:0.821

Campbell, L.; Rehr, J. J.; Schenter, G. K.; McCarthy, M. 1.; Dixon, D. XAFS Debye-Waller factors in
aqueous Cr+3 from molecular dynamics. Journal of Synchrotron Radiation 1999, 6, 310-312. https:
//doi.org/10.1107/s0909049598018202
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Dynamical Nucleation Theory: Reevaluating Water Cluster Growth

DNT: Theoretical Framework DNT Findings vs. Classical Models
Minimizing reactive flux identifies exact Condensation rates exceed gas-kinetic
cluster dividing surfaces. collision rates by up to 10x.
Constraining Volume (ri*):
dynamical evaporation bottleneck (Dynamical Nucleation Theory) _ (Classical Nucleation Theory)
Bulk Liquid D
o & N
g 0 \GBS lnelICC?a(IjS"IJOsI')I

\

«Q i Gas-Kinetic

I Collision Rate

Condensation
Enhancement:
Up to 10x

Effective Collision Radius

Condensation rates are derived directly (Expanded due to intermolecular attraction)

via detailed balance. DNT predicts larger critical nuclei than

Evaporation Rate (k, ) Classical Nucleation Theory.
o DNT CNT
= |

> I >
o ! o
5] | \— Larger @
VTST Condensatlon Rate ] i Critcal & — Smaller

g Nucleus 'S Critical

? = g T Nucleus
<1 B i '
o . . o 1 N

Cluster Size " Cluster Size

Equilibrium constants connect VTST evaporation rates Higher reversible work requirements in DNT imply

directly to condensation rates without assuming unit sticking. significantly lower overall nucleation rates than CNT.
Optimal Radius (rh: Optimal Radius (r¥): (@) Optimal Radius (r):
28A 5.8A 8.5A
Evaporation Rate (ky;): Evaporation Rate (ky;): .,4/0\', Evaporation Rate (k)
160x10°s" 47x10%s™ |}\ \Jl 4.6%10°s
/ L5y
£ A ‘A K0 A

) . Condensation : Condensation U Condensation

Dimer (i = 2) Enhancement: 3.4x Tetramer (i=4)  Enhancement: 2.1x Decamer (i=10)  Enhancement: 1.5x

Kathmann, S. M.; Schenter, G. K.; Garrett, B. C. Dynamical nucleation theory: Calculation of condensation
rate constants for small water clusters. The Journal of Chemical Physics 1999, 111, 4688-4697. https:
//doi.org/10.1063/1.479230
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Dynamical Nucleation Theory:
A Kinetic Approach to Phase Transitions

DNT reformulates nucleation as gas-phase dissociation/association reactions, directly computing rate
constants using VTST to uniquely establish cluster boundaries, replacing classical static equilibrium models.

Theoretical Breakthrough: Application: Water
DNT vs. Traditional Models Cluster Kinetics at 243 K

¢ Two-Order-of-
Magnitude Rate Drop

Evaporation rate constant decreases
sharply from i=2 to i=4 before stabilizing

=t
X

Direct Computation
of Reaction Kinetics

Evaluates direct evaporation and
condensation rates without
relying on simplified collision

rate approximations.

=

Rigorous Cluster
Boundary Definition

Minimizes reactive flux via VTST
to establish a unique, non-arbitrary
cluster volume radius.

=)
>

Evaporation Rate Constant

<%

10°

Cluster Size (i) =2  Cluster Size (i)=4  Cluster Size (i) = 6

oge e Constraining  Constraining Radius Constraining Radius Constraining Radius
Fundamental Sensitivity Radis =28 A r =584 r=63A
to Free Energy Slope Evaporation Evaporation Rate Constant ~ Evaporation Rate Constant  Evaporation Rate Constant
Proves rate constants depend directly on Rate Constant 1.6 x 10" s 47x10%s7 1.3x100s"
the derivative Qf Helmholtz free energy Internal  Internal Pressure Internal Pressure Internal Pressure
with volume. Presswe P =43 atm P, =0.28 atm P, = 0.64 atm

Schenter, G. K.; Kathmann, S. M.; Garrett, B. C. Dynamical Nucleation Theory: A New Molecular Approach

to Vapor-Liquid Nucleation. Physical Review Letters 1999, 82, 3484-3487. https://doi.org/10.1103/
physrevlett.82.3484
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Unveiling Dynamic Disorder in Single Enzymes

over time.

Classical Kinetics: An Idealized Ensemble View Single-Molecule Reality:
Protein
Standard 1x2 Markovian Model Conformational DEFINITION: Dynamic Disorder
Fluctuations Arises from Protein
— & Conformational Fluctuations
.
1 Slow enzyme structural
= rearrangements
e s continuously modulate
W 3 activation energy barriers

Predicted Single- Non-Markovian Dynamics

Exponential Decay

KEY FINDING:
Non-Markovian
Models Accurately
Fit Real Trajectories
(p2 < 1.0)

Correlation Decay
Real-Time Trajectory

L Time

Time

N Supporting fin: Both non-Markovian
R KEY FINDING: Non-Markovia schemeumes successfully fit
KEY FINDING: Standard 1x2 Markovian Accurimental Trajectories experimental correlation decays
Models Fail Single-Molecule Trajectories within statistical uncertainty.

COMPARISON: Discrete 2x2 vs. Continuous Diffusive Frameworks

Supporting Detail: Ensemble kinetics predict a
single-exponential correlation decay that contradicts

single-molecule observations. k ki K
P /—\ 1P
Massive Fitting Error (¢? 2 6.2) State State
for Standard 1x2 Kinetics 1 ®__ 2
Fitting real Cholesterol Oxidase trajectories to K :
simple 1x2 kinetics ylelds severe statistical deviations. 2P Time
: Discrete 2x2 Model: Coupled  Continuous Diffusive Model:
Enzyme Sample  Standard 1x2 Fit Error (@2 : > 5
) £ el Conformational Channels Brownian Rate Fluctuations
Molecule A 23.95 . b i
Discrete models use coupled Diffusive models assume continuous
Molecule B 6.21 conformational channels. Brownian rate fluctuations.
Enzyme  Discrete 2x2 Diffusive Model | - Fourth-Order Correlation
Sample  FitError (?)  Fit Error (¢?) \ 25 \ Functions (C,)
52 S
Molecule A 0.479 0.925 sg Distinguish Models
Molecule B 0.338 0.432 8 [ Higher-order time correlations reveal fine-

scale model differences at long time lags.

Schenter, G. K.; Lu, H. P.; Xie, X. S. Statistical Analyses and Theoretical Models of Single-Molecule En-
zymatic Dynamics. The Journal of Physical Chemistry A 1999, 103, 10477-10488. https://doi.org/10.
1021/p992324
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Variational Transition State Theory
of Vapor Phase Nucleation

A dynamical, molecular-level framework for

calculating evaporation rates during cluster growth.

Theoretical Framework & VTST Formulation

Spherical Dividing
Surface Optimization
Minimizing reactive flux
through a spherical
surface uniquely
determines the physical
cluster volume.

= A0
kysr = £¢

Evaporation Rate Linked
to Free Energy Derivative
The evaporation rate constant
is directly proportional to the
Helmholtz free energy
derivative with radius.

A

Stable Cluster

Transition State
°

v

Benchmark Simulation Results
(Water Clusters at 243 K)

Optimal Cutoff
Radius (rgy)

Water
Cluster

Reactive Flux
Minimization
Locating the minimum
reactive flux reveals
distinct bottleneck
radil for individual
cluster sizes.

Dissociation Rate
Constant (Krsr)

Water Cluster
Species

pon

Water Dimer (H,0,)

B

Water Trimer (H,0,)

Optimal Cutoff
Radius (r,)

é 7 i
&

@@
¥ A

®

Ideal Gas Limit Convergence

At larger separation distances, cluster free energies converge
toward non-interacting ideal gas limits.

Schenter, G. K.; Kathmann, S. M.; Garrett, B. C. Variational transition state theory of vapor phase nucle-
ation. The Journal of Chemical Physics 1999, 110, 7951-7959. https://doi.org/10.1063/1.478727

200


https://doi.org/10.1063/1.478727

Surface Electron Standing Waves
in Stimulated Desorption

Mechanism & Experimental Observations Origin of Excitation &
s Practical Applications

Quantum interference modulates

incident electron density

Interference of unscattered and lattice-scattered waves
forms spatial electron density maxima and minima.

Excitation
localized on Si
bonded to Cl

oy Desorption originates from
\Or N excitation on the silicon atom
e

¥
o/
A
Theoretical modeling matches experiment only
when the excitation is localized on Si bonded to Cl.

'

Surface standing waves
induce 8% yield oscillations m
T — +8% Yield

17 eV electron energy

threshold for CI* ion
desorption
> Dataacquired between 20-40 eV Enables site-selective atomic removal
lon yield exhibits reproducible b Ll e and materials control
fine-structure variations as a function e frocta) Tuning incident electron beam angle and energy enables
of sample azimuth angle. preferential desorption from specific surface sites.

Sieger, M. T.; Schenter, G. K.; Orlando, T. M. Stimulated Desorption by Surface Electron Standing Waves.
Physical Review Letters 1999, 82, 3348-3351. https://doi.org/10.1103/physrevlett.82.3348
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Reconciling Water Dimer Enthalpy:
Quantum Mechanics & Time Scales

The Problem: Breakdown of Harmonic Models Above 200 K

Harmonic approximations

Low dimer concentration in
fail above 200 K

High scatter among historical

vapor (~1% at 373 K) experimental values

-3.3 kcal/mol

P % -3.3 kcal/mol . J

& f D 1% ° O?d%@ o OOdDOoo

(?H%D J"’% Cc;r;(;gn;t;a'l(llon ® e OO @G%O OO‘\.,OO
Halieiel B NG e
2200K >200K 5.2 keal/mol
Standard harmonic theoretical models ignore dissociation,

Extremely low concentrations make absolute Unreconciled experimental enthalpy measurements
binding energy difficult to measure experimentally. ranged widely from -3.3 to -5.2 kcal/mol.

leading to severe errors at elevated temperatures.

Combined Feynman path integrals NS
with classical dynamics —j( )

Quantum simulations using path integrais capture
both full anharmonicity and dynamic dissociation.

Experimental techniques probe Characteristic time scales unify
distinct time scales theory and experiment

Experimental Method Dimer State Captured

Time scale
SHORT TIME LONG TIME LIMIT
(~1ps) (t—> o) | \ﬁ” Submillimeter Tightly bound  Long Time
o U Spectroscopy dimersonly  Limit (t - o)
e Y
D —WIH\\> & Trapped, )
C>1 \l\ L’ 1; Ooe%o c;llaeurgiavlity < ES n:jeta?table, ' Sh(oq! Tlsne
v and collisiona ~1ps
% eo @ 6@, @ & Second Virial B0 e
Thermal Conductivity Submillimeter ) ) I L5
& Second Virial Spectroscopy # Matching theoretical definitions to
Probe ~1 ps time scales Probes tightly bound M experimental measurement durations
Trapped, metastable, states 2. ® resolves all past data contradictions.
and collisional dimers o o

Schenter, G. K. A quantum statistical mechanical study of the enthalpy of formation of the water dimer.
The Journal of Chemical Physics 1998, 108, 6222-6232. https://doi.org/10.1063/1.476029
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Modeling Na* Adsorption at the MgO (100)
Interface: EXAFS Spectral Insights

Molecular Dynamics and FEFF6 calculations reveal why defect sites
dominate EXAFS signals and how hydration affects spectral analysis.

Surface Site Binding & Detectability (Terrace vs. Defects)

Large Thermal Motion

Mutes Terrace EXAFS Signals

High thermal displacements destroy
scattering coherence at room temperature.

Flat
Terrace

Na* Binding Strength Escalates
dramatically at Surface Defect Sites

® © @

Site  Flat Terrace Step Edge Step Corner (Kink)
Binding 34.0 =5 A0 kool i
Energy | 3.6 keal/mol eyl =>  104.0 kcal/mol
Debye- P

Waller ) © °
Factor s? \ 4 _—
at 300 K T
0.210 A2 0.005 Az 0.002 Az

Binding energy rises from terrace to edge and corner.
Defect Sites Yield Sharp, X-ray $Catt|ering
Observable EXAFS Spectra Signa
Tighter binding at step defect
sites yields low Debye-Waller SCS{;(&%T%Q I sc\gﬁgéd
factors and clear signals. signal signal

In Situ Hydration &
Spectral Deconvolution

(OPNG))
® @ @
T.H\ ‘”)

Q. ;
(H e & H

~

Hydration Significantly Enhances
Overall EXAFS Signal Intensity
Surrounding water oxygens act as efficient
scatterers, boosting overall Fourier transform
amplitudes.

Overlapping
Oxygen Signals
Complicate
Near-Neighbor
Analysis

Longer-Distance

Magnesium Paths Unique

Provide Clear interfacial
Interfacial identifier
Signatures ~28 A

Scattering from magnesium
atoms at 2.5-3.0 A uniquely
identifies interfacial
surface binding.

McCarthy, M. I.; Schenter, G. K.; Chacon-Taylor, M. R.; Rehr, J. J.; Brown, G. E. Prediction of extended
x-ray-absorption fine-structure spectra from molecular interaction models: Na + ( H2 O ) n — MgO (100)
interface. Physical Review B 1997, 56, 9925-9936. https://doi.org/10.1103/physrevb.56.9925
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Quantum Mechanics in Solution-Phase Reactions:
How Solvent Friction Suppresses Rates

Classical VTST Predicts Quantum VTST Reveals
Minor Rate Decreases Severe Rate Decay

Reaction Energy
Reaction Energy

Classical friction d ) Orders of
e T Mechanisms of 1 P
factors less than 10. Quantum Damping g

Rate Reduction

Exponential Bound-

' State Partition Decay

- Friction frustrates solute
2 vibrational modes, expon-
suppressing quantum
. partition functions.

'@

Rate Reduction Solvent Drag Quenches

H + H, reactive flux at Quantum Tunneling H + H2 quantum reactive flux
high friction, relative drops by 10" at high friction
to gas phase. Solute-bath coupling versus 102 classically.

broadens adiabatic barriers,

Classical theories show rendering tunneling negligible
only minor rate decreases at high friction strength.
due to solvent drag.

Quantum variational corrections
‘* to reactive flux exceed two orders

of magnitude under friction.

McRae, R. P.; Schenter, G. K.; Garrett, B. C. Dynamic solvent effects on activated chemical reactions Part
II.—Quantum mechanical effects. Journal of the Chemical Society, Faraday Transactions 1997, 93, 997-1009.
https://doi.org/10.1039/a605914g
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Reversible Action-Space Work
Quantum Transition State Theory (RAW-QTST)

Theoretical Framework conical action-space Application to H,
& Limit Unification framework Desorption from Cu(110)

High Temperatures
(Classical TST)

>
P>

Reduced to classical TST

Correct Rate Calculations
Across All Temperatures

Accurately accounts for quantum
tunneling and full anharmonic effects
without unphysical artifacts

Dramatic Drop in
Free Energy Barrier

Thermally assisted tunneling
significantly lowers the effective
barrier at low temperatures

Temperature Dependence of
Free Energy Barrier for
H, Desorption from Cu(110)

Bridges Classical and
Low-Temperature Limits

057 0.46 eV
=
Q .
= & 0.34 eV
Minimum Action § 031
Path (MAP) =9
Reduced to o - o Y27
instanton theory Identification &
[ -
Connects closed Feynman £ o
paths using elastic springs

Low Temperatures to capture delocalized 0
(Instanton Theory) tunneling trajectories 300K 100K 50K

Temperature (K)

Mills, G.; Schenter, G.; Makarov, D.; Jénsson, H. Generalized path integral based quantum transition state
theory. Chemical Physics Letters 1997, 278, 91-96. https://doi.org/10.1016/s0009-2614(97)00886-5
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Quantum vs. Classical Simulation of Ice |h

lllustrating how quantum mechanical effects affect the melting point, structure,
and energetics of ice Ih compared to classical modeling.

LOW-TEMPERATURE & MELTING DISCREPANCIES (<280 K) HIGH-TEMPERATURE CONVERGENCE &
SIMULATION EFFICIENCY
Quantum Water Melts ~20 K B !
Lower Than Classical Water ehavior Converges
Above 300 K
CLASSICAL SIMULATION | QUANTUM SIMULATION CLASSICAL
| :{& Q &
» 9 & e ..
iy ___ Reduced ~ e TEMPERATURE
; 280 K by ~20 K e 2 260 K (300K+)
Estimated Melting Estimated Melting
ol Classical and quantum structural functions align
Hydrogen bonds are Hydrogen delocalization at room temperature, justifying classical modeling.
strong and localized. weakens hydrogen bonding.
5x Computational Cost
: for Quantum Accuracy
Potential Energy

Hvd Comparison (kcal/mol)

ydrogen @ Classical Quantum
Drives Structural
Disorder

-9.78™% q
10.05 Classical Cost
-10.78 -11.30

11.75

i HH HQZG

Hydrogen thermal dispersion
length reaches 0.45 A at 240

Delocalization 0
K, disrupting lattice stability. 3

Using 5 beads per particle in path
240K 280 K 300 K integral simulations sufficiently
captures quantum effects.

Gai, H.; Schenter, G. K.; Garrett, B. C. Classical and quantum mechanical studies of ice Th near the melting
temperature. The Journal of Chemical Physics 1996, 104, 680-685. https://doi.org/10.1063/1.470864
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Quantum Mechanics in Amorphous Ice:
Why Classical Models Fail

CLASSICAL SIMULATION
(FAIL)

Classical simulations fail
for low-temperature H,0

Quantum delocalization disrupts the
hydrogen-bonding network, making classical
models structurally inaccurate at 77 K.

Nearest Oxygen (Ro1-04)

S  273A

Next-Nearest Oxygen (Rot-07)

JA2 433A

Hydrogen Bond (Rog-+3)

Q0o 175A

QUANTUM D,0 SIMULATION

(CLASSICAL-LIKE)

Heavy water (D,0)
retains structural order

Heavier deuterium atoms limit quantum
tunneling, keeping D,0 structure
qualitatively similar to classical models.

Nearest Oxygen (Ror-04)

&  2.83A

Next-Nearest Oxygen (Roi-07)

J09 439A

Hydrogen Bond (Ro4-13)

@ » 186A

QUANTUM H,0 SIMULATION

(QUANTUM BREAKDOWN)

Zero-point motion
pushes molecules apart

Quantization of vibrational motion in
anharmonic potentials expands
average intermolecular distances.

Nearest Oxygen (Ro1-04)

&  3M1A

Next-Nearest Oxygen (Rp1-07)

Hydrogen Bond (Rog-13)

&, ~240A

Gai, H.; Schenter, G. K.; Garrett, B. C. Quantum simulation of high-density amorphous ice. Physical Review
B 1996, 54, 14873-14876. https://doi.org/10.1103/physrevb.54.14873
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Quantum Effects & Anharmonicity in lodide-Water Clusters

Classical vs. Quantum Cluster Dynamics

CLASSICAL MODELS (70 K) QUANTUM & ANHARMONIC MODELS (70 K)

Classical models fail at low temperatures Quantum tunneling enhances hydrogen exchange

tunneling /

= | /%v:? S
.0, gy s
a5

= =
i\ 2
Quantum delocalization and zero-point motion Quantum simulations at 70 K reveal hydrogen atom exchange
dominate cluster dynamics as temperatures drop. rates an order of magnitude higher than classical predictions.
Electron Stabilization Energies (E,,,) at 70 K Quantum Simulation & Experiment
2.416 eV 2.340eV | ™ Quantum Simulation
M Experiment 2.05ev
1.413 eV 1.323 eV 1.23eV
0.466 eV’ 0.437 eV
| |
n=1 n=3 n=6 n=1 n=3 n=6 n=1 n=3 n=6

Quantum stabilization energy calculations at 70 K closely match

| Classical Simulation
experimental photoelection spectroscopy measurements.

Breakdown of the Harmonic Approximation

Harmonic models fail for multi-water clusters (n > 1)

Seo - == Harmonic Approximation
o, B

~.

—— Harmonic Approximation
=~ Anharmonic & Quantum

Binding enthalpy
temperature

Harmonic approximations predict incorrect Neglecting anharmonicity and accessible local energy minima
temperature trends for binding enthalpy whenn > 1. creates massive binding enthalpy deviations in larger clusters.

Gai, H.; Schenter, G. K.; Dang, L. X.; Garrett, B. C. Quantum statistical mechanical simulation of the
ion—water cluster I—(H20)n: The importance of nuclear quantum effects and anharmonicity. The Journal
of Chemical Physics 1996, 105, 8835-8841. https://doi.org/10.1063/1.472612
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Residual Metallic Resistivity at Absolute Zero

The 0 K Scattering Mechanism Physical Scaling & Mathematical Properties

Scales inversely with square root of ion mass

Po X M—1/2

Electron-phonon resistivity survives at 0 K

o e~ ~o— @ |
| . I P~ . Higher p,
-~ < —_
: 8lig z \
® o C .
~ 2 )
[}
@ ( M Po
) Vanishes
Zero-point ion motipn interacts with Fermi—gurfape electrons
to maintain non-zero electrical resistivity. Light lon Mass (M) Infinite lon Mass (M - )
Sl 5 5 . 5 Residual resistivity scales as M-1/2) and vanishes completely
Phonon emission persists while absorption vanishes as lon mass approaches infinity.
O — A\J O Stronger ion parameter dependence than impurities
A N\ :
|
Q |
: i
I
Phonon Emission Phonon Absorption !
(Vanishes at 0 K) |
. e |
At 0 K, phonon occupation drops to zero, eliminating Defect Scattering I Zero-Point lon Motion
absorption while inelastic emission continues. (Impurities) | ) g
p : Unique & Stronger Scaling
T Weaker Dependence with lon Mass & Valence
Onset criterion occurs at T< T, s L : (Allows experimental distinction) )
—4— Debye Temperature (T,) Prevents low-temperature mathematical singularities
Well-Behaved
Lorentz Expansion
(Non-zero pp)

Tp /5 —j Residual Resistivity ;
Detinatas Lorentz Expansion
Absolute Zero (0 K) — =
P Dominates over Bloch's
( TS term below one-fifth of
the Debye temperature. Non-zero residual resistivity maintains a well-behaved
Lorentz expansion for electron distribution.

Liboff, R. L.; Schenter, G. K. Electron-phonon scattering contributions to metallic resistivity at 0 K. Physical
Review B 1996, 54, 16591-16601. https://doi.org/10.1103/physrevb.54.16591

209


https://doi.org/10.1103/physrevb.54.16591

Structure and Dynamics of Water
on MgO (001) Surfaces

Isolated Water Dynamics & Energetics Multilayer Interfacial Structure

Intrasite Rotation (K;ot) @ 3 g) € 3

57 x10" 5" 8 4 % o g

e ) g) Bulk Isotropy % £

Surf Desorption (dsorb) f C‘ g) (’) 8 CB a
11x 10567 % (,) (93(!) €

Transition rates at 300 K
Low-Energy Adsorption . : f % C‘
at 17.5 kcal/mol

Effective Diffusion Constant of

-6 2 Tightly Bound
8.0 X 1 0 chn l S First Monolayer
Forms at 2-3 A with
one water per surface
« magnesium and
minimal interlayer
exchange. First layer spllts into -17°
Diffusion dominates over desorption by five orders and +30° angles; regions
of magnitude, causing high surface mobility. beyond 6 A resemble bulk water.

McCarthy, M. I.; Schenter, G. K.; Scamehorn, C. A.; Nicholas, J. B. Structure and Dynamics of the Wa-
ter/MgO Interface. The Journal of Physical Chemistry 1996, 100, 16989-16995. https://doi.org/10.
1021/jp961373i
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Deconstructing Molecular Interactions:
The 3-Component NEDA Framework

o @

Electrical Interaction (EL)

Charge Transfer (CT)

Core Repulsion (CORE)

K7

0N

Classical Electrostatics
& Polarization

Combines classical static
electrostatics, polarization, and electrical
self-energy into one unified term.

Orbital Donor-Acceptor
Transfer
Measures stabilizing quantum

mechanical orbital density transfers
between interacting molecules.

Short-Range
Pauli Repulsion

Captures quantum Paull repulsions
that prevent interpenetration of
molecular charge densities.

Value for Li*(H,0): -47.0 kcal/mol Value for Li*(H,0): 17.4 kcal/mol Value for Li*(H,0): -6.2 kcal/mol
\ J \ J

Spatial Range Dynamics

Equilibrium Quantum CT and CORE active only Long-Range Interaction EL entirely determines
(raq) Effects Trigger during density overlap. Is Purely Electrical interaction energy beyond 1 A.
Short Range (<1 A) Long Range (>1 A)

Components demonstrate rapid exponential convergence with increasing basis set quality.

Schenter, G. K.; Glendening, E. D. Natural Energy Decomposition Analysis: The Linear Response Electrical
Self Energy. The Journal of Physical Chemistry 1996, 100, 17152-17156. https://doi.org/10.1021/
jp9612994
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Quantum vs. Classical Simulation
of Aqueous lonic Clusters

CLASSICAL DYNAMICS QUANTUM SIMULATION

p ®

-

»/

/ 100K

@@g
.9

TOTAL ENERGY DIFFERENCE
For n=6 at 100 K, quantum binding enthalpy differs
by 11 keal/mol from classical predictions. / 200 K
SYSTEMATICALLY HIGHER BINDING ENTHALPIES
Quantum simulations predict less negative binding 300K
enthalpies primarily due to zero-point energy effects. m¢
1 . 5 kcal/mol st per warer PSEUDOPARTICLES (P) REQUIRED
Energy difference between classical and quantum results lllustrates the convergence requirement for quantum
is ~1.5 kcal/mol per water molecule at 100 K. pseudoparticles (P) as temperature decreases.
- STRUCTURAL DIFFERENCES (ATOMIC PAIR DENSITIES) ——
Sharp,
L ~~h Broader,
'\ll;ae[;ﬁ:' f Outward—fhiﬂed
8 K /L& ‘
HYDROGEN ATOM A,

CLASSICAL ATOMIC PAIR DENSITIES EXCHANGE PROBABILITY QUANTUM ATOMIC PAIR DENSITIES
Defined, precise atomic positions Quantum results show non-zero exchange Nuclear delocalization causes atomic pair

with distinct peaks. probability betweep hydrogen atoms, distribution peaks to broaden and shift outward.
unlike classical models.

Gai, H.; Dang, L. X.; Schenter, G. K.; Garrett, B. C. Quantum Simulation of Aqueous Ionic Clusters. The
Journal of Physical Chemistry 1995, 99, 13303-13306. https://doi.org/10.1021/j100036a001
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Variational Centroid Density Theory in Quantum Tunneling

THE PROBLEM: STANDARD FIXED CENTROID FAILURE THE SOLUTION: VARIATIONAL CENTROID OPTIMIZATION

Asymmetric
potential energy barrier

Classical
Centroid

Yy

Variational
Centroid (ugp)

Classical Bottleneck Shift Centroid to Find
Misalignment Minimum Rate

Standard CD constrains quantum centroids to classical : . v P
: i : : Varying the centroid location u minimizes the
barrier tops, failing for asymmetric potentials. transmission coefficient to define the true quantum
bottleneck.

SEVERE LOW-TEMPERATURE ERROR . . P
Alignment with Instanton Limit

UP TU 5 URDERS OF At low temperatures, the optimal position uyy shifts
250K | 9.0 M AGNITUDE ERROR toward the centroid of the inverted periodic orbit.
< At 50K, fixed-centroid calcu-
= lations overestimate quantum RESTORED ACCURACY WITH VCD
5 transmission by up to 10°.
U 2.8 x 10° 4.9x107
3 0 .
g 7 ERROR REDUCED TO
: WITHIN FACTOR OF 5
Combining VCD with Gilian velocity
2 1.9 x 101& hhx 1023 corrections restores accuracy at
extreme luw temperatures.
Exact Standard Exact Variational
Correction  Centroid Centroid

Messina, M.; Schenter, G. K.; Garrett, B. C. A variational centroid density procedure for the calculation
of transmission coeflicients for asymmetric barriers at low temperature. The Journal of Chemical Physics
1995, 103, 3430-3435. https://doi.org/10.1063/1.470227
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Reversible Work Quantum TST:
Deciphering H, Surface Dissociation

Methodology: Physical Insights:
Reversible Work QTST H, Dissociation on Cu(110)
BERT G ESEE Classical Regime Quantum Regime
modeled via cyclic (>600 K) (<400 K)
path integrals with
constraints applied 400 K Crossover 0.38 eV under quantum

to Tunneling tunneling

H, f H, &

directly to centroids.

0.38 eV
0.73 ev Activation Energy (E,)
Activation) Energy. _
( % =
Methodology: )] -
Reversible Work QTST =, N ’
Centroid-Constrained  pj E e
Path Integrals lrec;:rzfﬁn; i *®

Entropic Barrier
& Lattice Relief

| Classical Regime
i (>600 K)

400 K Crossover
| to Tunneling

Dominant Mechanism:
Over-barrier crossing

Quantum atoms are modeled Evaluates reversible work I
via cyclic path integrals with by incrementally shifting ! Molecular rotation is constrained
constraints applied directly constrained hyperplanes ! Transmission Coeff. (k): at the surface, but copper lattice
to centroids. along the reaction path. ! 0.54 +0.08 motion relieves net entropy.

Mills, G.; Jénsson, H.; Schenter, G. K. Reversible work transition state theory: application to dissociative
adsorption of hydrogen. Surface Science 1995, 324, 305-337. https://doi.org/10.1016/0039-6028(94)

00731-4
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Solution Reaction Kinetics:
Solvent Spectral Profiles & Rate Control

Exponential Friction Gaussian Friction Creates
Enables Rapid VER an Energy Bottleneck
Barrier Top
High-Frequency Lacking High-
Modes Present Frequency Modes

Solvent Spectral
Density ¥(w)

Solvent Spectral
Density ¥(w)

w (Freguency) w (Frequency)

Solute

Frequency-Dependent
Rate Limitations

The solvent spectral density
¥ (w) determines which
relaxation step becomes the
overall reaction rate limiter.

Step 1: Barrier Region
Energy Relaxation (BER)
Low-frequency solvent
modes drive initial solute
relaxation off the barrier
top into the well.

Step 2: Vibrational
Energy Relaxation (VER)

Lacking high-frequency
modes, Gaussian friction

Step 2: Vibrational Energy

Relaxation (VER) Solute ———— ) Solute  4uses slow VER, creating a
| -diffi -limited reactions, solut

High-frequency solvent modes. eIl C T o are Goverred by setereenery botteneck.
near solute well frequency drive solvent-solute energy transfer. Differences

deep relaxation to thermal in high-frequency solvent spectral density Standard theories only measure BER,

equilibrium. determine whether standard rate theories failing to predict the true VER-limited

accurately predict reaction kinetics. reaction rate.

Reactive Flux and PGH theories Rate Theory Breakdown

accurately predict rates. for Gaussian Friction.

High-frequency spectral density allows fast VER.

Reese, S. K.; Tucker, S. C.; Schenter, G. K. The reactive flux method in the energy diffusion regime. II.
Importance of the solvent’s spectral profile. The Journal of Chemical Physics 1995, 102, 104-118. https:
//doi.org/10.1063/1.469381
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How the Protein Matrix Shapes Photosynthetic Energy: A QM/MMpol Study

Solvated Reaction Center (Full Solvated RC)
Protein field breaks charge transfer symmetry

Gas-Phase Dimer (P)

Solvating Pin the protein
/. matrix induces asymmetric
charge transfer from P, to Py.

Monomer
Dimer

Energy energy

e |

Stark angle drops from 87° to 43°
Full protein polarization aligns
the calculated Stark angle with

Model Architecture & Calculated Properties .
experimental measurements.
QM/MMpol Model Composition  Excited State Charge Transfer

Isolated dimer formation accounts for most of
the monomer-to-dimer absorption red shift.

Data Table: Progressive Impact on Q,, State Properties

Property Isolated Dimer N1 ELIZICT ¥
(Qy State) P - Experimental

QMﬁlZS BC
atoms == Transition -1 -1 -1
11,062 cm 10,826 cm 10,400 cm
N?t transfebr of 0.15 L Energy ! <
electrons between
20,158 dimer halves #s Stark Effect 87° 37
polarizable Angle (Z,)
MM stoms
The quantum region includes the P dimer  Excitation drives instantaneous charge ngle Change 35D 48D 5.9-10.5D
shift from the P, subunit to the P,, subunit. (184

and five key amino acid side chains.

Thompson, M. A.; Schenter, G. K. Excited States of the Bacteriochlorophyll b Dimer of Rhodopseudomonas
viridis: A QM/MM Study of the Photosynthetic Reaction Center That Includes MM Polarization. The
Journal of Physical Chemistry 1995, 99, 6374-6386. https://doi.org/10.1021/j100017a017
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Dynamics in Solution: Unlocking the Muonium Solvation Anomaly

EQUILIBRIUM SOLVATION MODEL
(STATIC LIMITS)

Solvent Bath

)’) a Hydrogen (H

Deuterium (D)

0%{ - f

NONEQUILIBRIUM SOLVATION MODEL
(DYNAMIC EFFECTS)

Dramatically Solvent Friction Selectively
Fails for Muonium Suppresses Light Isotopes
. Dynamic
Rate Ratios Vet ~
Mu / " U
s ‘ :

Massive
Overestimation
(96-fold Increase

Predicted)

Increasing solvent friction
drops Mu reaction rates by

\over three orders of magnitude.

Solvent Coupling
Quenches Quantum
Mechanical Tunneling

Static theory predicts a 96-fold
increase for Mu, but experiments
observe only 3.1-fold.

;\\

Accurately Predicts Heavy
Isotope Enhancements
’ “Q ISOTOPE RATE RATIO COMPARISON
\ Q (AQUEOUS/GAS)

Equilibrium  Nonequilibrium
Model Model
(kee/kg) (kne’kg)

Experimental
Ratio
(keq/kg)

Activation
Free Energy Barrier

o . I~
Rate Increase P U u | %

Isotope

Hydrogen (H) 32 36 21
i e acounts o1 gas a0 e I 96X  2.5¢ | i Mo tuaing
Muonium (Mu) Overestimation ~ Corrected factor by 7.6-fold.

rate increases for H and D.

GARRETT, B. C.; SCHENTER, G. K. ChemlInform Abstract: Nonequilibrium Solvation for an Aque-
ous-Phase Reaction. Kinetic Isotope Effects for the Addition of Hydrogen to Benzene. ChemlInform 1995,

26. https://doi.org/10.1002/chin. 199506313
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Variational Transition State Theory (VTST)
for Solution-Phase Reactions

System Partitioning Dual Solvation
& Quantum Framework Modeling Approaches

; Equilibrium solvation

" s @ y adjusts reaction energetics
i : Uses a mean-field potential of

mean force assuming instantaneous

solvent equilibration

Explicit Cluster Model

reacting solutes and critical
__ immediate solvent molecules
are treated explicitly

Solvent dynamics
mapped to an
oscillator bath
“@ | Frictional effects of the
1 solvent environment are
P X i ) modeled by coupling
— solute motion to

=55 Semiclassical quantum harmonic oscillators.

corrections applied J

along the reaction pathy

Quantized bound vibrations

and tunneling corrections

use local potential derivatives
along the path.

Explicit Cluster Model

reacting solutes and critical
immediate solvent molecules
are treated explicitly

Reduced dimensions resolve Non-equilibrium solvation
multiple saddle points captures dynamic friction

Approximating bulk solvent avoids Uses a Generalized Langevin Equation
the impractical task of calculating (GLE) to model solvent-induced
full solution potential surfaces. recrossing and force fluctuations.

Garrett, B. C.; Schenter, G. K. Variational transition state theory for activated chemical reactions in
solution. International Reviews in Physical Chemistry 1994, 13, 263-289. https://doi.org/10.1080/
01442359409353296
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THERMAL PROPAGATOR
OPTIMIZATION

Parameter Evolution COMPARISON

via the Bloch Equation

Optimizes trial parameters to
determine accurate coordinate
space density matrices at low
temperatures.

Energy

Comparable Accuracy
to VQP and EPQR
Methods

Variational Quantum Propagation
via McLachlan's Principle

REAL-TIME DYNAMICS &
WAVE FUNCTION EVOLUTION

COMPARISON

Unrestricted Non-Gaussian
Wave Packet Evolution
Propagator-level optimization

allows trial wave functions to split
and recombine naturally over time.

Outperforms
Standard Gaussian
Wave Packets

A
>
9
@
= !
w (]
E i
2 Accurate !
& thermal 1226 1509 |
3 averages | COMPARISON
without i
| potential |
- expansions 3 =
Sl ——— 4 2
2 | 0.803 0.815 | =
i ! =
5 : 5
2 ! o
w 1
: Standard Gaussian
| Wave Packets
Y e ' Maintains high accuracy
- i | on strongly anharmonic
Accuracy of ground state energy ' and double-well potential
for harmonic + quartic potential surfaces.
\\

=/

Messina, M.; Garrett, B. C.; Schenter, G. K. Variational solutions for the thermal and real time propagator
using the McLachlan variational principle. The Journal of Chemical Physics 1994, 100, 6570-6577. https:

//doi.org/10.1063/1.467066
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Reversible Work Quantum Transition State Theory:
High-Dimensional Reaction Kinetics

METHODOLOGICAL BREAKTHROUGH

PARTITION FUNCTION
BOTTLENECK

Traditional quantum TST requires
evaluating partition functions
that become ineffective in
high-dimensional systems.

v
FORCE-AVERAGED
REVERSIBLE WORK

DUAL WORK
CONTRIBUTIONS

ROTATIONAL

TRANSLATIONAL
7
7

Computes statistical
force averages on
path integral chains,
eliminating partition
function evaluations.

Schenter, G. K.; Mills, G.; Jénsson, H. Reversible work based quantum transition state theory. The Journal

Integrates both
translational and
rotational hyperplane work
to determine the accurate
free energy barrier.

PERFORMANCE & BENCHMARK

CORRECTS FIXED-CENTROID
OVERESTIMATION

““»— Overestimates Barrier
%, (1-2 kcal/mol due to
path curvature)

MATCHES EXACT
DYNAMICS

Exact
Dynamics

N\

o

Reversible
Work TST

\
Eliminates
overestimation,
reflecting accurate
barrier.

Yields rate constants in close

agreement with accurate
quantum wavepacket
dynamics calculations.

COMPARISON: COMPUTATIONAL
EFFICIENCY & APPLICABILITY O X

CORE EVALUATION
MECHANISM

HIGH-DIMENSION
METHOR SCALABILITY
High (but
overestimates
& barrier height)

Fixed

Force average
Centroid

at a single point

Centroid
Density
(MSG)

Low (Monte
Carlo sampling
degrades)

Partition functions
& densities

High (efficient

sampling
without partition

functions)

Reversible Force averages
| Work TST  across a surface

of Chemical Physics 1994, 101, 8964-8971. https://doi.org/10.1063/1.468447
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Quantum Tunneling in a Thermal Bath:
A Generalized Transition State Theory Approach

THE PROBLEM: LIMITATIONS OF THE SOLUTION: CANONICAL
GROUND-STATE APPROXIMATIONS MEAN-SHAPE (CMS) POTENTIAL

High State Densities

Ground-State ¢ :
in Solutions

Reaction Path

Effective Tunneling
Potential

Dense
Thermal Bath

Standard Ground-State
Models Fail in Dense Baths:
High state densities in solutions make
isolating single ground-state reaction
paths physically unattainable.

System-Bath
Subsystem Separation:
Separates primary reaction

coordinates from weakly
coupied, low-frequency
' thermal bath modes.

Effective Potential from Quantitative Accuracy

Omission of Bath Modes Causes Potential of Mean Force: Across Gas and Solution
Rate Errors Up to 1,000x: Constructs effective tunneling Models: Matches fuil adiabatic
Neglecting low-frequency bath potentials directly from statistical ~ tunneling calculations without
modes causes reaction rate errors of thermodynamic solvation free requiring exhaustive

1to 3 orders of magnitude. energies. adiabatic potential surfaces.

Truhlar, D. G.; Liu, Y. P.; Schenter, G. K.; Garrett, B. C. Tunneling in the Presence of a Bath: A Generalized
Transition State Theory Approach. The Journal of Physical Chemistry 1994, 98, 8396-8405. https://doi.
org/10.1021/100085a021
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Approximate Path Integral Methods
for Quantum Partition Functions

An efficient approach incorporating quantum mechanical corrections into
classical partition functions without prohibitive computational costs.

THE CHALLENGE: THE CENTROID PATH-INTEGRAL METHOD: PERFORMANCE
COMPLEXITY & COST EFFICIENT APPROXIMATION & ACCURACY

WITHIN

10%

ACCURACY
AT 300K

Centroid of
Quantum Paths

Classical Integral with Highly accurate partition
Quantum Weighting functions for 1D and 3D systems

i near room temperature.
Expresses quantum partition

functions as classical

configuration averages 2o
multiplied by local quantum ‘@’ F
§ weight functions. “4‘ —_

Exact Quantum Computational

Mechanical Prohibitive for Local Centroid of
Partition Functions Multidimensional Quadratic Quantum Paths P Exact Classical
Systems Centroid Energy-Level Computational
Expansion Evaluations Efficiency
/ Truncated Barrier — o -
, | --=--4 ———— Tunneling Correction Substantial Matches Classical
High | H i Computational Effort  Integration Speed
Computational Applies truncated barrier model to
Effort prevent mathematical divergence in Requires substantially less effort
regions of negative potential curvature. than exact evaluations.
CONTEXT VALIDATION ACROSS 3D MOLECULAR FORCE FIELDS
Calculating exact quantum
mechanical partition functions is 2{ System & Exact \0/ Proposed
prohibitively expensive. This method Temperature QuantumZQM . Method ZQM

approximates the path integral by

expanding the potential quadratically o ”

around the centroid, combining classical OQb H20 (1000 K) 1.39x 1072 136x10° @
speed with quantum accuracy.

&, 502 (200K) 170 x 10" 166x10° @

S, 502 (1000 K) 3.06 x 1071 306x10" @

Messina, M.; Schenter, G. K.; Garrett, B. C. Approximate path integral methods for partition functions.
The Journal of Chemical Physics 1993, 98, 4120-4127. https://doi.org/10.1063/1.465021
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Variational Centroid-Density Quantum Rate Theory

Theoretical Limits &

Core Theoretical
Framework Benchmark Performance
Arbitrary Dividing Exact Limits in Classical

Surface Optimization & Harmonic Regimes

Extends centroid rate theory
to arbitrary nonplanar and
momentum-dependent
surfaces in phase space.

Classical VTST

Reduces to classical VTST at high
temperatures and recovers exact
quantum rates for harmonic potentials.

Exact Quantum Rates

Superior Benchmark
Rate Accuracy

T

i var

|

| Exact
8 Quantum

Centroid-Constrained 5 Efficient Solvent Scattering
Path Integration : Bath Coupling ‘ |

!Evalt{ates_;zl-l aseF-space th Incorporates exact harmonic 200K RU0K

!rr:aglnlary '|tr:]1e ey(?matn pa 3 bath influence functionals without Accurately reproduces exact quantum
o ? W cutor‘dlnalle da{] requiring additional quantum scattering rate constants across varying
tmhgr::r'}alén; CENLRICSTEC0 beads for solvent degrees. friction regimes at 200K and 300K.

Messina, M.; Schenter, G. K.; Garrett, B. C. Centroid-density quantum rate theory: Variational optimization
of the dividing surface. The Journal of Chemical Physics 1993, 98, 8525-8536. https://doi.org/10.1063/

1.464511
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Quantum Activated Rate Theory:
Variational Optimization of Dividing Surfaces

Calculating quantum mechanical reaction rates in condensed media using conventional Transition State Theory often leads
to inaccuracies. By applying a variational optimization scheme to rotate and shift planar dividing surfaces within centroid-
density path integral theory, rate constant calculations are significantly improved over standard analytic approximations.

THE PROBLEM: LIMITATIONS OF THE SOLUTION: VARIATIONAL

FIXED DIVIDING SURFACES SURFACE OPTIMIZATION
Rigid Saddle Point Parameter Minimization
Placement via Centroid Path Integrals

Minimizes the rate constant
functional across surface
orientation parameters using
conjugate gradient methods.

Conventional quantum TST
constrains the dividing
surface orthogonally to the
reaction coordinate at the
saddle point.

2-3x Rate Overestimation at Moderate Friction

Standard analytic methods like Voth's theory can overestimate
transmission coefficients in moderate friction regimes.

Up to 30x Slope Deviation Rapid Convergence

Feature Voth Analytic  Variational Planar from Grote-Hynes to Continuum Limit
Theory Optimization Optimal quantum dividing surface  Single-oscillator bath models
e avad slopes differ significantly from converge within a factor of
Moderate Friction Overestimates 5 regmeﬁt e classical Grote-Hynes values at 1.2 of full continuum bath
Accuracy (f = 15-25) rates by 2-3x 9 moderate friction. calculations.

exact rates

Classical .

Fixed atunrotated = Variationally rotated Grote-Hynes ,: L

Surface/Elexibility saddle point slope (y) & shifted (b)

|
Computational Low computational Path integral
Effort ‘ cost optimization search 1.2x convergence

Messina, M.; Schenter, G. K.; Garrett, B. C. Quantum activated rate theory: Variational optimization of
planar dividing surfaces. The Journal of Chemical Physics 1993, 99, 8644-8653. https://doi.org/10.
1063/1.465588
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Centroid-Density Quantum Rate Theory:

Taming Quantum Recrossing

SOLUTION
DQT Methodology

& -\
Hybrid Classical-Quantum
Integration:

Evaluates quantum equilibrium
statistics via path integrals
while classically evolving
centroid variables.

PROBLEM

Transition
State

Dividing
Surface

4

Classical
Barrier
Recrossing

Classical Barrier Recrossing

Standard Transition State Theory (TST)
fails when classical barrier recrossing
oceurs.

Core Methodology &
Mathematical Limits

Classical Trajectory
Propagation

Centroid
Variable

Quantum Path
Integrals

Effective Potential

Variational Centroid
Density (VCD) Theory

DQT

Captures Large-Scale
Recrossing Dynamics:
Effective potentials
accurately account for
one-bounce trajectories
without expensive long-
time quantum dynamics.

Major Error Reduction
Over VCD Theory:
Dramatically improves
accuracy in moderate
friction regimes.

Schenter, G. K.; Messina, M.; Garrett, B. C. Centroid-density quantum rate theory: Dynamical treatment
of classical recrossing. The Journal of Chemical Physics 1993, 99, 1674-1684. https://doi.org/10.1063/

1.465284
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Invariant to Dividing
Surface Choice:

Rate constant predictions
remain mathematically
independent of the
chosen dividing surface
location.

Exact Limit Recovery:
Reduces exactly to true classical
mechanics at high temperatures
and in harmonic systems.

Validation on Anharmonic Benchmark Models

Validati

gainst Exact Benchmark
(2D Eckart Barrier, 300 K)

81%

VCD Error Rate
M DQT Error Rate

39%
32%

16%

=5 f=10
Friction Parameter (f)
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Extended Variational Transition State Theory:

Non-Equilibrium Solvation

Incorporating non-equilibrium continuum solvation into Variational Transition State Theory (VTST)
improves chemical reaction rate calculations in polar solvents.

Limitations of Traditional The Generalized Non-
Solvation Formalisms Equilibrium VTST Model

Unified Statistical Hamiltonian

Combines solute Cartesian coordinates
and solvent reorganizational polarization
into a multidimensional system.

Reduction in [J\N\’f @

Rate Constants Direct Quantum Chemical Integration

Enables unconstrained use of arbitrary ab initio solute
charge distributions without arbitrary fitting.

Restrictive Charge
Interpolation

Prior models force solute charges
to follow fixed linear paths, failing
for S 1 and complex reactions.

9 ‘ O Impact on CVT Rate Constant Ratios (k,eq/k.g) at 298 K
Solvation Model Salve(:jt l/’;e’::l;ency CV‘(I'kRat/t’e(R;ltia
p neq’eq
Neglect of Internal ]
Solute Motions Equilibrium  Non-equilibrium O/o (Week Solute Salvent Coupling) 96 o’ 0.06 [N
Traditional approaches ignore Assumptions Effects
i i = Model Il -1 |
: 58.9 0.69
ng;?:g:gii?: gggﬂﬁg{‘g ssg{:ge Non-equilibrium solvation effects (Strong Solute-Solvent Coupling) . o
vibrations altering solvent mgnlﬁcagﬂy_suppress rea%tlon ©=@ Model Il s010em? 077
polarization. rate predictions compared to @=@ (Strong Solute-Solvent Coupling) .0cm ;

equilibrium assumptions.

Truhlar, D. G.; Schenter, G. K.; Garrett, B. C. Inclusion of nonequilibrium continuum solvation effects in
variational transition state theory. The Journal of Chemical Physics 1993, 98, 5756-5770. https://doi.
org/10.1063/1.464868

226


https://doi.org/10.1063/1.464868
https://doi.org/10.1063/1.464868

Electronic Structure & Conformation of DMABN

Ground State Stability & | 90° Twisted TICT State
Conformer Comparison ’ & Electronic Properties
Planar ec(2)-DMABN is the ground-state ec(1)-DMABN has the lowest
minimum energy structure internal rotation barrier
The amino nitrogen is trigonal
(sp? hybridized) with a 0° -
c/ phenyl-amino twist angle. 90 C

ec(1)-DMABN has the 90° twisting increases
ec(2)-DMABN switch a lowest internal ionization potential while
rotation barrier reducing dipole moment
Steric repulsion destabilizes st- and \
ec(1)-DMABN conformers Nes m
~H H 7 H H
-[ Hos N7 Ho N7 m
! Z ! Z lonization  Di
pole
H” e H” N % ec(1) Potential Moment
Indicates methyl groups Dipole drops from ~
i ps from ~7.4 D
copmeniohe el . lo-54 D asionaato
st-DMABN ec(1)-DMABN T T T et potential increases.

Through-space antibonding H-H interactions lower stability
compared to the hyperconjugated ec(2) conformer.

Conformer Comparison & Properties

Ground-state “pre-twist” ec(2)-DMABN st-DMABN ec(1)-DMABN
pet requ"ed fepmicr ”i Ground State 0.0 kcal/mol . +2.1 kcal/mol +3.9 kcal/mol
2l Relative Energy (Most Stable) : [
Internal Rotation ' 8.6 6.2 4.6 kcal/mol
Barrier kcal/mol kecal/mol (Lowest)
rDe‘ani‘;!ﬁgraef[‘Jﬁgg dogcr‘étl‘f: d"_";ttg‘t’:t T l Dipole Moment [N 74D [N 75D 74D
starting geometry. 10 BN »560 HEEM-55D 53D

Kafafi, S. A.; LaFemina, J. P.; Schenter, G. K. The electronic structure and conformation of dimethy-
laminobenzonitrile. Structural Chemistry 1992, 3, 9-14. https://doi.org/10.1007/bf00671975
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Benchmarking Quantum Dynamics in Solution:

Approxmate vs. Accurate Calculatlons

PERFORMANCE OF ADVANCED \ FAILURE OF STANDARD
APPROXIMATE METHODS \_‘ \ 0-" r/“ CONVENTIONAL APPROXIMATIONS
High Bath Frequencies Yield

Wigner Corrections Underestimate
Excellent Agreement Tunneling Up to 16.5x
) /ﬁﬁ\—\”\F/ » E— o p—

4 Accurate o
Excellent Quantum f 4 /' Standard Wigner
Agreement Benchmark ~ ) [ Corrections Severely
= | Underestimate
Reactive Flux

High Bath o,
Oscillators s Ta S
Match

) RN Significant
4/"‘\"* 2 Tunneling
X Regimes
; Wigner / Missed
Path-Integral N\ / \ Parabolic TST
Centroid Density \\ High _
— Friction /

S Upto
ICVT/ SCSAG. \ ] 6.5X
(vsT) / % Underestimate
/ 4 Low/Medium \§

-OW I Low/Medium Friction
Friction Regime
Path-Integral : Max Error: 2.1x

Regime
Centroid Density | Overestimate

ICVT / SCSAG
(VTST)

1 Max Error: 3.3x
Underestimate

Parabolic

_ Parabolic \.Tunnehng
Single-Oscillator Bath : Barr;gr
i orrections
Captures System Dynamics B UnoNYeics) Restitalor
Unphysical Massive Overestimates
Quialitative trends of multi-oscillator

Results Under Strong Friction
baths adequately captured

McRae, R. P.; Schenter, G. K.; Garrett, B. C.; Haynes, G. R.; Voth, G. A.; Schatz, G. C. Critical compar-
ison of approximate and accurate quantum-mechanical calculations of rate constants for a model activated

reaction in solution. The Journal of Chemical Physics 1992, 97, 7392-7404. https://doi.org/10.1063/1
463511
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Dynamic Solvent Effects and Reaction Path Curvature

Global Recrossing (Solute Curvature)

Local Recrossing (Solvent Friction)
Light atom transfers :
between heavy

moieties

Enhance path curvature, causing
large-amplitude trajectory recrossings

Random solvent collisions induce rapid, small-
amplitude recrossings at the transition state surface
Reaction-Path Curvature & Rate Ratios :

NPATIN | ioht-Light-Light

i Solute-Solvent Recrossing Competition
1.00 3 =

Me + HMe JEENNER LAV 0.73

Bu + HBu [REEWMERLNEEEENE | High 0.42

Increasing end-atom mass, o

decreases ratio of exact/variational gas-phase

rate constants relative to conventional TST

>

Damping of large

Increasing solvent-cage
curvature recrossings oscillations and small recrossings

Theoretical Accuracy Across Solvent Friction Regimes
Low Friction Regime (n* = 0)

Intermediate Friction Regime High Friction Regime
Conventional TST overestimates CVT optimizes dividing surface Conventional TST, Grote-Hynes, and
rates for curved paths due to location along minimum energy CVT converge as localized solvent

uncounted global recrossings paths to minimize rate errors

friction dominates dynamics
TST

CVvT
Optimization

Schenter, G. K.; McRae, R. P.; Garrett, B. C. Dynamic solvent effects on activated chemical reactions. I
Classical effects of reaction path curvature. The Journal of Chemical Physics 1992, 97, 9116-9137. https
//doi.org/10.1063/1.463970
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Semiconductor Surface & Interface Dynamics: TBMD Simulations

BULK DYNAMICS
(Anharmonic Behavior)

Temperature-Sensitive & Pronounced Anharmonic Effects

P
w
o
o
X

N
~

300K W

Spectral Density

Frequency | I*

Temperature-Dependent
Spectral Softening

Increasing temperatures from 2
K to 300 K causes optical mode
broadening and softening.

Semiquantitative
Agreement with Experiments

Bulk phonon frequencies match experimental data
within standard model variances at 300 K.

Pronounced
Anharmonic Effects

Higher kinetic amplitudes in bulk
lattices drive significant dynamic
spectral spread.

SURFACE & INTERFACE DYNAMICS
(Harmonic Behavior)

Stable, Predominantly Harmonic Potential

~ Quantitative Surface
pd Mode Accuracy

GaAs(110) surface optical modes match
experimental helium-scattering results
around 9.4-10 meV.

= — Surface
2 — Interface
@
[=]
I
8

Frequency
Predominantly

Harmonic Potential

Surface and Sb-interface spectral
density peaks remain strikingly
sharp compared to bulk.

Universal Surface
~— Rotational Mode

A characteristic ~9.5 meV optical
surface mode appears on both
GaAs(110) and InP(110).

TBMD vs. Experimental Surface Optical Phonon Modes

MATERIAL / SYSTEM TBMD MODE 1 (77K)  EXPERIMENT (296 K)
Clean GaAs(110) 9.4 meV 10.0 meV
Clean InP(110) 9.5 meV N/A
GaAs(110)-Sb Interface 9.7 meV 10.0 meV

Schenter, G. K.; LaFemina, J. P. Semiconductor surface and interface dynamics from tight-binding molecular
dynamics simulations. Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films 1992, 10,

2429-2435. https://doi.org/10.1116/1.577979

230


https://doi.org/10.1116/1.577979

DMABN Conformation:
Re-evaluating the Ground State

FLAWS IN THE PLANAR EVIDENCE FOR A
GROUND-STATE MODEL TWISTED GROUND STATE

" Polar Solvent %G}
Interaction

0ld Assumption:
Planar Ground State
(=07

New Understanding:
Twisted Ground State
(¢ = 30°) in Polar Solvents

Polar solvents drive
twist via Twisted
Intramolecular Charge Transfer
(TICT), shifting from
gas-phase assumptions.

Incomplete Omission of i Polar Cluster Ultrafast
Spectroscopic Data Range  Multi-State Interactions Potential Shifts Fluorescence Kinetics

\
$i !
: TOFMS
\ 1 Spectra Show
| Interactions

Ignoring S¢/S;
State Mixing
So

Vibrational v
Levels Near il
Minimum
(220°)
.

Ground-State

Twist (¢ = 30°)

Repuired for
Activation

Energy

Unreliable
‘.\90" Predictions

Barrier Crossing

Twist TOFMS
Gas-phase data only covers Previous potentials assumed TOFMS spectra show polar Short-time kinetic modeling
vibrational levels near the one excited state, ignoring molecules strongly interact requires a ground-state
minimum (£20°), making vital S4/S, state mixing at with DMABN to alter its twist (¢ = 30°) to cross the
predictions at 90° unreliable. large twist angles. gas-phase potential. activation barrier.

LaFemina, J. P.; Schenter, G. K. Twisted intramolecular charge transfer and the torsional potential function
of dimethylaminobenzonitrile. The Journal of Chemical Physics 1991, 94, 7558-7559. https://doi.org/
10.1063/1.460190
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Extended TICT Model: Photoinduced
Twisting Dynamics in Polar Solvents

This extended theoretical model explicitly incorporates solvent dielectric relaxation as a
dynamic variable alongside intramolecular twisting, providing a quantitative microscopic framework
for dual fluorescence in compounds like DMABN.

Theoretical Model The Three Dynamical Time Scales (DMABN at 223 K)
Foundations

Time-Dependent Potential Surface
Integrates solvent dielectric relaxation
as an explicit dynamic coordinate
alongside twist angle.

Dual Fluorescence States
Differentiates untwisted planar normal . Q N )
B-state emission from twisted Barrier Crossing
charge-transfer A-state emission. P~ Dynamics
(T, = 500 ps)
Intramolecular twisting
transition from the initial
B state to the
charge-transfer state.

Initial Well Equilibration Solvent Dielectric Relaxation
Non-Markovian Viscous Friction (t1~100 ps) (tg~1ns)
Incorporates time-dependent memory Rapid relaxation of photoexcited Slow reorientation and polarization
frictional forces to capture complex molecules within the initial of surrounding polar solvent
solute-solvent interactions. excited-state potential minimum. molecules around the dipole.

Schenter, G.; Duke, C. Theory of photoinduced twisting dynamics in polar solvents: application to dimethy-
laminobenzonitrile in propanol at low temperatures. Chemical Physics Letters 1991, 176, 563-570. https:
//doi.org/10.1016/0009-2614(91)90256-9
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Analytic Carrier Transport Modeling in Silicon

Mathematical Formulation & Piecewise Solution

Incorporate Acoustic &
Intervalley Scattering

Uses quantum-modified @
Boltzmann equation to account Z

for dominant electron-phonon

interactions in silicon. 4

Acoustic

@

Formulate
Difference-Differential Equation
Difference terms arise directly from discrete
energy shifts during equivalent intervalley
transitions.

Construct Piecewise
Analytic Distribution
The final distribution is
continuous, split at the

intervalley phonon
energy threshold.

Intervalley Phonon
Threshold

Schenter, G. K.; Liboff, R. L. Analytic Distribution for Charge Carriers in a Semiconductor Dominated
by Equivalent Intervalley Scattering. Defense Technical Information Center 1988. https://doi.org/10.

21236/ada202537
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Drift Velocity

Drift Velocity & Experimental Validation

Derive Closed-Form
Drift Velocity

Calculates carrier velocity as a
direct function of field, density,

and temperature.
Analytic
High Accuracy Salution
Upto 10™V/cm
Matches experimental
n-type silicon measurements
closely without using any 00®
free-fitting parameters. 00®
Experi-
\ mental Data

i

Physical Limits

at Extreme Fields
Divergence above

104 V/cm oceurs due to

neglecting nonequivalent
intervalley transitions.

Electric Field (V/cm)
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Semiconductor Fluid Dynamics:
Shifted Fermi-Dirac vs. New fSL Distribution

Comparison of traditional semiconductor transport predictions against a
new kinetic distribution (fg, ) incorporating acoustic phonon interactions.

(@Q#0)

SHIFTED FERMI-DIRAC (frp) y NEW DISTRIBUTION (fg,)
’ / . ~ y : Non-Diagonal
‘ d ~ (PsL =P = Pg)
ZERO HEAT - / ) ~| NON-ZERO
FLOW (Q =0) J k A / HEAT FLOW

E2-Dependent
Non-Linear
Correction

g Constant (ag)

LOW-FIELD
CONDUCTIVITY (o)

LOW-FIELD
CONDUCTIVITY (o)

ELECTRIC FIELD SENSITIVITY
& HIGH-FIELD DYNAMICS

DRIFT VELOCITY INSENSITIVITY
NON-LINEAR AT HIGH FIELDS
CONDUCTIVITY At high electric fields, drift velocity becomes
CORRECTION independent of charge-carrier concentration.
Analytical corrections to low-field conductivity CHARACTERISTIC FIELD (E*) BENCHMARKS AT 300 K

depend directly on the square of the electric field. : o
Germanium Silicon
@
200 V/cm 500 V/cm
- ELECTRON TEMPERATURE
Z CONVERGENCE AT ZERO FIELD
Electron temperature reduces strictly to crystal temperature
at zero electric field for all degeneracy levels.

Liboff, R. L.; Schenter, G. K. Distribution functions and fluid variables in a semiconductor. Journal of
Applied Physics 1988, 63, 5363-5368. https://doi.org/10.1063/1.340353

234


https://doi.org/10.1063/1.340353

NONLINEEAR ELECTRICAL CONDUCTIVITY
IN STRONGLY COUPLED PLASMAS

Exploring how increasing electric field strength alters conductivity
across three distinct regimes in dense plasma systems.

2. COULOMB-DOMINATED PEAK
(INTERMEDIATE FIELD)

Conductivity increases near £= 0.3 £,
due to Coulomb cross-section effects.

MODEL FOUNDATIONS
& PARAMETERS

«n ®
m O -

Electrons Heavy lons (2)  Neutral Particles

Three-Component Plasma System
(Electrons, lons, Neutrals in equilibrium)

-

Uehling-Uhlenbeck
Kinetic Equation

” Solves for electron distribution
anisotropy using a Legendre
polynomial expansion.

Strongly Coupled

Regime ([, 21)

High-density plasmas where
interparticle Coulomb interactions
dominate thermal energy.

3. NEUTRAL-DOMINATED
FALLOFF
(HIGH ELECTRIC FIELD)

dominates high fields, causing
a characteristic E ¥* conductivity

[ ¢ Neutral interaction potential
[
falloff.

Obeys standard linear
Ohm's law at low field
values (E = 0.1 E,).

Schenter, G. K.; Liboff, R. L. Nonlinear electrical conductivity for a strongly coupled plasma. The Physics
of Fluids 1987, 30, 1789-1794. https://doi.org/10.1063/1.866192

235


https://doi.org/10.1063/1.866192

Quasiclassical Charge-Carrier Transport
in Semiconductors

Theoretical Derivation Classical Limit &
Framework Transport Outcomes

Uehling-Uhlenbeck
Quasiclassical Foundation

. - Acoustic-Strain Dominance
Incorporates quantum exclusion effects Classical Limit

using an alpha parameter for degenerate Acoustic deformation potential interactions
i : (h— 0) dominate over all other scatterin
and classical domains. 9

mechanisms as hbar vanishes.

Acoustic-Strain Acoustic-Polar
A

/“’\\A« ”[(" "

V Y W/

Optical-Strain Optical-Polar
Integrated Phonon Generalized Druyvesteyn
Scattering Mechanisms Equation
Includes strain and polar interactions for Yields an explicit transport equation accounting
both acoustic and optical phonons. for carrier momentum and Paull exclusion.

Schenter, G. K.; Liboff, R. L. Quasiclassical kinetic equation for charge-carrier transport in a semiconductor.
Journal of Applied Physics 1987, 62, 177-184. https://doi.org/10.1063/1.339178
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Predicting Phase Change
via Molecular Oscillation

The Oscillatory Criterion

Radial Distribution \

Function Long-Range Oscillation
Phase change occurs when the
radial distribution function exhibits
purely oscillatory modes

Triggering Factors

The T = 2.25 i Limit Transitions are driven by

‘ o : - these factors.

" This linear equation defines the
gas-liquid transition boundary

using reduced variables.

C Low Temperature

@ Strong Interaction
Potentials

€ High Density

Validation and Theory

New Kinetic Van der Waals
Criterion . Low Densit
Van der Waals Consistency ( )
Consistency
The findings align perfectly with
thermodynamic instability criteria
Oscillatory Modes in low-density domains. Thermodynamic Instability

Moment Expansion Method

Potentials are expanded by spatial moments
to derive a linear differential equation.

Liboff, R. L.; Schenter, G. K. Criterion for phase change in terms of oscillation of the pair distribution
function. The Journal of Chemical Physics 1986, 84, 7005-7008. https://doi.org/10.1063/1.450621
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Relativistic Limits in Electromagnetic

Rail Gun Propulsion
DOMINANT ELECTRIC Afully relativistic analysis demonstrates that EE;I gun projectile C
dynamics depend directly on applied electric (F) and magnetic
FIELD REGIME (E Z B) (B) field ratios. Projectile velocity monotonically converges to (Speed of Light)

Asymptotic Speed Limits one of two distinct theoretical upper limits determined by
at Speed of Light (c) whether electric or magnetic fields dominate.

When electric fields exceed <
magnetic fields, projectile speed
monotonically approaches !
light speed. ~ Velocity Bounded by

2 Field Ratio (w = cE/B)

Practical Limit Yields ~5 km/s.
Under typical conditions (1 kV, 1 cm
gap, 200 kG field), w = 5 km/s.

Continuous Relativistic
Acceleration
Launch acceleration starts at

alB/(Mec) and monotonically
increases toward c.

High Initial Speeds Decay to Limit
Starting velocities exceeding w monotonically
decay down to match the asymptotic maximum.

DOMINANT
MAGNETIC FIELD

el

Asymptotic Speed Limit (v,,,,): | Asymptotic Speed Limit (Vy,,,): (B>E)
¢ (Speed of Light) w=cE/B
Dynamic Behavior: | Dynamic Behavior:

Monotonic acceleration to light speed | Monotonic convergence (or decay) to w

Liboff, R. L.; Schenter, G. K. Fundamental relativistic solution for the rail gun. Journal of Applied Physics

1986, 59, 1749-1751. https://doi.org/10.1063/1.336438
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The Liboff-Schenter Solution:
Mapping Semiconductor Charge Carriers

Impact on Conductivity

The Distribution Function

Th: Sy::met:ic Fish"jil:rtion Funtgtion Physical Limits . c:n]stlant ::it lgv!tFieIdsg
mathematical model representing (113 ectrical conductivity remains
the mean number of carriers in a and Transitions stable when the applied

electric field is small.

single particle state.

Small Field
(s—0)

High-Field Decay:
Conductivity falls off
at a rate of E*™ for
_ high electric fields.

Small Field vs. Classical Limits
Reduces to Fermi-Dirac at low
fields and Druyvesteyn in
classical limits.

Driven by Energy and Field
The distribution depends on
nondimensional energy (x) and
the applied electric field (x). A

Applied Electric Field Strength (E)

Energy
§

3

o2

P
! ‘e . a’
|
N . ¢ :
. Small (s - 0) Large (s >> 1)
il N Field-Induced Resulting Distribution Form ~ Resulting Distribution Form
. ] ) ) Classical Behavior: Shifted Fermi-Dirac Classical Druyvesteyn
Rotational Symmetry Generalized Chemical Potential  Sufficiently large electric
The total distribution is found to Provides an approximate fields cause quantum Conductivity Behavior Conductivity Behavior
be rotationally symmetric about ion for chemical p ial in domains to behave according Constant Falls off as E-'2
the electric field. the small-electric-field limit. to classical physics.

Liboff, R. L.; Schenter, G. K. Solution of a new nonlinear equation for the distribution of charge carriers in
a semiconductor. Physical Review B 1986, 34, 7063-7068. https://doi.org/10.1103/physrevb.34.7063

239


https://doi.org/10.1103/physrevb.34.7063

Unified Equation of State for Laboratory Plasmas

WEAKLY COUPLED UNIFIED EQUATION STRONGLY COUPLED
REGIME OF STATE (EOS) REGIME

Interpolating
Energy Domains

(-] ) » Interpolating excess energy across
. © ['=0.5t0 1.0 unifies EOS over 0< < 2.

High-

- E|r11ergy
Physics
Effective lysic
lon-Charge, Applications
2(T,n)

Vg
FE‘S
A~

Inertial-
Confinement
Fusion

Pressure

Monotonic Ion
Charge Growth

steps at = \ - \
jonization shells. 4 - - )

. y

Temperature

i
L ] § g
o= Temperature- Reflection of Sup;tradrznse
T Dependent i
L Atomic Shell
One-Component 3 C(:uplmg (I't) i Structure
oupling parameter : —
Plasma (OCP) decreases overall as Ng:zsegljrael 5 é?;as? ! X-ray >
Equ"".’"?"“.* temperature rises due temperature directly lasing y
ﬁlrgsl};aarsyr!r?::ta;‘gr? to Z(T,n) dynamics. display atomic shell
OCP via effective tracdion: Plasma
charge number Z(T,n). Rail-guns

Liboff, R. L.; Schenter, G. K. Unified equation of state for weakly and strongly coupled laboratory plasmas.
Physical Review A 1986, 34, 3217-3220. https://doi.org/10.1103/physreva.34.3217
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Decoding Reactor Antineutrino Spectra:
Isotopic Impacts and Reaction Cross Sections

Spectral Characteristics
: & Fuel Dependency
Isotopic Variation Over Energy Flux

While spectra differ significantly between isotopes, they remain
remarkably stable regardless of the incident neutron energy or flux.

Averaged Cross Sections
(10-*2 cm?/fission) for Major Isotopes

Inverse Neutral

Beta Decay = Current

(ccp) (NCD)

ol 634 3.0

4.55

2Py 1.94

Calculation Consistency
Total average energies for 235U (9.0 MeV/fission)

High
Enegrgy and 2% (11.1 MeV/fission) align with independent
High-energy spectra reach experimental measurements.
equilibrium quickly
>
(=
U
=
w
Low-energy spectra
Low (<2 MeV) evolve significantly
Energy over typical exposure times.
(<2 MeV) ~

Time

Y% Applications in
(= Neutrino Reactions

Inverse Neutron Beta Decay (CCP)
vtp—on+et

This reaction represents the largest cross
section for monoenergetic reactor neutrinos.

CCD vs. NCD Monitoring

Pr— \
CCD NCD
(Charged Current Data) | | (Neutral Current Data)

£ e

Monitoring onitoring

VAV

Monitoring reaction
affected by neutrino
flavor uscillations.

O

Neutral current
reactions (NCD) ect as
flux monitors because

they are unaffected
by neutrino flavor
oscillations.

Fuel Cycle )
Impact

Typical changes in reactor fuel composition
over one year result ina 10-17% decrease in
average reaction cross sections.
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