
Our group has an active GitLab suite of repositories, where we use best 
practices to deploy new tools to the Computational Chemistry community 
to advance data science applications. This includes the ChemNetworks1
software program, which convert Cartesian coordinates of chemical 
systems into intermolecular graphs.
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Figure 7. Proton rattling (left) and 
partner switching (right) was 
observed between between H3O+

and H2O+ pairs.
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Small vibrational changes in the 
aluminate structure, and variations 
in the distance of the cation, 
influence the chemical shift of the 
tetrahedral Al(OH)4- anion

Thermodynamics and Energy Landscapes

Transport Mechanisms

Reducing dimensionality and encoding energy landscape 
topology

Figure 11: Potential of mean force for 
structural transformation of aqueous Al(III) 
species (Al(OH)41-, Al(OH)4(H2O)21- , 
Al(OH)4(H2O)21-). weights are parameterized 
on interaction distances)

Goal for I-III: To study structural, interaction and dynamic 
properties of concentrated electrolytes to resolve nuclear 
waste treatment challenges at the Hanford Site. 

II. Speciation and Vibrational Characterization of Aluminate and its 
Dimeric Analogues

Figure 5. Experimental and simulated (DFT, RPBE-
D3/DZVP) Raman spectra of a potassium aluminate 
solution and sub-spectra per internal coordinate of 
significant contribution. The vertical lines represent exp. 
Raman and IR frequencies.

Al(OH)4- is the dominant species in (very) 
alkaline conditions and the presence of its 
dimeric analogue Al2O(OH)62- has been 
hypothesized by Raman spectroscopy, but 
the Al2(OH)82- form has also been 
suggested. Separate AIMD simulations of 
the three species can support the 
assignment of the experimental spectra in 
terms of internal coordinates.6,7

Once the dimensionality is 
reduced, encoding of the 
topological features of the EL is 
desirable for machine learning 
and other applications. As part 
of the NSF Frameworks 
initiative Descriptors of Energy 
Landscapes Using Topological 
Analysis (DELTA, Clark PI). We 
are using sublevelset persistent 
homology to create barcode 
representations of EL and to 
use patterns in barcode 
representations to predict 
topological features of systems 
that have similar degrees of 
freedom.13
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Elucidating Proton Transfer Mechanisms in Aqueous HCl solutions3
The proton transfer (PT) mechanism involves series of hydrogen bonds 
breaking and reforming. Interconversion of these bonds occurs on an 
ultrafast time regime of a few femtoseconds, making it experimentally 
challenging to probe these interactions. Our goal is to investigate the 
stability and speciation of protonated structures and how solvation 
organization contributes to proton transfer.

III. Intermolecular speciation in highly concentrated Aqueous NaOH8

The liquid:liquid interface is rough 
at the molecular scale due to the 
capillary waves.

Surface roughness is controlled by 
competitive interactions between 
solvent, adsorbed solutes and other 
surfactants.

Figure 8: water molecules at the capillary wave front 
of water:n-hexane interface.

Understanding the role of surface heterogeneity and 
surfactant adsorption on liquid-liquid interfacial properties

Figure 4. DFT NMR chemical shift 
calculations breaking down the direct 
effects of Al(OH)4- - Na+ interactions (grey) 
and the indirect effects of changes in 
Al(OH)4- geometry (black) on the NMR 
chemical shielding. Al(OH4  )- solvated 
simulation boxes with Na+ included at Al-
Na distance of A) 2.5A, B) 4.1 A and C) 
6.0A.

• Complex, multicomponent solutions, and their interfaces are all 
around us and underpin fundamental processes like drug 
delivery and industrial applications like chemical synthesis and 
purification. Competition of many-body interactions cause non-
ideality in these systems and challenge predictive models.

• To identify the multidimensional correlations in complex 
solutions and learn about the role of all chemical environments 
to their physicochemical properties, our laboratory uses and 
develops new mathematical tools based upon the “shape” of 
chemistry data. These include graph theory, computational 
topology, and geometric measures.

• At the intersection of Chemistry and Data Science, we analyze 
the patterns of behavior in complex solutions to:

• Improve the efficiency and decrease energy cost of chemical purification

• Predict and characterize solution structure, the ensemble of chemical 
speciation, and spectroscopic signatures

• Learn how to modulate chemical reactivity by changing solution 
conditions

I. Understanding the relationship between specific local-electronic-
structure and measured and/or calculated 27Al NMR signatures of Al 
species4,5
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The FlatNorm algorithm2 is based upon 
geometric measure theory that is used in image 
denoising technologies. It has been adapted to 
identify structural features on soft matter 
interfaces.

Other software tools use 
persistent homology to identify 
different shapes of chemical 
structures and their characteristic 
timescales shape fluctuation. This 
includes identifying reactive 
atoms by the dynamic properties 
of nuclear quantum 
delocalization.3

Mechanisms of solute 
transport are modulated by 
surfactant organization

Primary structure transport 
mechanisms leverage the 
heterogeneous characteristics of 
the instantaneous surface where 
the two solvents are in direct 
contact. These include protrusions 
where the surfactant helps solutes 
break their network of interactions 
with water.10

Secondary structure transport has the 
surfactants dampen surface 
heterogeneity and instead organize 
themselves into transporting self-
assemblies.11 This includes molecular 
hinge assemblies, where a surfactant 
like octanol can aggregate and swing 
like a hinge across the oil/water 
interface.

Simple hinge mechanisms are well-modeled 
using double well potentials, akin to molecular 
machines and other molecular shuttles.

Protrusions can transport a 
wide variety of solutes, from 
water to ion pairs and metal-
ligand complexes.

Reducing the 3N dimensional EL is 
paramount to understanding the 
mechanisms and driving forces behind 
chemical transformations. Solution 
phase reactions often involve collective 
motion and participation of solvent, thus 
reaction coordinates must be high-
dimensional and capture these degrees 
of freedom. 
Spectral graph theory can capture the 
changes to all intermolecular interactions 
in a reaction. PageRank (an eigenvalue 
of the modified adjacency matrix) has 
been developed as a high-dimensional 
reaction coordinate.12
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Octanol can  decrease surface 
heterogeneity due to interdigitating 
water and octanol molecules, while
surfactants like tributyl phosphate
increase heterogeneity. 

Changing surface heterogeneity 
influences solute adsorption by 
altering the loss of solvating waters 
in the instantaneous surface.9

Figure 6. Predicted 
speciation and 
subensemble analysis of 
all local environments 
about Na+  in concentrated 
NaOH, along with the X-ray 
radial distribution function 
as part of a detailed 
comparison with 
experimental neutron and 
X-ray scattering study.

Figure 1. Conversion of simulation trajectories into a graph representation and the associated 
adjacency matrix.

Figure 2. Algorithm workflow of the FlatNorm algorithm.

Figure 3. Construction of persistent homology barcode.

Figure 9: Model of molecular hinge mechanism and
associated double well potential energy function.

Figure 10: Actual molecular hinge mechanism found for
octanol at the water/octanol interface.

Figure 12: Pentane sublevelsets are drawn, in green, for 
increasing values of energy value. The pentane 
sublevelset persistent homology. Red bars are 0-
dimensional features (connected components), blue bars 
are 1-dimensional features (loops), and the green bar is 
the lone 2-dimensional feature.


