
SCOPE OF OUR RESEARCH

Our research activities focus on the development of methods and workflows that utilize accurate
quantum chemical methods together with artificial intelligence and machine learning. Our overall
objectives are to elucidate the fundamental physical principles underlying chemical reactivity and
catalysis, separation processes, and heavy element chemistry, as well as to assist in the interpretation
of experimental data. One of our aims is the development of effective methods that convert chemical
information into computer-readable format (molecular representations). Representative examples
from our research activities include:

 

1. Discovery of New Molecules with Stronger CO -affinity. We have contributed on the theoretical description of the
noncovalent interactions of amine-based molecules with CO . [1-4] Our work has led to the design and synthesis of
novel polymeric materials for diffusion-based CO  separation processes. We have developed novel machine learning
workflows which led to the discovery of new molecules with enhanced CO  affinity. [1]

 

 

2. CO  Separation with Polymeric Membranes. Our group has published a series of articles on high-performing
CO  separation membranes in collaboration with synthetic polymer chemists. [5-9] Our work has elucidated the
atomistic effects between gas molecules and repeat units of polymeric materials that enhance CO /N  separation
processes. We have also been active on the development of new machine learning models for polymer informatics. [10]

 

 

3. C-H Activation with Metal-Oxo Sites. We have elucidated the reaction mechanism of the oxidation of ethane to
ethanol catalyzed by Fe(IV)-oxo sites, the first reported example of this reaction performed inside a metal-organic
framework (MOF) [11]. That study was the basis for the first computational screening of MOF databases for oxidation
catalysis. [12] We have explored the ligand field effects on the ground and excited states of reactive Fe-oxo and Cu-oxo
species. [13,14] Recently, we published our first study on Fe(IV)-oxo catalyst optimization with novel machine learning
tools developed by our group. [15] 

 

 

4. High Performance Computing for Electronic Structure Theory. We have contributed to the development of
methods included in popular quantum chemical program packages (TURBOMOLE, NWChem). For example, our
massively parallel implementation of the complete-active-space self-consistent-field (CASSCF) method maintains the
record of the largest configuration interaction calculation with conventional methods. [16] Currently, our research group
develops a novel hybrid scheme that combines conventional electronic structure theory methods with machine learning
and provides high accurate results in significantly less computational effort. [17-20]

 

New Frontier:

Elevate accurate theoretical and computational chemistry from studies of a few
molecules to the exploration of a larger chemical space

 

DATA-DRIVEN QUANTUM CHEMISTRY

 

The data-driven quantum chemistry (DDQC) project aims on the development of methodologies that capitalize on
recent progress of data sciences for expanding the applicability of accurate quantum chemical methods. Our approach is
based on the "recycling" of molecular wave functions obtained at low computational cost to help train ML models which
will provide fast and reliable energies and geometries of complex molecular systems without loss of accuracy. [17]

Coupled-cluster singles-and-doubles with perturbative triples excitations (CCSD(T)), the gold standard of quantum
chemistry, is a method that provides high accuracy for a variety of chemical applications including chemical reactions,
non-covalent interactions, and spectroscopy. An important feature of coupled-cluster is its systematic increase of
accuracy with the increase of the basis sets size and the electron excitation manifold. However, the applicability of
CCSD(T) is hindered by the system size. Quantum chemistry has greatly gained in the past years by the progress in data
science, which has helped scientists to accelerate simulations and explore a large fraction of the chemical space in a
reliable and systematic manner. In addition, data sciences have aided to surpass the size limitations of accurate methods
such as CCSD(T) and increase their applicability.

The major goal of this project is the development of DDQC methods and, in particular, data-driven coupled-cluster
(DDCC) approaches. These methodologies are based on electron correlation, a property that has a local, short-range
character across all molecular species independent of their size. The goal of this project is to build transferable machine
learning models that “learn” highly accurate CCSD(T) wave functions by utilizing data from low-cost methods such as
Hartree-Fock (HF) and second-order perturbation theory (MP2).

 

The DDCC scheme with singles-and-doubles excitations (DDCCSD) utilize data that describe a two-electron promotion
to predict the two-electron amplitudes (t ) that are needed for the computation of the CCSD energy. The method utilizes
a physics-based molecular representation of the two-electron promotions. An important advantage of the proposed
methodology is that DDCC is based on learning complex molecular wave functions. [18]

 

DDCC deviation for the four water hexamer structures trained with data from water monomers, dimers, and
trimers.

 

One major limitation of the DDCC models is the size of training sets that increases exponentially with the system size.
We have developed five different amplitude selection techniques (score-to-bins, cluster-to-bins, large amplitudes,
electron correlation, and probabilistic selection) that reduce the amount of data used for training were evaluated, an
approach that also prevents model overfitting and increases model's portability to more complex molecules or larger
basis sets. [19]

 

 

Recently, we developed a similar data-driven scheme based on variational 2-reduced density matrix (v2RDM) theory for
estimating the full configuration interaction (FCI) limit of small molecules. [20]

 

 

Currently, we are exploring more complex ML architectures, and we are expanding the DDQC applicabilty to properties
and molecular geometries.

TOPOLOGY DATA ANALYSIS FOR MOLECULAR AND MATERIAL DISCOVERY
An important aspect of ML applied to chemical problems is related to the conversion of molecular information to a
computer-readable format. Common molecular representations for ML are application-based descriptors, molecular
graphs or physics-informed vectorizations. We have recently introduced a new family of molecular representations that
are based on persistent homology, a mathematical tool in computational topology, that introduces the topological
features of chemical structures. [21]

 

[VIDEO] https://res.cloudinary.com/amuze-interactive/video/upload/q_auto/v1716925342/tomandjerry/0F-C0-EF-D8-
32-F5-D3-E8-94-88-B4-AC-8D-6A-73-AB/Video/Screen_Recording_2023-04-01_at_1.05.34_PM_y7lyp5.mp4

 

Specifically, the topological features (connected components or chemical bonds, rings, cavities) that persist across
multiple scales are introduced into a diagram (persistence diagram or PD): [1]

 

Graphical representation of the evolution of the persistent diagram (PD) for anisole. 

 

The persistence diagram is then vectorized into a fixed-size image (persistence image or PI) that also consider the
atom types of the molecular structures:

 

Generation of a persistence image (PI) from a persistence diagram (PD). (a) PD of anisole, as shown in
Fig. 1. The PI for (b) connected components and (c) holes. The molecules (d) HBr and (e) F  have the same

bond length, resulting in equivalent features on the persistence diagram. Without incorporating the
chemically driven PI, the representations in (f ) and (g) are equivalent. By incorporating the pairwise

electronegativity difference into the variance of the Gaussian kernel, the input vectors (h) and (i) for the two
molecules are distinguished by the variance of the vector for HBr.

 

We have utilized PIs as input to ML for the discovery of molecules with stronger CO  affinity. By computing the CO
interaction energies of only 220 molecules, we were able to accurately and reliably examine a dataset of ~133k
molecular structures (GDB-9 database):

 

Flowchart of the intermediate steps followed for the high-throughput computational screening of the GDB-
9 database.

 

We have also used PIs for encoding the topological information of organic ligands for catalyst design. [15] A database of
181,436 unique transition metal complexes bearing a Fe(IV)-oxo intermediate was compiled:

 

[VIDEO] https://res.cloudinary.com/amuze-interactive/image/upload/f_auto,q_auto/v1717030104/tomandjerry/0f-c0-ef-
d8-32-f5-d3-e8-94-88-b4-ac-8d-6a-73-ab/image/picture1_zzrywm.mp4

 

We developed two ML models by utilizing data from only 500 transition metal complexes. The first was on spin
classification (91.1% accuracy) and the second was accurately predicting the C-H activation barrier (mean absolute
deviation of 1.69 kcal/mol):

 

 

These two ML models helped us to develop new structure-catalytic functionality relationships for Fe(IV)-oxo
complexes. Our group is currently utilizing the PI technology for direct air capture, ligand-based actinide separations
and drug discovery.

 

========================================================

 

More recently, we developed PolymerGNN, a polymer graph neural network architecture for multitask property
learning.[10] We have utilized experimentally-refined data by Eastman for a small dataset of polyesters (glass transition
temperature and intrinsic viscosity):

 

 

PolymerGNN allowed us to accurately estimate the viscosity of polymers by only considering the topology of the
monomers composing each material:

 

 

========================================================

 

We have also applied persistence homology as a systematic post-analysis tool of molecular simulations. For example,
we have analyzed data from ring polymers across different time frames and monitored the evolution of a ring chain from
a globular to an expanded configuration.

 

 

 

COMPUTATIONAL CATALYSIS AND SPECTROSCOPY
Spectroscopy helps on the characterization of key reaction intermediates and can help on the elucidation of catalytic
mechanisms. [22,23] 

 

 

We have provided the theoretical examination on the first study of gas-phase catalytic hydrogenation of olefins in MOFs.
[24,25] Our computational work proposed the decoordination of the MOF linker from the catalytically active metal
center, which was later proved experimentally with spectroscopical methods. [26]

 

 

========================================================

 

Excited electronic states can also lead to enhanced chemical reactivity via alternative reaction channels. Electronic
spectroscopy has contributed on the elucidation of different reaction pathways for C-H activation via biomimetic Fe(IV)-
oxo intermediates.

 

 

We have performed multiconfigurational calculations to elucidate the ligand effects on the chemical reactivity of the
Fe(IV)-oxo cites. [14] Our results identified that an increasing strength of the ligand sphere decreases the accessibility to
multiple reaction channels.

 

 

We have explored larger molecular datasets of Fe(IV)-oxo complexes for C-H activation with interpretable AI workflows
that combine ligand topology, quantum chemical data, and kernel ridge regression models. [15] The model analysis
allowed us to discover new structure-functionality relationships between molecular scaffolds and chemical reactivity.
Ongoing work in our group extends these computational methodologies to epoxidation and aziridination reactions. 

HOW CAN I CONTRIBUTE TO NASA'S MISSION

I am interested in learning about NASA’s archived databases with respect to earth sciences, global
warming, astrochemistry, and spectroscopy. Based on my expertise on molecular AI, I am confident that I can

provide practical solutions through novel AI/ML workflows.

 

Data is the new Oil! In collaboration with NASA staff scientists, I would like to explore historical, archived
data collected through the years for contributing to informatics for Earth science, in-space technologies, and
infrastructure. In particular, I can support efforts related to: 

 

Real-time astrochemical data analysis from telescopes (infrared, mid-infrared) and other remote sensors.

Climate studies on greenhouse gases and carbon dioxide distribution

Air pollution

Chemical analysis and characterization

Detection of exotic chemical compounds
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TRANSCRIPT

ABSTRACT
My research focuses on the development of novel AI workflows based on modern machine learning, topological data
analysis and computational chemistry. I have experience working with computational data, as well as archived experimental
data from chemical companies (e.g. Eastman). I can contribute to NASA’s scope by offering the expertise that I have built on
data exploration and interpretation, bridge chemistry with AI, as well as utilize databases that go beyond chemistry and material
science.

I am interested to learn more about NASA’s archived databases with respect to astrochemistry and spectroscopy, as well as how
those can be explored. Based on my expertise on molecular AI, I am confident that I can provide practical solutions.
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