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ABSTRACT
MULTI SCALE SIMULATIONS FOR EFFICIENT MULTI-STEP REACTION CASCADES
By
Kanchan Suklal Chavan

Efficient multi-step reaction cascades are vital for the pharmaceutical industry and
electrochemical devices. Conventionally, one-pot synthesis has been used to carry out such
multi-step reaction cascades, which have poor selectivity and yield due to lack of control
over the transport of chemical species and kinetics in the system. Therefore, it is desirable
to engineer an integrated catalytic system with highly selective catalysts and efficient
transport mechanisms.

Nature has developed highly efficient transport mechanisms via strategic
architectures that use electrostatic interactions, physical confinement, and swing arm
techniques to reduce diffusional losses. Such controlled transport is known as ‘substrate
channeling’. These natural mechanisms provide essential clues to design novel catalytic
platforms. The physical confinement of an intermediate pathway has the potential for
100% intermediate transport. This provides motivation to study the transport in nanoscale
confinement. Maximum intermediate retention with minimum bulk access is a key to
obtain maximum channeling efficiency.

In this work, we study the effect of nanoscale confinement using continuum
modeling and molecular dynamics approaches. Continuum modeling of tunnel structures
that have active sites confined within shows that increasing confined distance between
active site and bulk improves product yield significantly in a kinetically limited system.

Molecular dynamics study of interactions between intermediate and tunnel geometry



demonstrates that Knudsen diffusion lowers the effective diffusivity of the intermediate.
The orientation of solvent molecules inside the tunnel plays a major role in enhancing
Knudsen diffusion inside the tunnel. Finally, to increase the intermediate retention,
charged molecules may be introduced at the tunnel ends, and retention is highly sensitive
to the polarity of the intermediates.

Further, we studied existing integrated catalytic platforms for carbon dioxide
reduction reaction (COz2RR) and glycerol oxidation reaction cascades. Microkinetic
modeling of CO2RR combined with the density functional theory (DFT) technique
demonstrates that CO2RR dominates at lower potential with a high surface coverage of
carboxylate, a stable intermediate. Nudged elastic band theory calculations of transition
states were used to define the transition state of each step of the reaction.

A one-dimensional continuum model study of the glycerol oxidation cascade reveals
the sensitivity of convective forces in the system on the intermediate transport. Overall, in
this work, various aspects of transport and kinetics of the multi-step reaction cascades
were studied computationally. This work acts as a primary guide to design novel integrated

catalytic platforms for efficient multi-step reaction cascades.
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Chapter 1
Introduction

Designing efficient multi-step reaction cascades can directly benefit the
manufacturing process of advanced materials, specialty chemicals, and energy
conversion/storage applications such as biofuel cells. A conventional method to carry out
such a successive reaction scheme involves stepwise batch or continuous reactor operation
with intermediate purification and separation processes. With possible process
optimization techniques one can either optimize process parameters to increase energy
efficiency and therefore reduce operational cost or reduce the number of reaction steps
with the help of advanced research to reduce capital cost. Reduction in the number of
reaction steps to a single reaction step requires a common window of operating
parameters that are difficult to achieve.

One can design a multifunctional catalyst, or tandem catalyst, to perform multi-step,
successive chemical reactions in a single reactor, known as one-pot synthesis.! Until now,
chemists have successfully carried out alcohol oxidation and methylenation, synthesis of
ketones from aldehydes, asymmetric Aza-Claisen reaction and olefin metathesis,
benzofuran synthesis, oxidative ketonylation, and Diels-Alder reaction by using
mono/multi-functional catalyst.23 Figure 1.1. depicts the one-pot synthesis of a three-step
reaction to produce dihydroquinolinone using multi-metal catalysts (Rh/Pd/Cu).*
However, these syntheses are largely carried out in batch reactor mode, without extensive
optimization, and could be further improved by increased control of intermediate

transport at the nanoscale.?



An efficient multi-step reaction cascade features high yield and selectivity of desired
intermediates/products with little to no requirement for separation or purification. Such
reaction cascades require precise control over the transport of intermediates and highly
active catalytic sites. Figure 1.2 shows an example of an integrated catalytic platform
consist of a strategic organization of different types of catalysts, such as a molecular
catalyst on a DNA scaffold, that also facilitates transport between active sites. This
conceptual design is for a two-step oxidation reaction of tartronic acid to oxalic acid with
an intermediate, mesoxalic acid. TEMPO, a molecular catalyst, and RuPt nanoparticles are
the two catalysts anchored on a DNA scaffold that ensures controlled intermediate
transport between the sites.>® To design such a novel catalytic platform, a better
understanding of the reaction mechanism, nature of intermediates, transport between
active sites, and the contribution of the kinetics of the reaction on the overall multi-step
reaction cascade is required.?

The challenges to engineering multi-step reaction cascades are to 1) find an efficient

intermediate transport mechanism between sites, and 2) design an efficient and selective

™~

W O
B(OH), X

Figure 1.1 A one-pot synthesis of dihydroquinolinones using a Rh/Pd/Cu catalytic
system.*



catalyst. In this dissertation, we try to meet both challenges by understanding existing
transport mechanisms for a natural reaction cascades and by studying the mechanistic
behavior of a catalyst for a multi-step carbon dioxide reduction reaction.

1.1 Substrate Channeling Mechanisms for efficient intermediate transport

A living cell carries out thousands to millions of reactions per second, via metabolic
pathways comprised of sequential reactions. These reaction cascades achieve high yield by
avoiding equilibration of intermediates in bulk solution.” Understanding of natural multi-
step reaction cascades can provide essential clues to develop novel catalytic systems to
enhance the yield of multi-step reaction cascades.?

Biological catalysts in sequential reactions often incorporate mechanisms to
transport intermediates between sites without diffusing into the bulk. Such substrate
channeling mechanisms isolate intermediates from competing reactions, avoid unfavorable
equilibria and bulk reactions,” reduce time constants, e.g. lag time to reach steady-state,®
and avoid high energetics of substrate dissolution.1? These enzymes sterically restrict
intermediate exposure to the bulk by forming a molecular tunnel between sites!1-15 or

spatially organizing themselves and covalently binding intermediate to swing arms on the

Figure 1.2 An example of integrated catalytic platform for oxidation of Tartronic acid to
oxalic acid. a) Tartronic acid oxidation to mesoxalic acid at TEMPO catalyst. b) Facilitated
transport of mesoxalic acid along the DNA scaffold. c) oxidation of mesoxalic acid to oxalic
acid via catalysis by PtRu nanoparticle.



pathway.16-18 [n some enzymes, a reaction intermediate electrostatically interacts with
enzyme surface to reduce bulk exposure, known as electrostatic channeling.1019-22 These
mechanisms are discussed further in this chapter.
1.1.1 Molecular tunneling

In this type of substrate channeling, two sites are connected through a tunnel, built

with the molecular assembly around the path. A well-known example of substrate
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Figure 1.3 Substrate channeling Mechanisms. a) The crystal structure of Tryptophan
Synthase. Indole molecule is shown inside the tunnel. @ and  subunits are shown in
yellow and green colors, respectively. b) Simplified and generalized molecular tunneling
mechanism representation. c) Reaction cascade of L-tryptophan synthesis from Indole-
3-glyceraldehyde-phosphate (IGP) via indole intermediate. d) The crystal structure of
malate dehydrogenase (MD)- citrate synthase (CS) within the tricarboxylic acid (TCA)
cycle metabolon. Purple, orange and white color shows positive, negative and neutral
charged surface respectively. Dashed yellow lines shows approximate intermediates
pathway between two enzymes. e) simplified and generalized electrostatic channeling
mechanism representation. f) Reaction cascade of citrate formation from malate via
oxaloacetate intermediate. g) The crystal structure of eukaryotic pyruvate
dehydrogenase complex. E1 and E2 enzymes are shown in yellow and green colored
respectively. Both enzymes are connected by linkers shown in blue color. h) simplified
and generalized representation of substrate channeling via swing arm mechanism.
Above panel is reproduced from Wheeldon et.al.8



channeling through a molecular tunnel is tryptophan synthase. Tryptophan synthase (TS)
catalyzes the reaction of indole-3-glycerol phosphate to produce L-tryptophan with indole
as the intermediate.?3 X-ray crystallography of tryptophan synthase suggests that two sites,
a, and 8 subunits, are separated by a 25 A long hydrophobic tunnel, revealing the effective
transport of indole from one site to another. (Figure 1.3 a-c)

Similarly, carbonyl phosphate synthases (CPS) assemble carbonyl phosphate by the
four sequential reactions of bicarbonate, glutamine, and 2 molecules of MgATP producing
glutamate, phosphate, and 2 molecules of MgADP. CPS includs a 96 A long tunnel between
the substrate consumption site to the ultimate product formation site.!> Glutamine
phosphoribosyl-pyrophosphate amidotransferase catalyzes the reaction between
glutamine and phosphoribosyl-pyrophosphate (PRPP) by transporting ammonia from
glutamine domain to PRPP domain through 20 A long hydrophobic tunnel to form
glutamate, phosphoribosyl-amine (PRA), and pyrophosphate.?* A molecular tunnel
between aldolase-dehydrogenase complex is also observed.252¢ Synchronously, all the
examples of molecular tunneling found in nature show potential for the design of
controlled diffusion and flux of the intermediates with little to no exposure to the bulk.
1.1.2 Electrostatic Channeling

Electrostatic channeling guides charged intermediate from one site to another
through electrostatic interaction with an oppositely charged surface. There are two very

well-established examples found in the literature - bifunctional thymidylate synthase-
dihydrofolate reductase (TS-DHFR) and the TCA cycle enzymes, malate dehydrogenase

(MD) and citrate synthase (CS). (Figure 1.3 d-f)



In bifunctional TS-DHFR enzyme, the TS active site produces negatively charged
dihydrofolate (FH2) intermediate and DHFR active site consumes FH2.2” FHp, carrying -2
formal charge, transports to DHFR, which is ~40A apart from TS, with the guidance of y-
glutamate linkers, each carrying +1 charge, present in the interior of the protein.?8 FH;
transfer shows strong ionic-strength dependence and reveals the electrostatic highway
mechanism.?8

Similarly, channeling of oxaloacetate, produced during the tricarboxylic acid (TCA)
cycle at malate dehydrogenase (MD), to the citrate synthase (CS) where it gets converted
into citrate, also shows electrostatic channeling mechanism.2? Electrostatically guided
mechanisms are effective only for charged intermediates, and the intermediates pathway is
exposed to the bulk hence increasing the probability of diffusional losses.

1.1.3 Spatial Organization and Covalent Bonding

The formation of a functional supermolecular complex, or “metabolon”, is often
observed in metabolic pathways for channeling of intermediates. Metabolon formation is
initiated due to the presence of membrane-bound proteins, and propagates because of
specific interactions between soluble enzymes.30 In E. coli, the pyruvate dehydrogenase
complex, comprising three enzymes E1, Ez and E3, catalyzes the conversion of pyruvate to
acetyl coenzyme-A. (Figure 1.3 g-i) The Ez enzyme is symmetrically arranged in the core of
an octahedrally shaped complex, whereas E; and E3 are arranged on the outer surface. In
this three-step sequential reaction cascade, decarboxylation of pyruvate to the acetyl group
is catalyzed by E1 and the acetyl group is transferred to the lipoamide swing arm of Ez. An
acetyl moiety is then transferred to free enzyme, CoASH, and produces Acetyl-Co-A. E3

reactivates the lipoamine swing arm and deprotonates NADH.16:31 [ntermediates produced



in fatty acid synthase and polyketide synthases, get attached to acyl carrier proteins, which
channel in the metabolic pathway because of protein-protein interactions.? Protein-protein
interaction is anticipated as the mode of substrate channeling in 10-step, 6-enzymes
catalyzed synthesis of Purines in the living cell.3?

From the above examples, it is found that intermediates can be transferred by
covalent bonding with the enzymes in an assembled architecture. Also, channeling of
intermediates due to protein-protein interactions is independent of electronic charges of
intermediate and shows bounded diffusion to enhance the transfer efficiency of substrate
channeling.?

1.2 Recent Developments

As substrate channeling mechanisms reveal mechanistic information, many

researchers took inspiration to artificially synthesize these assemblies. In the past decade,
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multi-functional nanostructured catalysts,3? proteins,3* polymers,3> and nucleic acid
scaffolds3® have been engineered to co-localize and assemble enzymes to increase the
overall catalytic efficiency of multistep reaction cascades. Examples of such architectures
are provided in this section.

Channeling by proximity, in which two sites are positioned close to each other, is the
conceptually simplest form. Proximity channeling has been studied experimentally by
anchoring glucose oxidase-horseradish peroxidase (GOx-HRP) conjugates on a DNA
scaffold,3¢-38 by enzyme fusion,3? and by enzyme crosslinking GOx-HRP.%0 (Figure 1.4)

A chemical swing arm mechanism is used for substrate channeling using a DNA
scaffold. A two-step reaction is modeled and coupled with DNA nanostructure, in which

glucose-6-phosphate dehydrogenase (G6pDH) and malate dehydrogenase (MDH) are

a.

Glucose

Gluconolactone

Ex proximity ~E2

Figure 1.5 a) A schematic of glucose oxidase-horseradish peroxidase (GOx-HRP)
reaction cascade.*0 b) Generalized and simplified representation of substrate channeling
mechanism by proximity(Adapted from Wheeldon et.al.®



assembled spatially on DNA scaffold. NAD" functionalized swing-arm strand is assembled
between both enzymes for reduction and oxidation of NADH, respectively.38

Protein scaffolds are prepared using cohesive docking in protein-protein
interactions to illustrate three-step reaction cascade.*! Triosephosphate isomerase,
aldolase and fructose 1,6- bisphosphatase catalyzes the conversion of glyceraldehyde-3-
phosphate (G3P) to dihydroxyacetone phosphate (DHAP), aldol condensation of G3P and
DHAP to fructose-1,6-bisphosphate (F16P), F16P to fructose-6-phosphate respectively, in
glycolysis and gluconeogenesis pathway. The result of this protein scaffolding shows an
increased reaction rate at the minimum usage amount of enzyme and also, metabolite
degradation is prevented.

Multi-step reaction cascade of GOx/HRP enzyme coupling is designed on the
backbone of polymer also called polymersome.#243 In this cascade, GOx is assembled at the
core, and HRP is assembled on the outer surface of the polymer. Co-localization and
positional assembly on the polymer backbone resulted in a sevenfold increase in the initial
enzymatic activity, which was calculated when the GOx/HRP enzyme couple was placed
inside the polymer.

Core-shell PA@IRMOF-3 nanostructures have been synthesized for two-step
reaction cascade for the production of 2-(4-aminobenzylidene) - malononitrile by
Knoevenagel condensation of 4-nitrobenzaldehyde and produces intermediate 2-(4-
nitrobenzylidene) malononitrile.## Intermediate diffusion is controlled by the metal
framework and enhanced catalytic efficiency is observed. Similar core-shell nanostructures
for deprotonation and condensation reaction are designed using acid-functional groups in

core and basic-functional groups in the silica shell. Once aldehyde is diffused in the core



through silica pores, the reaction occurs on the acid-core and carbonyl intermediate is
produced, which then condenses on the amine-functionalized shell.4>

Polymersomes and core-shell structures are the examples of compartmentalization
where transport of intermediates is confined by the positional assembly of active sites.
Although the transport of intermediate is confined in compartmentalization techniques, it
was aimed to create the positional assembly of active sites and intermolecular tunnels
mimicry was not considered.

With the help of advanced fabrication techniques, nano-scaled inter-enzyme tunnels
were fabricated by using self-assembled DNA and anodic aluminum oxide membranes.36:46
Channeling mechanisms were further modeled using different simulation techniques to set
the design rules for artificial integrated catalytic platforms.

1.3 Simulation Approach I

Chemical processes modeling enables detailed understanding of the phenomena and
provides strong arguments to predict the outcome of the processes. With increasing
computational capabilities, quantifying the macroscopic phenomena of chemical processes
at different time and length scale has improved our understanding of the mechanisms and
prediction accuracy of the models. Figure 1.6 shows existing simulation techniques at
different length and time scale.#”

1.3.1 Continuum Modeling

Continuum theory ignores the effect of atomic and molecular interactions on the

properties of the body so that if a body is divided into infinitesimal elements, each element

possesses same property as the bulk. Such models are highly accurate at length scales far
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more than the interatomic lengths (A). Theories based on continuity can be quantified
using numerical methods, such as finite element method (FEM). In FEM, a geometry of
interest (2D or 3D) can be divided into small and finite sized elements. Each element
represents the physics of the system by a mathematical model defined by partial
differential equations (PDEs). All PDEs then can be solved simultaneously with well-
defined boundary conditions to calculate physical parameters of the system.*8

Substrate channeling has been studied via continuum modeling by using law of mass
conservation, experimentally obtained transport (e.g., diffusivity) and kinetic parameters
(e.g., reaction rate constants) and spatial constraints (e.g., boundary conditions).4? Earl et.
al studied electrostatic channeling by considering a two-site, continuum model with a solid,
charged bridge between two sites, wherein the effect of channeling was measured by the
product yield.2? Electrostatic channeling was shown to achieve yields of more than 90% for

realistic kinetic rates, matching observations of some naturally occurring processes. Eun
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et.al. modeled two-step, sequential reaction with and without electrostatic charges on
enzyme and intermediates. His continuum study found that long range enzyme interactions
affects overall channeling in all cases.?? A kinetic reaction pathway analysis via continuum
modeling suggested that for non-linear reactions, direct proximity channeling is more
suitable than the molecular tunneling.>?

Continuum modeling of substrate channeling mechanisms proved that these
mechanisms are the key phenomena for an efficient reaction cascade. However, due to
smaller length scale of these mechanisms, it is very important to consider molecular
interactions and learn the effect of mesoscopic phenomena on microscopic system.

1.3.2 Molecular Simulations

Motion of molecules and atoms is governed by well-known Langevin equation given

as follow :51.52

dy ..

By =F@©
Where, y(t) is a particle position, § the friction coefficient and F(t) a random fluctuating
forces of the system. Langevin equation is consist of three parts, 1) forces arising due to
particle interaction, 2) forces arising from the moment of inertia and 3) random forces. In
molecular dynamics (MD) simulation, all above three parts contributes to defining motion
of particle and maintains temperature and pressure of the system. Brownian dynamics
(BD) is a special case of Langevin equation in which forces arising from the moment of
inertia of the previous step do not contribute to the motion of particle.>2 Brownian
dynamics is computationally efficient modeling techniques over molecular dynamics, since

it uses statistically equivalent random forces for the molecular interactions that are

insignificant for the problem. In MD, all the forces present in the system need to be
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calculated and used as an input for the subsequent calculation, regardless of its
significance.

Substrate channeling mechanisms has been quantified by Brownian dynamics and
molecular dynamics techniques. Brownian dynamics study by Bauler et. al. revealed that
effect of proximity channeling collectively depends upon the orientation of sites, the
distance between sites and the diameter of sites.>3 Fu et. al. artificially synthesized and
modeled two-step, glucose oxidase and horseradish peroxidase (GOx/HRP) enzyme
cascade using Brownian Diffusion Model and reported highest channeling efficiency when
active sites are 10 nm apart.3®8 However, work of Zhang et.al. for same GOx- HRP model
system at steady state reveals a strong effect of pH and activity of the slower enzyme on the
overall throughput of the cascade and claimed the presence of no effect of proximity in the
activity enhancement of reaction cascade.*? Recent quantification study of the same work
by Kuzmak et.al. proved possible significant activity enhancement under diffusion-limited
condition.>* Observed inefficiency and ambiguous results of proximity channeling in the
literature are under investigation. The observed inefficiency and ambiguity of proximity
channeling led us to consider alternative approaches for the efficient substrate channeling.

Molecular dynamics simulations of electrostatic channeling show good agreement
with the experimental results of classic DHFR-TS enzyme cascade.?’” The enzyme system is
designed by introducing electrostatic interaction between substrate and enzyme to control
the molar flux.>> Along with our collaborators, we have recently reported models of
electrostatic channeling using molecular dynamics and continuum approaches.2%>¢ Earl et.
al considered a two-site, continuum model with a solid, charged bridge between two sites,

wherein the effect of electrostatic channeling was measured by the product yield.2? Such
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continuum models do not consider detailed molecular interactions, a limitation that can be
overcome through molecular dynamics simulations. Liu et. al. simulated a positively
charged peptide chain with different negatively charged intermediates, concluding that
these electrostatic interactions can constrain the intermediate without impeding transport
between sites. 56

1.4 Kinetic Modeling of multi-step CO; Reduction Reaction

Increased CO; concentration in the atmosphere is considered a main cause of global
warming.57 Converting emitted CO2 into useful chemicals is one of the strategies to reduce
CO2 emission.>8 (Figure 1.7) Along with our collaborators, we propose a reaction cascade of
CO2 reduction to ethane on the surface consist of two different catalytic active sites.

COz can be reduced to small chain carbon molecules (C1-C3) such as carbon

monoxide (CO), formic acid/formate (HCOOH), methane (CH4), ethylene (C2H4), and
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Figure 1.7 A schematic representation of electrochemical conversion of CO; into value-
added chemicals.17>
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alcohols (CxH2x+10H) by the metal catalyst or electrochemical reduction on metal
electrodes.>?-62 A significant effort has been put into the discovery of an efficient catalyst
for the carbon dioxide reduction reaction (CO2RR) that inhibits the competing hydrogen
evolution reaction (HER) and provides high selectivity and faradaic efficiency towards
desired products (formate and CO or alcohols and hydrocarbons).63 Copper based
materials has shown high faradic efficiency towards CO2 electrochemical reduction
(CO2RR) to hydrocarbons (a mixture of C1, Cz, C3) with considerable amount but they
required high over-potential.®* The reduction of CO2 to formate was evident on Pb and Sn
catalysts.®> In-situ infrared spectroscopic studies observed absorbed CO consistently
suggesting that adsorbed CO formation is a key intermediate reaction step in CO2RR. 66-68
Gold®970 and silver’1-73 based catalysts reduce COz to CO at high faradaic efficiency and
selectivity.

Recently, single-atom metal-centered carbon-based catalysts (M-N-C) has been
explored because of atomically dispersed nature of active sites that increases selectivity
towards CO formation.’4-86Further, in the presence of strong interaction between CO and
metal, nitrogen coordinated metal centers can reduce CO to hydrocarbons.”> MNC catalyst
has been synthesized using various carbon precursors such as Ketjenblack®?,
Ricobendazole, niclosamide®® , for Oxygen reduction reaction (ORR) as well as polyaniline
based MNC for COz reduction reaction.8? All of these materials show carbon and nitrogen
coordinated metal centers on the graphene sheets. Faradaic efficiency of CO formation vs
HER is varied from 10 - 90 % depending on different synthesis techniques. But such high
selectivity and low range of products makes MNC catalysts an interesting option to

optimize further to design integrated catalytic platform.
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Figure 1.8 Reaction scheme to modify Carboxyphenyl-triphenylporphyrin to form
pyrene tether?3

A molecular catalyst such as iridium and rhodium complex with porphyrin bridges
has been explored by S. C. Rasmussen et. al, for electrochemical reduction of COz to
hydrocarbons.?%°1 [ridium and Rhodium tetra-phenylporphyrin (Ir-TPP and Rh-TPP)
complexes have higher selectivity for hydrogenation of hydrocarbons than the reduction of
C02.°T Hence, this homogeneous catalyst can be considered for conversion of ethylene to
ethane. Metal-phenylporphyrines complexes can be modified with pyrene tether which
then can be anchored to carbon surface.”? The pyrene tether enables control of the distance
between active sites. Therefore, the effect of distance between two active sites on substrate
channeling can be studied.

Figure 1.8 shows a reaction scheme to modify carboxyphenyl-triphenylporphyrin to
form a single pyrene tether.?3 Carboxyphenyl-triphenylporphyrin will be activated by
thionyl chloride and subsequently reacted with aminomethylpyrene to afford the desired
pyrene-modified porphyrin. The product can be subsequently reacted with either a
rhodium or iridium salt to produce the corresponding immobilizable metal porphyrin.
Thus, a strategized synthesis of two active sites, Nitrogen and Carbon coordinated metal
center and Iridium and Rhodium triphenylporphyrin complexes, on a graphene sheet

shows significant potential to design CO2RR reaction cascade.
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Here we propose, reaction cascade of COz reduction to ethane as follow:

ZH(th) + 2e” & HZg , EO = 0 [13]
Coz(g) + 2H(leq.) +2e— & COqqs + Hy0(), E° = —0.104 V [14]
CoHaggy + 2H{gq) +2¢” © CzHe(g),EO = —0.52V [16]

Where E? is a standard electrode potential vs standard hydrogen electrode (SHE),
calculated at 25°C, pH=7 Figure 1.9 describes proposed reaction cascade. From the above
three-step reaction cascades, reaction 15 and 16 occurs at two different active sites. CO2
first adsorbs on the metal center of MNC catalyst and reduce to COags. In the presence of
strong CO-metal interaction, COads can reduce to ethane (Cz2H4). Here, C2H4 can be
transported from one active site to another through surface diffusion. Once C2Hs reaches
the iridium or rhodium triphenylporphyrin (TPP) tethered active site, it further reduces to
ethane (Cz2He).

Our collaborators at the University of California at Irvine successfully synthesized a

single metal atom catalyst with nitrogen and carbon precursor by using the sacrificial

CO, CoHy mhp m) m) m) CH, CaHs
e €
e

V]

Figure 1.9 Reaction cascade for CO; electrochemical reduction to ethane (CO2RR).
TPP=triphenylporphyrin
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support method. This novel synthesis yields a highly porous and dispersed catalyst and
thus providing access to a single metal active site for CO2RR.74 Due to the complex nature of
the CO2 reduction reaction mechanism, mechanistic understanding of a catalytic system has
becomes needed to further optimize catalytic performance and design better catalysts.?*
Multi-scale simulation frameworks that capture atomistic insights via DFT study coupled
with microkinetic modeling will provide a better understanding of the effect of the reaction
kinetics on overall reaction rate.

1.5 Simulation Approaches Il

Integrated catalytic designs are heterogeneous systems that involves many events
such as diffusion, adsorption/desorption, reaction on the catalytic surface.?> One of the key
assumptions for continuum modeling of a heterogeneous system is such that active sites
are equally distributed over a surface. In real life that is not true. At the atomic scale,
adsorbates randomly occupy active sites on the surface. Therefore, one needs to model
such a system carefully at macroscopic as well as microscopic scale.

1.5.1 Microkinetic Modeling

Due to spectroscopic limitations, quantifying and observing catalytic reactions at
atomic level is still impossible. Heterogeneous catalytic reactions are even more complex to
study because of the multiphase nature of chemical transformation other than atomic
interactions. Therefore, developing simulation methods at different length and time scales
to describe microscopic chemical transformation is critical to the design of new catalysts
and control of the overall chemical process.?®

Heterogeneous catalytic chemistry is a multiscale phenomenon in nature. In such

systems, a reaction takes place on an active site at the sub-nanometer length scale.
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However, the macroscopic results of the chemical transformation are affected by
adsorption/desorption of chemical species on the surface, transport of the species from the
bulk to the surface that ranges from nanometer- millimeter length scale and picoseconds to
milli-seconds timescale. Non-uniform active site distributions and the effect of surface
coverage on the kinetic rate are some of the intrinsic heterogeneity of the catalytic systems
that also need to be considered while modeling the system. Due to such complexity,
coupling two or more modeling techniques is the necessary to capture the overall chemical
transformation.

Microkinetic modeling (MKM) techniques use a detailed surface reaction
mechanism via a set of elementary reactions to model the kinetic system.?” The MKM
method identifies a dominant reaction pathway and rate determining step (RDS) by
simulating elementary reactions. This is a more reliable approach over conventional kinetic
modeling approaches such as Langmuir-Hinshelwood-Hougen-Watson (LHHW) models
where RDS has to be assumed.’® Experimental techniques cannot measure kinetics of the
elementary reaction by calculating activation energy and entropy changes. This may
alternatively be achieved by using first principle-based calculations such as the density
functional Theory.

The rate of any n‘"* elementary surface reaction, 7,, can be written as the function of
fractional surface coverage of species being transformed in nt" reaction, 8,, and the rate
constant, k,,.

= —k,0, [17]

According to the steady state approximation a set of linear algebraic equations can

then be generated using following equation and solved simultaneously.
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i = Vo1 =0 [18]

dt

Where g; is a stoichiometric coefficient of the species i, 6; is a fractional surface coverage of
species i and ; is the reaction rate of species i and t is the time.

Activation energy required for each elementary reaction can be calculated from the
transition state theory (TST).?8 TST connects Gibb’s free energy of the product, reactant

and the transition state via the Arrhenius equation as follow:

= (202 1
K = exp (%) [20]

Where, k is the forward kinetic rate constant and K is the equilibrium rate constant of an
elementary reaction. —AGrg and —AG,y, are the Gibbs free energy of the transition from
reactant to product and Gibbs free energy of the reaction, respectively. A pre-exponential
factor for the rate constant is approximated and consist of Boltzman constant, kg, absolute
temperature, T and Planck’s constant, h.°4 These Gibbs free energies can be calculated
using atomistic solutions.
1.5.2 Density Functional Theory

In a heterogeneous catalytic system, interactions between adsorbate-catalyst and
adsorbate-adsorbate determine the potential energy of the surface and thus, the Gibbs free
energy barrier for the chemical transformation. During the reaction, reactants are required
to overcome the transition state barrier energy to form the product.’® These atomic scaled
energy parameters can be calculated using a quantum mechanical method, such as density

functional theory. 96.100.101
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Atomistic simulations deal with quantification of the electronic structure of
molecules and atoms. This modeling approach is based on solving the time independent

Schrodinger equation by reasonable approximations. !

Ay = Ey [21]

Where, H is the Hamiltonian operator, 1 is the state vector of the system, and E is a
constant equal to the energy level of the system. The Schrodinger wave function contains
all the information about the quantum system and therefore is extremely precise, theory to
quantify the electronic parameters. However, it is extremely difficult to solve the
Schrodinger equation for systems of more than one electron as computational cost
exponentially increases with the number of electrons in the system.

Therefore, many methods have been developed based on different treatments on
electron-electron interactions and exchange correlation approximations such as Hartree
Fock (HF), Mgller-Plesset Perturbation theory (MPn), configuration interactions (CI),
coupled clusters (CC), Density functional theory (DFT).190 DFT is based on the two
fundamental theorems.103 The first theorem by Hohenberg and Kohn states that ground
state energy from the Schrodinger equation is a unique function of electron density. In
other words, one can map the ground state energy to the ground state electron density. The
second theorem defines a property of the functional, that the electron density that
minimizes the energy of the overall functional is the true electron density, corresponding to
the solution of Schrédinger equation. By combining both above theorems, the energy

function can be written as follows01:

E[{lpl}] = Exnown [{lpl}] + Ex. [{lpl}] [22]
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Where, E[{y;}] is the ground state energy, Exnown [{¥;}] is a “known” energy consisting of
the electron kinetic energy, the coulomb interactions between the electrons and nuclei, the
coulomb interactions between pairs of electrons and the coulomb interactions between
pairs of nuclei, and E,.[{1;}] is the exchange-correlation functional which includes all
quantum mechanical terms that were not considered in Ej,q.n [{¥;}] term.

Now, in order to solve the multi-body Schrodinger equation, one needs to solve a set

of single-electron wave functions defined by the Kohn-Sham equation as follow:104

[—%Vz + V() + Vy(r) + ch(r)] Y;(r) = (1) [23]

Where, V(r) is the potential defined in ‘known’ energy term, V() is the Hartree potential,
and V,.(r) is the interaction between and electron and the collection of atom nuclei the
functional derivative of the exchange-correlation energy.

The exact functional form of the exchange correlation is unknown. However, two
main types of approximations have been developed, namely local density approximation
(LDA) and the generalized gradient approximations (GGA).191 LDA considers an electron in
the uniform electron gas, which is a reasonable approximation for fluids. In GGA, an
electron density gradient is considered to calculate exchange correlation functionals, which
is a more corrective form of LDA. Based on how the electron density gradient is
incorporated in GGA functional, there are many distinct GGA functions available in the
literature such as PBE, rPBE, PW,101,105

Computationally, microkinetic modeling has been used to study reaction
mechanisms, and the most favorable pathway for CO2RR on various catalysts. Liu et. al.

developed a microkinetic model and validated the pH effect of CO2RR on a Cu surface via
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Tafel analysis.1%6 However, Shinagawa et. al. demonstrated the importance of surface
coverage in microkinetic modeling over Tafel analysis.197 The work of Bart et. al. provided
potential dependent product distributions on Cu surfaces and found that the formation of
COOH* is a critical step for selectivity towards CO or CH4 formation and CO; diffusion
limitations at high overpotentials.198 Singh et. al. provided a multiscale simulation
framework consisting of DFT, microkinetic modeling, and continuum modeling that
showed good agreement with the experimental data for partial current densities of CO2RR
over Ag surface.?* In DFT assisted MKM method, free energy prediction is corrected by
considering electrolyte polarization to increase the accuracy of model.19? The effect of the
localized electric field generated by the electrolytes on the surface coverage of the CO2RR
catalytic system on Ag is studied by Chen et.al. via microkinetic modeling approach.119 To
our knowledge, multi-scale modeling of single-metal atom catalyst has not yet been
reported in the literature.

1.6 Overview of work

This work aims to study the effect of kinetics and transport on the channeling
efficiency of the multi-step reaction cascades. Confining the intermediate pathway is a one
way to assure efficient transport between two active sites. We study confinement at
macroscopic and microscopic scales by using continuum modeling and molecular dynamics
approach, respectively. We also study the reaction mechanism of the multi-step CO>
electroreduction reaction on a single metal atom catalyst via a multi-scale modeling
approach. This dissertation involves the following projects:

In Chapter 2, the effect of confinement on the channeling efficiency was studied via a

continuum modeling approach. The effects of kinetics and transport, as well as geometrical
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Figure 1.10 Overview of the work. a) Continuum modeling study of nanoscale
confinement, b) confinement and diffusion of small molecules in the molecular tunnel, c)
continuum modeling of the glycerol oxidation cascade on a paper-based microreactor

(adapted from ref 203), d) microkinetic modeling of carbon dioxide reduction reaction
cascade.

parameters of confined geometry, were studied through product yield. Larger confined
distance between active sites retained intermediate for maximum product yield. (Figure
1.10a)

In Chapter 3, intermediate transport in confined space is described using molecular
dynamics. In this work, the diffusivity of two intermediates was studied in a carbon
nanotube, used as a model for tunnel structure. The intermediate retention time was also
studied by modifying carbon nanotube ends. The maximum intermediate retention was

achieved by decreasing effective diffusivity due to Knudsen diffusion and charged termini.

(Figure 1.10b)
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In Chapter 4, a microkinetic modeling of CO2 electroreduction reaction is developed
to study the reaction mechanism. This work involves DFT based parameter estimation and
electrochemical response validation via kinetic modeling. Surface coverages of chemical
species varied with potential and played very important role in competitive CO2RR and
HER cascades. (Figure 1.10d)

In Chapter 5, a microkinetic model of glycerol oxidation on a paper-based
microreactor was studied via continuum modeling. Convective forces in such a microfluidic
reactor are important to prevent back diffusion of chemical species and increase the

selectivity of the desired products. (Figure 1.10c)
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Chapter 2
Simulation of Intermediate Channeling by Nanoscale Confinement*

2.1 Introduction

Molecular tunneling sterically confines an intermediate within a tunnel and
prevents access to the bulk. Thus, tunneling has the potential of 100% channeling efficiency
in the case of a non-leaky tunnel. The geometry of such tunnels significantly affects
channeling efficiency, thus motivating this study.

Molecular tunneling mechanisms have been well studied experimentally. For
example, the two-step biosynthesis of I-tryptophan from indole-3-glycerol phosphate (IGP)
is catalyzed by tryptophan synthase (TS), a bifunctional enzyme.1? The a subunit of TS
cleaves IGP to form indole and glyceraldehyde 3-phosphate. Allosteric signals control the
channeling of indole between a and B subunits via a 25 A molecular tunnel,'! and indole is
condensed at the (3 subunit with serine to produce I-tryptophan. Kinetic analysis of this
reaction concludes that a-3 indole transfers are fast (= 1000 s'1) with comparable
conversion rates at the 3 site.24112 The TS complex takes on a non-leaky tunnel
conformation when IGP binds at the a subunit and serine binds at 3. This state is often
described as “closed conformation”. If either or both the substrates are not present at the
sites, the TS complex does not form a tunnel. Such conformational changes were studied by
Dunn et. al. by open and closed tunneling experiments, which proved that total indole

sequestration occurs in a closed conformation.113

* This work is published as Chavan, K. S., Calabrese Barton, S. Simulation of Intermediate Channeling by
Nanoscale Confinement. J. Phys. Chem. C 2018, 122 (26), 14474-14480, doi:10.1021 /acs.jpcc.8b01922.
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Site 2

Figure 2.1 Confinement model. Substrate, S, reacts at Site 1 to form intermediate, C,
which diffuses to Site 2 and is converted to product, P. Parameters [, d, h and w are the
end length distance, distance between Site, tunnel diameter and width of Site,
respectively.

In this work, the effect of a physical tunnel was studied by confining the intermediate
path between two sites. An axisymmetric 2D model is applied to a confined assembly to
study the effect of transport as well as kinetics on product yield. We considered
competition from bulk diffusion by allowing diffusion to the domain edge. The geometry
includes a conical angle in the tunnel that can promote radial diffusion towards a product-
forming site. The significance of reaction kinetics as compared to transport is considered
via the Damkohler number, Da.

2.2 Methods
To approximate molecular tunneling, a confined geometry is considered as shown in
Figure 2.1. In this 2-dimensional axisymmetric geometry, the intermediate, C, produced at

Site 1 either diffuse into the confined tunnel and reacts at Site 2 to form the product, or can
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diffuse out of the tunnel into the bulk through tunnel ends. Unlike the mechanism for
Tryptophan synthase, no closed tunnel conformation was considered in this study.!* To
maintain cylindrical symmetry, we assume that the sites are ring-shaped inside the tunnel
with a diameter identical to the tunnel wall and uniformly distributed over the surface. The
surface area of both sites was fixed for all studies; when conical angle, 8, was varied, the
active site widths, w; and wz, were adjusted to maintain the fixed area. Further, we assume
the system has reached a steady state. Single-step reactions at sites 1 and 2 are considered.
Substrate S reacts at Site 1 and produces intermediate, C, which then channels to Site 2 and

reacts to produce P:

Site 1

S—> C [1]
Site 2
— P [2]

A zeroth order, the irreversible rate law is assumed for Reaction [1] and first-order,

irreversible rate law is assumed for Reaction [2], respectively:

Ji =k [3]

J2 = k;C [4]

where C is the intermediate concentration, k; is the zeroth-order rate constant for
reaction 1, andk, is the heterogeneous first-order rate constant for reaction 2. The system
can operate in a mass transport limited condition when the consumption rate of

intermediate at Site 2 is very high such that intermediate concentration at Site 2 is zero.
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In the absence of pressure or potential gradients, and assuming constant diffusivity,
a mass balance on the intermediate leads to Laplace’s equation as the governing equation
for intermediate transport:

V2C =0 [5]

Boundary conditions were set to impose the tunneling mechanism. The tunnel walls
are impervious to the normal flux of intermediate, except at sites 1 and 2, where the flux is
related to the reaction rates given by Egs. 3 and 4, respectively. To arrive at a steady-state
model, and to avoid bulk intermediate contribution to reaction [2], intermediate
concentration was set to zero at the domain boundary. By setting such a boundary
condition, intermediate is allowed to transport internally through the tunnel as well as
externally within the domain. Once an intermediate escape into the domain, it can either
escape out of the system at the boundary or be transported to the second site and react to
form the product.

The Laplace equation (Eq. 5) subject to the above boundary conditions was solved
numerically, in 2D axisymmetric coordinates, using COMSOL finite element modeling
software and the Transport of Dilute Species (TDS) application module. An elliptical

domain was chosen to achieve uniform separation between the sites and the system

Figure 2.2 Meshing scheme for 2D axisymmetric geometry. a) Overall view. b)
enhanced view of mesh in vicinity of the tunnel, shown by rectangle in (a).
Yellow line indicates tunnel wall.
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boundary. The system was meshed using a physics-controlled triangular mesh with

extremely fine element size, and a typical mesh is shown in Figure 2.2.

The minimum element size of the meshing is 0.0089 nm. Baseline model parameters

are presented in Table 2.1.

Table 2.1 Baseline Parameters

Parameter value
Zeroth-order rate constant at Site 1, k; / molecules nm? s-1 10°
First-order rate constant at Site 2, k, / nm s°1 107
End length, l, / nm 1
Tunnel diameter, h / nm 1
Distance between sites, d / nm 5
Conical angle, 8 / degree 0
Width of Site 1, w; / nm 1
Width of Site 2, w, / nm 1
Tunnel wall thickness, t;, / nm 0.1
Distance between tunnel and domain edge, R /nm 50
Diffusion coefficient, D/ nm? s-1 10°

2.2.1Yield

The figure of merit for performance of this system is product yield, which also

represents channeling efficiency for the system. Yield can be defined as the rate of

consumption of intermediate relative to the rate of its formation, expressed mathematically

using surface integrals of the reaction rate at each site:
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Yield = lsitez*2€9S [6]
Jsite 1 k1dS

2.3 Results and Discussion

Initially, Equation 5 is solved numerically assuming infinitely fast kinetics at both
sites such that mass transport is rate controlling. We then introduce finite kinetics
expressed in terms of Damkoéhler number, Da, the ratio of a reaction time constant to a

diffusion time constant.

sz

Da=—= [7]

Here, w is the width of both sites at 8 = 0° (w = w; = w,).We vary Da from 0.001 to 1000
by varying diffusion coefficient, D from 104 to 101° nm? s-1. Reaction rates, k; and k,, and
geometrical parameters such as end length, [, the distance between sites, d, conical angle,
0, and tunnel diameter, h, were also varied to study channeling efficiency.

Mass-transfer limited concentration profiles of non-confined and confined
assemblies are shown in Figure 2.3a-b. Significant intermediate concentration is observed
throughout the confined region, in contrast to non-confined geometry wherein
intermediate concentration approaches zero at the halfway point between sites. This
comparison illustrates the intermediate activity retention achieved by the confined
geometry.

Within the cylindrical confined geometry (with 8=0°), axial intermediate diffusion
dominates over radial diffusion.114 Directional diffusion from Site 1 to Site 2 is enhanced by
a positive conical angle, 6. Figure 2.3c shows the effect of the conical angle on the yield
under mass transfer control. The initial increase in the conical angle up to 6 =17.42

promotes diffusion toward Site 2 over the diffusional loss at the small end of the cone,
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leading to a three-fold increase in yield. At large distances between sites, conical geometry
provides consistently higher yield compared to cylindrical geometry. Further increase in
conical angle increases the diffusional loss from the large end of the cone, decreasing yield
(Figure 2.3d).
2.3.1 Effect of kinetics

Effects of mass transport and kinetics are studied and quantified by Damkohler

Number, Da. Figure 2-4a shows the effect of Da on the yield for both confined and
unconfined systems, with the normalized distance between sites, %, as a parameter. As Da

is increased towards the mass transport limited region, yield increases significantly, and

molec/nm® molec/nm?3

70
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60 a3 —— cylindrical model (©=0°)
- conical model (©=17.4°)
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Figure 2.3 Mass transport of intermediate. a) Mass-transfer limited intermediate
concentration profile for confined configuration, with 8=0°. b) Mass-transfer limited
intermediate concentration profile for non-confined configuration. c) Impact of Site
distance on mass-transport limited yield. d) Effect of conical angle, 8, on mass-
transport limited yield. Other parameters are given in Table 1.
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this transition is observed at Da ~ 1. For the present geometry with D = 10° nm? s-1, Da =
1 corresponds to k, = 10° nm s-1, an exceptionally high value. Assuming realistic kinetic
parameters, Da« 1 and the system is controlled by reaction kinetics rather than mass
transport.2? Therefore lowering the transition Da by changing geometrical parameters can
lead to desirable increases in yield.

The transition value of Da shifts lower as the distance between sites is decreased,
due to the short intermediate diffusion length. The effect of site distance, d, is most
significant in the mass transport limited region, Da>> 1 as mass transport depends upon
the diffusion length (Figure 2.4b).

2.3.2 Effect of end length
The distance between the sites and the end of the tunnel, [, controls axial resistance

to diffusion of the intermediate into the bulk. Figure 2-5a shows the effect of normalized

end length, l;e, on yield for varying Da. As an end length, %e, increased from 1 to 10, product
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Figure 2.4 Influence of reaction kinetics on confinement efficiency. a) Effect of
confinement on the yield for varying distance between Site, d, as a function of Da. b)
Effect of distance between Site, d, on the yield for varying Da. Other parameters are
given in Table 1.
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Figure 2.5 Influence of tunnel end length. a) Effect of confinement on the yield for
varying end length distance, [, as a function of Da. b) Effect of end length distance, [,
on the yield for varying Da. Other parameters are given in Table 1.

yield increased from 6% to 45% at Da=0.01 from 45% to 90% at Da=100. Such large end
length configurations approximate the closed conformation found in tryptophan
synthase.1* Therefore, this configuration may represent the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>