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Generalizing the key requirements of highly-selective, multi-step chemical conversions involving spatially
separated reaction centers remains one of the grand challenges of chemistry. Much work towards this
effort has focused on decomposing multi-step conversions into their constituent reactions, whose
intermediates are successively upgraded in a chemical cascade via diffusion from center to center. This
approach for synthesizing more complex molecules takes its cues from biochemical networks, where
near-unit conversion of even complex carbohydrates is achieved by upgrading chemical precursors via
enzymatic cascades. In this computational study we examine a simple cascade involving coupled Ag and
Cu catalysts that sequentially converts CO, to CO and then CO, and CO to reduced products,
generically named CO,Product and COProduct. The system architecture is inspired by the phenomenon
of biological substrate channeling, and components are examined to evaluate their effects on

conversion efficiency in the cascade. Aside from a substrate channel linking two reaction centers, we
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Accepted 28th June 2025 find efficient cascades must also incorporate directional substrate diffusion, compartmentalization of the

reaction centers, and proper timing of substrate arrival at the active center. We make explicit linkages

DOI: 10.1039/d55c02781k between these requirements and chemical conversion in known biological systems, revealing additional
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1 Introduction

In nature, complex reaction sequences involving multiple
reaction centers are locally managed by structural elements
within proteins that place reaction centers near each other and
couple them using molecular assemblies that direct substrate
motion between them. This process, called substrate chan-
neling, confines the critical functions of the cascade to a well-
defined region in space. The molecular assemblies, or chan-
nels, that provide coupling confine motion through their
physical properties. For example, they can be relatively imper-
meable, tube-like structures that constrain diffusion to a region
within them or contain ionic regions whose negative and
positive charge promote hopping of a charged substrate along
a well-defined path. Examination of the characteristics of
substrate channeling systems has provided important under-
standing of how they might be incorporated into artificial
systems,* thereby improving the selectivity and efficiency of
human-made catalytic cascades. In this work, we consider how
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control elements that could be incorporated.

channels might be used in a central artificial photosynthetic
reaction, the (photo)electrochemical conversion of CO, to
reduced hydrocarbons and oxygenates. This reaction cannot be
performed selectively with a single catalyst, according to what is
known today,® and extensive studies have been made of
cascades where Au or Ag catalysts decompose CO, to form CO
which then is reduced by Cu as a route to improved efficiency
and selectivity.

The experimental artificial cascade demonstrations per-
formed so far have co-located the Ag (or Au) and Cu catalysts in
a spatially well-defined arrangement under the assumption that
proximity promotes a cascade,*® although it has been recog-
nized that there are advantages to having the catalysts placed in
separated electrolyzers.” Electrolyte flow in these systems
enables reactants to be supplied continuously and products to
be accumulated downstream. At the micron-scale, flowing
fluids are always accompanied by a stagnant boundary layer in
which diffusion is the mechanism for delivery of reactants to
and between two catalytic regions. Detailed simulations of
arealistic yet simplified model for a catalytic cascade within the
boundary layer have demonstrated that proximity alone is
insufficient, however, because diffusion within it is driven by
concentration gradients only.® These gradients are not strongly
directional because an intermediate desorbing from a catalytic
surface can go anywhere. It is necessary to flood the boundary
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with the cascade's intermediates in order for the cascade to
work when direct flow cannot occur.

Substrate channeling can potentially offer improvements. A
cell is the governing model, where internal structures provide
the necessary elements to organize chemical conversions across
multiple time and length scales. These structures successfully
control complex processes such as metabolism® and permit
combinations of catalytic reactions that require incompatible
environments.” Artificial chemo-enzymatic and organic
synthetic cascades have been designed using several key design
elements. The multiple catalysts involved in the cascade are
close but spatially isolated from the other, and reactants move
between the catalysts via diffusion in a channel rather than by
random diffusion."** Work on artificial multienzyme systems
has shown a requirement that active sites more than 1 nm apart
that require substrate diffusion between them to execute the
chemical cascade be in some kind of a constraining structure to
ensure efficient transfer.”> A channel can do this, and can
couple reactions at distances to about 10 nm.> Computational
studies have investigated substrate channeling in natural
systems, providing additional insights to important character-
istics. One study looked at electrostatic channeling in an arti-
ficial metabolon, and identified leakage from the channel as
a major cause of cascade inefficiency."®* Another study
considered the physics of a 2-catalyst cascade.” It examined
spatial arrangement effects on the interplay of substrate
consumption and inter-catalyst diffusive transport, and how the
steric confinement of the substrate affects the interactions
between catalysts and substrates.

Studies of natural systems show us that more is involved
beyond spatial placements and the existence of channels,
however. Transfer of indole in tryptophan synthase has revealed
that simply providing a channel within the complex is not
enough. Allosteric interactions are a key element of the function
of this system, serving to guide and coordinate the chemical
reactions in the cascade sequence.'® Such a mechanism could
actively control the timing of the cascaded reactions, for
example only passing an intermediate to its downstream reac-
tion center when that center is ready to receive it: that is, is in
the catalytic cycle's resting state. A recent investigation of
a process involving a cascade of photoexcitation-redox reac-
tions by a photoactive dye — molecular water oxidation catalyst
diad showed that thermal reactions are rate determining at
steady-state, stalling the catalytic sequence until they are
completed.” While the diad is in the thermal-only state,
photoexcitations continue but are wasted. A similar consider-
ation would apply to low, single-pass efficiencies for an artificial
catalytic cascade reaction involving a flowing substrate: if the
catalyst is not ready to react with the substrate when it is nearby,
that opportunity is lost. A series of matched catalysts that
operate in a cascade, where the product of one catalytic center is
a feedstock for another catalytic center and arrives at the right
time, offer the potential of improved selectivity and more effi-
cient use of electrons to drive the reaction.**

What is the best way to use biological principles to design
cascades for artificial CO, reduction systems? Although active
substrate convective flow is an effective strategy for driving
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a cascade,"** natural systems work well without it. Can diffu-
sion through a substrate channel alone ensure a useful artificial
cascade for CO, reduction as is the case for metabolism?® Is
allostery specifically needed in artificial systems? What artificial
factors are needed to coordinate and synchronize the function
of two cascaded catalysts as seen in the tryptophan synthase
system?'® In this work, we describe a computational study that
seeks to answer these questions using 3-D stochastic chemical
reaction-diffusion simulation of a highly simplified description
of the Ag—Cu electrocatalytic CO, reduction cascade, a useful
model system.? On Ag, CO, is reduced to CO." Both CO and CO,
are reduced by Cu to a number of C; and C, products.?
Including both reaction channels for Cu provides a useful
assessment of how well the cascade operates in various archi-
tectures when it is coupled by diffusion alone because it allows
the competition between the background reaction with CO, and
the cascade reaction to be assessed. The Cu chemistry is limited
to 2-electron products for the purposes of this work, which is
unrealistic but does allow the details of how the whole reaction-
diffusion system operates to be evaluated.

The results show that the conceptual framework that has
been developed for natural systems - substrate channeling and
allostery for directional movement and coordination between
the catalytic centers - is incomplete when translated directly
into an artificial system. Elements that are also required are
a means of guiding the substrate into the catalytic assembly in
the first place or signaling readiness between two catalysts when
allosteric motion is absent. In this work we consider what types
of control elements are needed and present an artificial design
concept employing them that successfully drives an efficient
catalytic cascade.

2 Methods

Two catalytic centers operating in an open environment are not
efficiently coupled into a cascade.® The calculations performed
in this work evaluate a progressively more complex series of
architectures coupled to functions to identify important
elements to include in a cascaded system. Full details on model
construction and the simulation methods are provided in the
ESI Notes 1-4,1 and are briefly summarized here. The simula-
tions fall into two groups: evaluation of the characteristics of
a simple, fully passive connecting tube (Fig. 1a), and evaluation
of the characteristics of coupled compartment architectures
that provide more control over the reactants (Fig. 1b). Both
models involve the same chemical mechanisms as shown in
Table S1,7 electrocatalysis of CO, by Ag and Cu at —1.4 V vs.
SHE. The highly simplified cascade is production of CO on the
first catalyst, Ag, and reaction of both CO and unreacted CO, on
the second catalyst, Cu to form COProduct and CO,Product
which are generic names for the reduction products formed.
Electrolyte reactions are neglected: the CO, concentration in the
system is assumed to be controlled by the diffusive flux through
the inlet and reactions at the electrodes.

The calculations were performed using the general-purpose
stochastic reaction-diffusion simulation package Kineti-
scope.” Its use for coupled reaction-diffusion in spatially

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Outline of simulation volumes. (a) Single channel connecting
two catalytic centers. The channel structure is 1.5 nm wide x 20 nm
high x 9-11 nm long. 1.5 nm x 1.5 nm films of Ag and Cu are provided
in one of three locations: each just outside the channel openings
(separated by about 10 nm center-to-center), each just inside the
channel openings with a ~10 nm separation, and both near the center,
separated by 1 nm. The Cu and Ag films are assumed to have 2 catalytic
sites (~10* sites per cm?). The channel height is selected to enable
each simulation sub-compartment to include at least one CO,
molecule. (b) Coupled catalytic compartments (both ~5 x 6 pm) with
connecting tube, gated inlet and exit openings. Insets show the
placement of a cantilever for gating and the exit aperture locations and
sizes. A permselective membrane that blocks exit of the CO inter-
mediate is included. Catalyst films cover the interior walls of the
compartments.

distributed catalytic systems has been described previously.****
Simulations were performed for a total reaction time of 20 s for
the simple channel model, and 10 s for the connected
compartments model. The simulation outputs are a full set of
concentrations as a function of space and time throughout the
entire system, catalytic current densities as a function of posi-
tion, and occurrences information for the various reaction and
diffusion steps taking place.

3 Results

3.1 The simplest case: a connecting channel

We start with the simple channeling element identified in
natural and bioinspired systems, a tube-like structure. This
channel provides a means for an intermediate to be transported
from one specific catalytic site to another, and does not have
leaky walls. For this case, the catalysts are 1.5 nm x 1.5 nm and
have two catalytic sites each. Without a channel, two catalytic
centers only operate together when the system becomes flooded
with the intermediate.® To evaluate whether an impermeable
channel alone is sufficient to control a cascade, we examine 3
cases: catalysts located outside either end of the connecting
channel, just inside the open ends of the connecting channel,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic showing the performance of three single channel
architectures, actual dimensions shown in Fig. 1(a). CO, enters from
both ends, and product gas mixtures produced by Cu (orange) and Ag
(gray) catalysts exit from both ends. CO is only formed on Ag,
COProduct and CO,Product are only formed on Cu. (i) Catalysts
placed just outside the entrances of the tube (separated by 10 nm
center-to-center), (ii) catalysts at the entrances of the tube with
a 10 nm separation, and (iii) both catalysts near the center of the tube,
separated by 1 nm.

14% CO

86% CO2Product
70% COProduct
—

(iii) 41% CO
59% CO2Product

59% COProduct
—

and at the center of the connecting channel. CO, can enter the
channel from either end.

Fig. 2 shows the partitioning of each product (totaling 100%)
at the two ends of the channel for the three cases, and Table 1
shows the corresponding formation rate of each product. These
streams show why the channel alone is insufficient. When the
catalysts are external to it, diffusive motion of the cascade
intermediate CO formed on Ag into the channel competes with
its diffusion away from it, with only 5% crossing over to the Cu
side. When CO reaches Cu, it can diffuse in any direction, and
adsorption and reaction on Cu is uncompetitive. Placement of
the catalysts just inside the channel openings improves
cascading, with 14% of the CO formed reaching the Cu catalyst.
The COProduct formation rate, however, is only 7 x 10™*% of
the CO,Product formation rate. When the catalysts are 1 nm
apart in the middle of the channel, far from the openings, the
COProduct formation rate increases to 10~ 2%. However, loss of
the intermediate out both ends of the channel remains the
dominant process. This is a consequence of the undirected
diffusion taking place in and around the channel. Use of
a reaction-diffusion process to drive the cascade is not favored
in this architecture.

3.2 Structures that can improve on the simple channel

The simulations show that, as represented, a simple channel
does not work to ensure efficient cascade catalysis. There is no
mechanism to ensure that reactants diffuse in the desired
direction or that the intermediate is efficiently captured by the
second catalyst. In this section we will describe a set of simple
elements that can be added to achieve controlled timing and
encourage high single pass efficiency. The aim is to create

Chem. Sci., 2025, 16, 13667-13677 | 13669
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Table 1 Steady state current densities and product formation rates on the Ag and Cu catalysts

Ag current density, Cu current density,

CO formation, Ag, CO,Product, Cu, COProduct, Cu,

Geometry mA cm > mA cm™> mol s~* mol s~* mol s~*
(i) Outside —0.95 —-0.95 6.66 x 10" 6.66 x 10" 0

(ii) At entrance —0.95 —0.95 6.68 x 10* 6.69 x 10" 0.5

(iii) Near center —0.95 —0.95 6.69 x 10" 6.7 x 10" 6.22

designs that can be made and tested experimentally. Because
large area fabrication of well-controlled nanometer-scale
complex structures is highly challenging, designs that use
molecular-scale architectures to control all aspects of the elec-
trocatalysis are impractical. Instead, we move to the micrometer
scale in order to facilitate tractable fabrication, enabling the
concepts described here to be tested and improved via
experimentation.

(A) Improvement # 1: one-way diffusive transit. The results
in Fig. 2 show that allowing influx and egress from both ends of
the channel introduces a significant loss pathway for the
cascading intermediate. One of the functions of allostery in
natural systems is to steer molecular motions in a desired
direction. Artificial systems can incorporate this feature by
using permselective membranes to ensure that some species
are blocked but others allowed to pass. Here, placement of
a membrane at one end, for example the entrance to the first
cascade element, would enable the substrate CO, to enter the
system freely but block the intermediate CO from diffusing out
of that opening. Commercial products that can perform this
function are available. For example, the Polaris membrane is
selective for CO, permeation by a factor of 10-20 relative to CO,
which would be effective in minimizing losses of the CO inter-
mediate.*** Diffusion out of the exit aperture must similarly be
one-way to prevent unwanted side reactions and for efficient
product collection. This can be accomplished by ensuring that
the concentrations of reactants and products are very low in the
bulk electrolyte external to the compartment at that location, for
example by using a flowing electrolyte. Because of the archi-
tecture used for the simple channel in the simulations, a direct
test of this improvement using it was not made. Diffusive flux is
proportional to surface area, and the catalyst areas are small
(2.25 nm?*) compared to the cross sectional area of the channel
(30 nm?), required to reduce the computational cost of the
simulations. The channel model is not well-suited to test this
improvement, so its implementation has been combined with
that of improvement # 2.

(B) Improvement # 2: compartmentalization. The literature
on design of catalytic cascades ranging from synthetic biology
engineering of metabolic processes® to large scale synthesis™
emphasizes the need to provide structures that keep reactive
regions close to one another yet chemically isolated, and
provides a direct means of transferring intermediates from one
reactive region to the next. Vesicles and liposomes are a natural
construct to consider as they can be tuned in many ways to
facilitate permeability control and stimulus response.** Such
compartments can be created in a side-by-side configuration

13670 | Chem. Sci, 2025, 16, 13667-13677

and connected by narrow tubes that provide a transfer path
between them but limit the diffusion rate of their contents from
one compartment to the next because of the size of their cross
sections. The advantages of this architecture have been
demonstrated using a nanotube-vesicle network to not only
control the location of a chemical reaction but also timing its
migration between vesicles, using diffusion as the only trans-
port mechanism.* In those experiments, spherical vesicles in
the range of 5-10 microns were connected using conduits 100-
300 nm in diameter and 50-100 microns long. Over times of
many minutes, the specific vesicle undergoing active chemistry
changed abruptly, resulting in a sequential pulsing effect due to
control over the reaction timing.

Taking the few microns size as a useful design point to
facilitate movement of reactants, intermediates and products
through the system, we can consider how to fabricate such
a network for electrochemical cascades. An electrocatalytic
cascade requires that the walls of the compartments be con-
ducting, and be able to be coated with suitable catalysts. In
a recent demonstration, 3D printing of an acrylate resin fol-
lowed by pyrolysis to fabricate mesoscale systems of glassy
carbon electrode compartments with specified architectures
was reported.”® While the structures in that work were relatively
large (~100 micron scale), it is possible to 3D print structures
with a few-micron scale using similar materials by 2-photon
lithography.” Addition of a membrane as described in
Improvement # 1, and illustrated in Fig. 1b, ensures directional
control (improvement # 1).

To test whether provision of these elements alone are suffi-
cient to have a cascade where sequential reactions are well-
controlled, a simulation has been made assuming that the
first compartment, which has the entrance to the system, is
prefilled with the substrate CO,, mimicking the substrate
injection process used in the vesicle experiments.”> Computa-
tionally, a many-micron-long conduit is impractical because
diffusion through it is inefficient, so the conduit was shortened
to 0.3 um as described in ESI Note 3.1 In the vesicle experi-
ments, the pulsing behavior was attributed to building up
a sufficiently large concentration of the intermediate in one
vesicle so that the gradient driven diffusion into the adjacent
vesicle would abruptly become very rapid, triggering the reac-
tion there and rapidly consuming the intermediate. As can be
seen in Fig. 3, this indeed occurs. However there is also some
back-diffusion of the COProduct into the first chamber before
the system completely empties out. If this type of system is to be
run continuously, it is necessary for the first chamber to be
refilled. If this is allowed by diffusion through the inlet, no

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 COProduct formation as a function of time in a coupled compartment cascade. The Ag compartment where CO is formed is on the left,
and the Cu compartment where the product is formed is on the right. Two cases are compared: an initial single charge of the substrate CO,, and
an initial charge with a continuous substrate leak into the system to replenish the charge. The plot shows the cascade product, COProduct, exit
rate from the system (exit location is shown in Fig. 1b). It is at nearly steady state at 10 s, with a value near zero for the single charge and a constant
for the continuous replenishment case. The contents of the two compartments are shown at times of 0.3 s, 2 s and 8 s for the two cases for both
CO (upper image) and COProduct (lower image). COProduct can diffuse out of the system as well as back into the first compartment because
there is no mechanism to inhibit backflow in this case. The color scale bar on the right indicates the concentrations of CO and COProduct.

pulsing occurs because the CO intermediate diffuses freely into
the second chamber. It is evident that the connected vesicle-
type system cannot control the timing of the chemistry if it
operates continuously, as is desirable for a practical system.
(C) Improvement # 3: timing control. To control timing of
a cascade, natural systems use allostery and signaling mecha-
nisms such as accumulation of a critical concentration of
reactants, arrival of electrons or protons, and light intensity to
effect local changes in the microenvironment and start or stop
specific chemical reactions.”*® Artificial systems that control
drug delivery by using photoexcitations to influence perme-
ability have been described,*® but like the vesicle example
studied here, are not designed to be refilled. In this study, we
adapt the series of vesicles architecture to incorporate a gate-
like structure to modulate the entry of the substrate into the
compartment system, as illustrated in Fig. 1b. Two examples of

© 2025 The Author(s). Published by the Royal Society of Chemistry

such structures use a light signaling mechanism: an
azobenzene-coated cantilever whose position can be controlled
using UV light** and photothermal deflection of a cantilever
constructed from materials with dissimilar coefficients of
thermal expansion.** By modulation of the position of the
cantilever, the substrate can enter the compartment system
with a programmed frequency. In this work it is assumed that
substrate concentration is constant in the reservoir external to
the entrance, so there are no transport limitations on
availability.

The data in Fig. 3 provide information on an appropriate
modulation timing range for this system. The COProduct trace
for the single CO, charge case peaks at about 1 s, with a ~1/e
decrease by 4 s. This tells us that the conversion plus transit
time is of the order of 1 s through the system. We selected a 2 s
period (0.5 Hz) and a 4 s period (0.25 Hz) as the modulation

Chem. Sci., 2025, 16, 13667-13677 | 13671
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times, assuming that 2 s would be the fastest time possible to
clear the system, and 4 s would be a conservative estimate.
Additional considerations are discussed in ESI Note 3.7

Using this architecture, three sets of run conditions are
compared as described in Table 2, including a base case (0.5 Hz)
and variations in exit aperture size and modulation frequency.
The conditions are selected to assess their influence on the
reaction efficiency and timing characteristics of the cascade. All
cases assume the system has no CO, in the compartments to
start. A control simulation for the base case where both
compartments are prefilled with CO, (results not included here)
showed that the process is dominated by conversion of the
initially present substrate, eventually reaching a steady state
like that of the initially empty compartment system.

The fill-empty pattern of the two coupled compartments is
shown for the base case in Fig. 4. The 3D images show that the
contents of the two compartments are uniform within those
volumes, indicating that diffusion within the volume is faster
than diffusion between the compartments. The intermediate
CO is only found in its source compartment (Ag catalyst) while
the COProduct back-diffuses into the Ag compartment so is
present in both and takes longer to clear out of the system. The
most notable characteristic of the chemistry in this architecture
is that CO and COProduct are the only significant components,
indicating that the single pass conversion efficiency for CO, to
COProduct is very high. As shown in Table 2, all three cases have
a conversion efficiency > 97%, the larger exit aperture system
loses about 13 times more unreacted CO than the small aper-
ture systems, while the aperture itself is 18 times larger. The
simulations indicate that for the electrochemical kinetics used
in this work, complete conversion in the Ag compartment is key
to controlling the overall COProduct yield. This predicted single
pass conversion efficiency is quite extraordinary for an electro-
chemical reaction, let alone an artificial cascade.

Line plots showing key characteristics of the three cases in
Table 2 are shown in Fig. 5. The entrance aperture for the 3
cases is the same, 0.01 pm? resulting in the same maximum
CO, entrance rate for the three (top three panels). This entrance
rate is compared to the exit rate, which is the diffusion rate out
of the exit aperture. Exit diffusion rates depend on concentra-
tion gradients as well as the exit surface area. In the three cases
it is clear that the exit rate is smeared out compared to the
entrance rate, reflecting the buffering effect that the architec-
ture and the diffusion have on the transit of reactants and
products through the system. Ideally the output modulation
would match the input modulation with a geometry-dependent
phase shift. The data for the large exit aperture and slower
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modulation cases come closest, likely because the residence
time in the Cu compartment is much reduced when the aper-
ture is large, and the slower modulation is better matched to the
timing characteristics of the entire system. Although outside
the scope of this project, these system response characteristics
point to strategies that can be used to refine system dimen-
sioning and operating parameters to ensure good temporal
matching between input modulation and product exit wave-
forms. The data in the middle set of panels show that all 3
systems have the same electrochemical behavior. The bottom
row of the figure shows that the electrolyte compositions are
quite different, however. The CO concentration in the Ag
compartment depends only on the modulation characteristics,
while the reactant and product concentrations in the Cu
compartment depends mainly on the exit aperture size.

4 Discussion

The outcomes of this study highlight which elements in natural
systems are essential to their chemical functioning and need to
be included in an integrated way into artificial systems, some-
thing not always revealed in mechanistic studies of the chem-
ical reactions or of system architectures alone. We find that
coupling two reactions through a substrate channel is insuffi-
cient for driving efficient cascade chemistries. Instead, effective
substrate channeling is found to incorporate directional
substrate fluxes (improvement # 1), and reaction compart-
mentalization (improvement # 2) and an ability to control
reaction timing (improvement # 3), pointing towards combi-
nations of key factors that must be considered in future efforts
to rationally design artificial catalytic cascades. These features
are necessary but likely not sufficient to achieve the selectivity of
biochemical systems. In particular, allosteric regulation
coupled to feedbacks also governs substrate turnover in many
biological systems.

It is evident that simple placement within a biological
structure does not ensure directionality without some addi-
tional constraint on motion. That directional substrate diffu-
sion may assist efficient conversion in an artificial chemical
cascade (improvement # 1) prompts further consideration of
biological systems such as tryptophan synthase. In this system,
directionality is achieved by mechanical means. Allosteric
regulation of the protein is triggered by substrate egress into
a 25 nm channel connecting the protein's o and B subunits.*®
Conformational changes upon substrate capture by the protein
reconfigures the system into a ‘closed’ state, prohibiting
random walk of substrate out of the entry channel. This closed

Table 2 Characteristics of the three main dual-compartment system variations investigated

Exit aperture

Totals at exit (%)

Case type Modulation (Hz) area (um?) CO, Cco CO,Product COProduct
Base 0.5, 3 cycles 0.01 1.2 x 107* 0.15 0.089 99.8
Base + large exit 0.5, 3 cycles 0.18 2.1 x 107° 2.02 0.082 97.8
Reduced modulation 0.25, 2 cycles 0.01 1.7 x 10°* 0.16 0.091 99.8
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Fig. 4 Compartment contents as a function of time point in the aperture open-close modulation cycle, for a total time of 10 s.

configuration results in stochastic location probabilities that
amount to directional “channeling” of substrate molecules, and
is effective in increasing the probability of substrate binding
and reactivity at the enzyme active site. This principle has been
recognized in biology, however its identification as being
essential to artificial systems has not been investigated at the
same level of detail as catalyst placement.*® Photosystem II also
has a mechanism to open and close a proton gate, regulated by
the hydrogen bonding network between water and amino acid
residues.* An artificial mechanical element used in the present
simulations is a selectively permeable membrane, which
controls directionality of CO diffusion by preventing its back-
diffusion out of the first compartment. This is not an allo-
steric element, however, since its function is passive and
determined by the membrane structure, and not controlled by
signaling.

Another mechanism for ensuring directional motion the
imposition of large concentration gradients, which govern
diffusion rates. This is seen in the carbon concentrating
mechanisms (CCMs) found in the carboxysome of many
photosynthetic cell types. CCMs increase the ambient concen-
tration of CO, for downstream conversion to 1,5 ribulose
bisphosphate by the enzyme Rubisco. This scheme is essential,
as Rubisco's low binding affinity (high Michaelis constant, K,)
for CO, requires substrate concentrations that are higher than
the ambient bulk concentration of CO, (~15 uM by Henry's law,
calculated for 450 ppm CO, in ambient air and a Henry's law
constant of 3.4 M per atm in water).* In this case, directional

© 2025 The Author(s). Published by the Royal Society of Chemistry

CO, motion and concentration within the carboxysome occurs
via active transport of cytoplasmic bicarbonate (HCO; ™) anions
across the organelle’'s membrane. Transport is facilitated by
a concentration gradient that develops because of the action of
the carbonic anhydrase enzymes inside the carboxysome, which
catalyze the reversible dehydration of bicarbonate to CO, and
deplete its concentration relative to that in the cytoplasm. CO,
is unable to passively permeate the CCM membrane at appre-
ciable rates and is not actively transported by bicarbonate
transporters. The result is a directional motion and net buildup
of CO, inside the CCM, facilitating Rubisco's incorporation of
this substrate into a sugar. Active transporters have not been
incorporated into artificial systems, but may be elements to
consider.

In both cases of directional motion in natural systems -
governed by allostery or by active transport - concentration
differences across a control point are key to ensuring this
process occurs. Concentration gradients alone are not enough
however, local structures that ensure efficient entry of the
substrate into the control point must also be present.

While biological compartmentalization is often invoked at
the level of organelles, the simple channel simulations reported
in this study also demonstrate the importance of compart-
mentalization at the atomic level: without it reaction efficiency
and selectivity for COProduct is very low because there is no
mechanism to control the residence time around the catalytic
center. This suggests that the relevance of compartments to
cascaded chemical conversions is not limited to the micron

Chem. Sci., 2025, 16, 13667-13677 | 13673
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Fig. 5 Line plots of key characteristics of the cascading system for the 3 cases in Table 2. (a)-(c) comparison of the CO, entrance rate and
COProduct exit rate, (d)—(f) comparison of the catalytic currents in the Ag and Cu compartments as calculated on a catalytic surface area of 0.05
um? at the same location in them, (g)—(i) comparison of the electrolyte compositions.

scale (improvement # 2). A strong argument for the logic of
atomic-scale compartmentalization is evidenced through the
construction of proteins themselves, and comparing their
activities with active-site only catalysts. The structural bulk of
proteins is hard to justify until considering the role that such
bulk plays in shielding reactive active-site intermediates and
transition states from unwanted reactions with molecules in
solution. These bulky catalytic systems also slow down migra-
tion of substrates and intermediates, and prevent cross-talk
between the active sites. Crosstalk may occur in a variety of
inorganic systems such as inorganic/organometallic catalysts,
where d-d interactions between transition metal centers are
well-documented.®® Such chemical interference is precluded by
the organic insulation formed by polypeptides, speaking to the
importance of compartmentalization for achieving high cata-
lytic specificity. The inability for reactive centers to cross-react
allows biochemical networks - where substrates are sequen-
tially upgraded in an enzyme cascade - to function with almost
unit selectivity. This general concept is now ported into the 2-
compartment system disclosed here, through use of apertures

13674 | Chem. Sci., 2025, 16, 13667-13677

that have dimensions much smaller than the bridged reaction
volumes.

Timing the arrival of substrate to active centers (improve-
ment # 3) represents a powerful handle for rate-matching the
sequenced chemistries of a cascade to achieve highly-selective
conversion. In the present study, such rate-matched reactions
can be achieved through modulation of substrate influx.
Modulation makes time for the surface reactions in the first
compartment to go to completion before their products move
into the second compartment. There are tradeoffs however,
protracted intermediate residence and accumulation in the first
compartment can reduce throughput/turnover frequencies of
the overall cascade.

While timing the on/off states for catalytic cycling may be
achieved through modulating substrate flow, timing turnover at
active sites should, in principle, be possible to modulate by
controlling the arrival of any component needed for the reac-
tion. As a result, it seems likely that similar effects could be
realized by modulating charge flow to metal active sites. This
extends possible modulation approaches to include transient

© 2025 The Author(s). Published by the Royal Society of Chemistry
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potentiostatic methods, where application of pulsed potentials
at frequencies that enable synchronization between the two
compartments permits the activation or deactivation of active
site turnovers at will.

The operation of coupled intra-protein charge and substrate
relays provides a useful example of how appropriately timing
the arrival of substrate or charge at an active center ensures
efficiency. One system is considered here as an example. Metal
enzymes of the formate dehydrogenase family are comprised of
Fe-S clusters that act as initial points of reduction/oxidation
and convey charge to/from a molybdenum, tungsten or
NADPH-dependent catalytic site that drives the reversible
conversion of CO, and formate. In Desulfovibrio vulgaris formate
dehydrogenase (FdhAB), substrate turnover rates high as 1310
s~ for formate oxidation and 315 s™* for CO, reduction to
formate (two electron equivalents per reaction, 2620e” per s and
630e” per s respectively), have been reported.*® However, these
rates are far slower than the intraprotein electron transfers (ET)
between the Fe-S and the catalytic site, estimated to be in the
range 10° to 10’ s~' using a semiclassical Marcus electron
transfer model, commonly used for biological ET calculations
(ESI Note 5f). The fast reaction rates indicate that intra-
molecular ET between FAdhAB Mo/W active sites and the Fe-S
clusters in this protein occur in multi-step tunneling transfers,
with rate coefficients generally much greater than for actual
substrate turnover. The result is a system in which the time-
scales for charge transfer and substrate turnover are so dispa-
rate that the intra-protein charge propagation is actually best
characterized as a transient with short pulse times (the
tunneling rate) and a pulse frequency governed by the chem-
istry, i.e. the frequency of oxidation/reduction events at the Fe-S
cluster by exogenous donors. The evolution of this pulsed relay
has resulted in a class of proteins that convert CO, to formate
with virtually 100% selectivity because electrons are always
available for the reaction.

Consideration of these natural systems points to additional
mechanical, active and time-dependent processes that might be
included to control artificial catalytic cascades. Future efforts to
refine artificial multi-step conversions may eventually require
reproducing the physics of feedback-driven allosteric control to
achieve conversion efficiencies and control on par with
biochemical networks. However, it is important to note that the
cascaded catalytic reactions in the simulations described here
involve only two-electron processes, and the scope of processes
that need to be part of a successful design may be much broader
still. For example, the stoichiometry of higher-order (4e” or
greater) reductions will impose demands on cascade construc-
tion that are distinct from those investigated here and may
make conditions such as the necessary substrate buffering in
the first compartment, harder to satisfy. Inclusion of full elec-
trolyte chemistry, which must be done for accuracy, is complex
in compartments of this size (ESI Note 1) because they are too
small for pH to be defined, and the composition of the elec-
trolyte will be dominated by fluctuations.?” Nevertheless, it is
clear that the three major considerations distinguished in this
work play key roles in cascade function and should inform
future design efforts of cascade reactions in general. Extension

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of these design principles to gas-diffusion electrodes can be
envisioned, with adaptations to enable reactant modulation
and include sufficient water vapor.

5 Conclusions

In this work we describe the results of a computational study
that reveal key functional components necessary for a catalytic
cascade to be efficient and selective. The chemistry examined is
a highly simplified version of CO, reduction on Ag to form CO,
and subsequent CO reduction on Cu (in competition with CO,
reduction on Cu) to form products. Studies of natural systems
have pointed to the importance of substrate channeling to
control chemical cascades involving enzymes. Simply providing
a tube-like structure for substrate channeling between the two
catalysts in an artificial system does not ensure that the cascade
is efficient or results in the desired chemistry. High single-pass
catalytic conversion efficiency is enabled by (i) controlling the
directionality of motion from one catalyst to the next, (ii)
providing modulation to coordinate reactions through timing,
(iii) confining the catalytic regions in compartments that buffer
the concentrations of reactants and intermediates by having
small entrance and exit apertures and tailoring their sizes to
control residence times in each region. When considered
alongside examples of how biological systems work, these
conditions can be seen to be necessary but probably not suffi-
cient to ensure selectivity and efficiency in more complex
chemical systems such as formation of multicarbon products
from CO,. Nevertheless, the simulation results point to
improvements that can be made to artificial cascade catalysis
systems through new architectural designs.
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