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Kinetic Barrier Diagrams to Visualize and Engineer

Molecular Nonequilibrium Systems

Emanuele Penocchio* and Giulio Ragazzon*

Molecular nonequilibrium systems hold great promises for the nanotech-
nology of the future. Yet, their development is slowed by the absence of an
informative representation. Indeed, while potential energy surfaces comprise
in principle all the information, they hide the dynamic interplay of multiple
reaction pathways underlying nonequilibrium systems, i.e., the degree of
kinetic asymmetry. To offer an insightful visual representation of kinetic
asymmetry, we extended an approach pertaining to catalytic networks, the
energy span model, by focusing on system dynamics — rather than thermo-
dynamics. Our approach encompasses both chemically and photochemically

breakthroughs are tightly associated with
representation, as exemplified by the dis-
covery of the periodic tablel and the
effectiveness of hand-drawings to describe
complex phenomena such as reactions’
mechanisms.I! The concept of potential
energy surfaces also profoundly impacted
the understanding of chemical reactions.
First proposed in 1915, this concept under-
lies most areas of chemistry, including
electron transfer reactions, transition

driven systems, ranging from unimolecular motors to simple self-assembly
schemes. The obtained diagrams give immediate access to information
needed to guide experiments, such as states’ population, rate of machine
operation, maximum work output, and effects of design changes. The pro-
posed kinetic barrier diagrams offer a unifying graphical tool for disparate

nonequilibrium phenomena.

1. Introduction

Representation shapes how we perceive the world, thus, how
we think about it. It is pervasive in our society, having a pro-
found impact on our lives. Science as well heavily relies on
the visualization of systems at study. Indeed, many scientific
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state (TS) theory, supramolecular chem-
istry, and the development of molecular
machines.*”! Yet, some limitations of
the potential energy surface representa-
tion of chemical systems start to emerge,
e.g. when considering reaction networks
that include both first- and second-order
rate constants, as recognized by Knowles
et al..l>”] Tssues arise also at the forefront
of supramolecular chemistry and mole-
cular machines when dealing with nonequilibrium systems,
which hold great promises for future nanotechnology develop-
ment.B1% The reason is that autonomous molecular machines
are accurately described by periodic multidimensional poten-
tial energy surfaces, that include multiple pathways, and
appear even tilted while the machine operates autonomously
(Figure 1a).l'"12 Multidimensional representations are more dif-
ficult to use than simple 1D representations. Indeed, their use is
rather limited among experimentalists. Similar representations
apply to self-assembling systems that can exploit an energy
source to assemble high-energy structures. Dissipative self-
assembly is a lively area of supramolecular chemistry, where the
fundamental principles are even less explored. In this context, a
common representation relies on extremely simplified potential
energy profiles lacking specific details (Figure 1b).13-1%!

In autonomous molecular machines and nonequilibrium
self-assembly, systems’ operation can be represented with
chemical reaction networks including multiple catalytic paths
(Figure 2).11%] Rationalizing the mutual influence between the
available paths can be hard, and the effects of changing reac-
tion rates are frequently not trivial, also because accelerating
the rate of one reaction will always result in the acceleration
of its microscopic reverse if the free energy change remains
the same.!® For experimentalists working in the area, it would
be beneficial having a simple representation of nonequilib-
rium systems, informing on how to optimize machine ability
to perform work or the assembly of a nonequilibrium species
(Figure 1c). At present, addressing these questions requires
convoluted studies.'-22

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. Different graphical representations are used to describe nonequilibrium systems. a) 2D equilibrium potential energy surface for a hypothetical
molecular machine coupling conformation changes to chemical reactions, as a typical example of high-resolution representation, with continuous
degrees of freedom and detailed free-energy landscape. The free-energy valley along which a force can possibly drive the system might be guessed, but
there’s no immediate clue about directionality (kinetic asymmetry). Accurate data on systems’ energetics are required. b) Generic 1D profile is a typical
example of abstract representation. The out-of-equilibrium nature of the system is made clear, but no concrete information is conveyed. No data about
the system are required. c) A graphical and discrete representation of systems’ kinetics, able to visually convey relevant dynamic features, is proposed
in this work as kinetic barrier diagram. Information about directionality, order of magnitude of the cycling rate, most populated intermediate, and rate-
limiting feature of experimental systems are embedded and can be deduced by following simple graphical rules explained in the main text and in the

interactive tutorial (see Supporting Information). Data on systems’ kinetics are required.

Most artificial molecular motors combine two orthogonal
reactions, which result in square reaction schemes -also known
as bipartite networks.?>?4l In these cases, one reaction is asso-
ciated with mechanical motion (e.g., rotation) and the other
is associated with an energy source (e.g., photoisomeriza-
tion).>"28] Therefore, square schemes are ideal to discuss the
properties of artificial molecular motors, as they include the
most important features of nonequilibrium networks while
remaining simple.

To introduce our approach, in the following we consider a
network that models a hypothetical chemically driven autono-
mous rotor, tightly related to a recently reported motor rotating
about a covalent single bond (Figure 2a).2>3% The rotor M can
interconvert between two different forms by performing half
a rotation (reaction 4 in Figure 2a). This reaction is associated
with a mechanical movement, affording M’. Reactions 1 and
3 are instead associated with the interactions with a chemical
fuelBll (F) and its conversion into a waste product (W). The
binding of F to the motor (reactions 1F and 3F in Figure 2a)
converts it into “bound” forms M* or M’*. Under the same
conditions, F can be released as W (reaction 1 and 3 W in
Figure 2a) reverting the system to the free forms M and M". In
many cases, the conversion of F into W is a highly exergonic
reaction, i.e., “irreversible” from the experimental point of view.
Examples are phosphate hydrolysis, carbodiimide hydration,
or decarboxylation reaction.3%3233 However, to respect micro-
scopic reversibilityl'® and ensure a correct analysis, all reactions
are formally described as reversible, even when practically
“irreversible”. The last reaction to be introduced is the mechanical
motion interconverting the bound states, M* and M’* (reaction
2 in Figure 2a). If rotation around the aryl-aryl bond occurs in
the same direction (e.g., clockwise) in reactions 2 and 4, the
sequence of reactions 1—2—3—4 affords the unidirectional
rotation of one aryl unit with respect to the other. Under equi-
librium conditions, this sequence occurs with the same likeli-
hood of the opposite: 4—3—2—1, canceling any directionality.

The energy required for directionality to appear is provided
by the conversion of high energy F into W. To study such non-
equilibrium conditions, systems are analyzed under a con-
stant turnover of F into W by fixing — chemostatting — the

Small 2023, 2206188 2206188 (2 of 10)

concentrations of F and W at values that are not compatible
with equilibrium for the F & W reaction. Thus, the system
will evolve toward a steady state in which F is continuously
converted into W.34 The sequence of reactions used to con-
vert F into W becomes crucial in determining the observed
behavior. The square scheme offers four distinct pathways for
converting F into W mediated by the machine (Figure 2b), but
only paths III and IV are coupled with mechanical movements.
Path III corresponds to reactions F + M = M* = M™* = M’ + W,
resulting in the overall reaction F + M = M’+ W. Thus, the con-

a Epitomic square scheme for fuel-driven processes

U\Rz O over e

) (M)

+Fuel (F) @ +W||-Waste (W) +F [[-F ® +w||-w
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n
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Figure 2. Square reaction network for a fuel-driven process. a) Epitomic
reaction network associated with the operation of a four-state chemically
driven rotor, including notation associated with Step 1. The network has
been described in ref. [29] and is tightly related to the rotor described in
ref. [30]. b) Indication of the multiple paths available for F to W conver-
sion catalyzed by the rotor.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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version of F to W affords at the same time the conversion of
M to M’. Path IV promotes the opposite reaction according to
reactions F + M’ = M'* = M* = M + W, which couples F to W
conversion with M’ transformation into M. Under continuous
F turnover, all pathways participate in converting F into W. It
is only a matter of kinetics which one will prevail. Key to the
system behavior is therefore the kinetic competition between
oppositely coupled paths III and IV. When one of these paths
prevails over the other, the system can be described as kineti-
cally asymmetric, with two important consequences. The first
effect is that a cyclic chemical current emerges, e.g., if path
IIT prevails a counterclockwise current arises, with M’ is con-
stantly produced via reactions 1—2—3 while simultaneously
consumed via reaction 4. The second effect is that reactions
2 and 4, which do not involve chemostatted species F or W,
can be kept out-of-equilibrium. These two effects are impor-
tant because they underlie both the operation of autonomous
motors and endergonic self-assembly. Indeed, when the cata-
Iytic cycle coincides with the operation of a molecular machine,
maximizing the current accelerates the operation. On the other
hand, if the target is the assembly of a high-energy species, the
system should be optimized to drive the concentrations of such
species away from the corresponding equilibrium. On top of
this, the maximum amount of energy that can be stored in such
a high-energy assembly, as well as the maximum amount of
work that a molecular machine can perform, are related to the
extent of kinetic asymmetry, which is the essential operating
principle of molecular machines that operate under constant
environmental conditions and can be quantified by the ratch-
eting constant K,.[10:3>-38]

Here, we propose a simple strategy to represent molecular
systems displaying kinetic asymmetry and operating under
constant environmental conditions, leading to a dimension-
less diagram denoted “kinetic barrier diagram,” in line with the
terminology used by Knowles to describe the kinetics of enzy-
matic activity.®’! Kinetic barrier diagrams visually map system
dynamics, giving immediate access to the features normally
requiring optimization in real systems.

2. Results

Inspired by the close relation of chemically driven nonequilib-
rium systems with catalytic processes, we considered if the tools
developed in the context of chemical catalysis could be fruitfully
employed for the rationalization of artificial nonequilibrium
systems.[3%* In particular, we focus on the energy span model,
useful to rationalize catalytic cycles."*3! This model shows
that the rate of catalytic cycles is determined by the whole
energy span explored during a cycle. To illustrate this idea, we
consider the potential energy profile associated with a catalytic
cycle involving path IV, identified as cycle IV (Figure 3a). After
one cycle, the motor (i.e., catalyst) returns to the initial state,
while the system energy has decreased, accounting for the con-
version of F into W, AGy _, . The turnover frequency (TOF)
of this catalytic cycle is related to its energy span, as the latter
is the energy difference between the TS and the intermediate
that mostly contribute to determine the TOF, which are respec-
tively identified as TOF-determining TS and TOF-determining
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a Potential energy profile for fuel consumption via catalytic cycle IV
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Figure 3. Diagrams representing square scheme networks. a) Potential
energy profile associated with F to W conversion via catalytic cycle IV.
b) Comparison of potential energy profiles for cycles 11l and IV. ¢) Kinetic
barrier diagram is constructed as explained in Section 2.1.

intermediate. To facilitate readers and with no loss of gener-
ality, in this manuscript, the TOF-determining TS coincides
with the highest energy TS, and the TOF-determining inter-
mediate coincides with the most stable intermediate appearing
before the TOF-determining TS.*! Thus, the energy span
reports quantitatively on the rate at which the considered cata-
Iytic cycle operates and is visually immediate to identify.[*]
Therefore, in the illustrated example, to accelerate the TOF of
the catalytic cycle associated with path IV, two effective strate-
gies would be to stabilize the TS of reaction 1 W or destabilize
the intermediate M"*. Importantly, the TOF-determining inter-
mediate corresponds to the most populated state, providing
direct access to state populations under stationary nonequilib-
rium conditions.

The first approach to apply the energy span model to catal-
ysis-driven motors is to represent the competing catalytic cycles
associated with coupled reaction paths 111 and IV (Figure 3b).l*
If the two cycles have the same TOF, the system is kinetically
symmetric (K, = 1). In the pictured scenario, the two cycles
share the same TOF-determining intermediate, M"*. Therefore,
the TOFs are largely dictated by the energies of the less stable
TSs, which can be different for the two cycles because they are
associated with different reactions (3 and 1 W). One possibility

© 2023 The Authors. Small published by Wiley-VCH GmbH
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leading to kinetic asymmetry emergence is that the energies
of TSs are such that the release of W is favored in the M’*
state, i.e., the TS for reaction 3 W is lower than TS for reaction
1 W.738 In such a case, cycle I1I will be kinetically preferred,
resulting in the coupled conversion of M into M’. Thus, TS
energies of competing cycles are what should be “asymmetric”
for a current to arise. On the contrary, comparing rate constants
is often not informative, because they reflect the energy differ-
ence between neighbor states. Therefore, even in a symmetric
system, rate constants might all have different values.

Despite representing competing cycles’ potential energy pro-
files offers some insight, most system features remain hidden
“at first glance”. Thus, with a direct application of the energy
span model it remains complicated to understand immediately
if the motor will cycle, in which direction, how its performance
can be improved, and which state will be the most populated
one. To obtain a straightforward and informative representa-
tion, we detach from energetics and focus solely on the system’s
dynamics. To do so, we change how steps comprising multiple
reactions are described — here Steps 1 and 3. In these steps, the
starting and end state, e.g., M and M* for step 1, are connected
via two different reactions involving either F or W. In such
cases, the two conventional rate constants are replaced by one
effective rate constant, which reflects the overall rate at which
the states interconvert, regardless of the reaction path taken.
Therefore, effective rates report on the intermediate’s dynamic
kinetic stability.*! Mathematically, the effective rate constant is
the sum of the two individual rate constants, multiplied by che-
mostatted concentrations [F] and [W] in the case of second-order
constants (e.g., ki = [F] kg + [W] kywe according to the notation
in Figure 2a). These effective rate constants are used to calculate
the dimensionless height of a corresponding effective TS via an
Eyring-like equation, thus in the present example, the dimen-
sionless quantity —In (k;fh/kgT) gives the height of the effective
barrier to go from M to M*, with h, kg, and T the Plank constant,
the Boltzmann constant, and the temperature, respectively.
By doing this, the resulting effective TS reflects the combined
kinetic stability of M, taking into account both reaction paths
leading to M*. As detailed in Section 2.1, calculating the dimen-
sionless height for every step of the square scheme uniquely
defines the kinetic barrier diagram reported in Figure 3c. The
diagram reflects the kinetic features of the system, while ther-
modynamic information is lost. For an arbitrary N-state net-
work that can be represented using a single cyclic path, the cor-
responding kinetic barrier diagram is characterized by a set of
N effective transition states with heights {Tj, ..., Ty}, and a set
of N+1 intermediates with heights {I%; I, ..., Iy}, with 1% =0
an arbitrary starting point. The advantage of kinetic barrier dia-
grams over conventional potential energy profiles is making
all the most important information accessible at a glance. To
start with, the height of the final state appears lower than the
height of the initial state by A: = Iy — 1% = -In(K,), reporting
on kinetic asymmetry, thus directionality (A = 0 for a kinetically
symmetric system, A < 0 if clockwise cycling is favored, Section
I-A, Supporting Information). Kinetic asymmetry is immedi-
ately visualized as a tilted diagram, characteristic of nonequilib-
rium systems.*] The tilt is a purely kinetic phenomenon, with
A representing an upper bound for the work (in dimensionless
units of RT) that the machine could perform against a load via
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the conformational rearrangement steps 2 and 4 (Section I-D,
Supporting Information).

Importantly, the proposed approach allows applying the
tools of the energy span model in a mathematically rigorous
way."l Indeed, the motor’s TOF can be exactly expressed in
terms of the kinetic barrier diagram as (Section I, Supporting
Information):

TOszBTT(ﬁiA—].)/ 2 z eTJ?IK?A” (1)

i=M,M# MM j=1,234

with

A

) A=, -I o, if T; follows I; in the profile (as always herein)
M 0, if T; precedes I; in the profile

(2)

Crucially, due to the exponential terms in Equation (1), the
order of magnitude of the denominator will be typically domi-
nated by the term with the largest value of Tj-I;-A;;, or by the n
largest ones in case of degeneracy. Furthermore, when kinetic
asymmetry is present (A < 0, which is the case of interest
here) the -1 term at the numerator can be neglected (as a rule
of thumb, the approximation works fine for A < -2). As a con-
sequence, the expression of the TOF in Equation (1) can be
approximated to

kB_T 375

TOF =
wh G)

where n is the number of degenerate terms discussed above,
and with

5 — TTDT - ITDI ’
Trpr —Itpi A,

if Trpr follows I'rp; in the profile (as always herein)
if Trpr precedes Ity in the profile

(4)

where Trpr denotes the height of the TOF-determining effec-
tive TS and Irp; the height of the TOF-determining interme-
diate, i.e., the couple of T and I maximizing & (Section I-B,
Supporting Information).*}! Equation (3) is a key result of our
treatment. It shows that a single parameter (9), visually deduc-
ible from the kinetic barrier diagram, quantitatively reports
on the TOF of a kinetically asymmetric network. In the same
way, as for the following examples, the conditions under which
Equation (3) proves a good approximation are met by the
majority of kinetically asymmetric systems developed to date.
In general, this condition can be easily checked by inspecting
the diagram and considering if |A| > 2, the above-mentioned
rule of thumb. Furthermore, kinetic barrier diagrams can be
used even when Equation (3) is not valid. In those cases, the
TOF should be computed with Equation (1), therefore losing
the graphical intuition provided by Equation (3). However, the
graphical information on directionality and maximum work
output given by A are preserved, and one can still gain intuition
on the kinetic features of the system.

The span ¢ also identifies the intermediate and TS regu-
lating the current, e.g., in Figure 3¢ TS 4 and intermediate state

© 2023 The Authors. Small published by Wiley-VCH GmbH
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M’*, giving immediate access to strategies for motor optimiza-
tion. With the target of maximizing machine rate, the largest
effects are expected by stabilizing TS 4 (lowering T,) or desta-
bilizing M"* (raising Iyy+). Instead, changing the stability of TS
3 or M* would only marginally affect the overall rate. This con-
sideration illustrates that intermediates’ stabilities play a major
role in determining the rate of cycling: a too stable interme-
diate acts as a sink, and a very unstable one hampers efficient
cycling, despite not altering kinetic asymmetry. Kinetic barrier
diagrams give also information on intermediates’ population.
Indeed, the TOF-determining intermediate is the most popu-
lated state under nonequilibrium conditions (Section I-C, Sup-
porting Information). This information is particularly useful
when the target is to accumulate a high-energy species. Also,
when considering how to monitor the system, it enables antici-
pating which concentration changes will occur upon varying the
experimental conditions. Insights remain fully coherent with
related theoretical results, e.g., varying only the equilibrium
constant for Steps 2 and 4 does not influence the direction-
ality of the system (A), which confirms being a purely kinetic
phenomenon.['237:3848] Ty illustrate the insight offered by this
approach in different contexts, we have constructed the kinetic
barrier diagrams for three significant systems reported in the
literature: a chemically driven motor, a light-driven motor, and
the driven self-assembly of dimers.[3*37#] Moreover, to help the
reader familiarize with kinetic barrier diagrams, we provide an
interactive tutorial in form of a Jupyter Notebook as supple-
mentary material, which can be used to explore the features of
kinetic barrier diagrams. As an example, it can be used to show
that by altering just TS energies it is possible to dictate the net
tilt of the surface in either direction.

2.1. How to Construct a Kinetic Barrier Diagram

Here, we detail how to construct the kinetic barrier diagram for
the square system depicted in Figure 3c, operating at chemo-
statted concentration of Fuel and Waste.

1) Define the effective rate constants. For reactions that
involve F or W, multiply the associated rate constant for the
fixed concentration of F or W. For steps that can occur via
two different pathways, sum the two rate constants that are
associated with transitions from one state to the other. As
an example, k¢ = [F] kygr + [W] kywr and kg, = kg, + Kyw,s
according to the notation in Figure 2a.
2) Calculate the effective barriers. Use the measured and cal-
culated rate constants in an Eyring-like equation, e.g. for k¢
height = -In (kyh/ kgT) and for kyy: height = —In (ky,h/ kgT)
3) Construct the diagram.
3a) Define a starting intermediate, e.g. M, which will have
height 1% = 0 by convention.

3b) Draw the effective transition state encountered in the
forward direction by summing the dimensionless
height associated with the considered transition, e.g.
TS1 having height Tg; = I — In (kyh/ kgT). Then, place
the following intermediate by subtracting the height
associated to the backward transition, e.g. M* having
height Iy« = Ty + In (kyph/ kgT).
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3c) Repeat 3b to place the following transition state and
intermediate, until the starting state, e.g. Iy, is posi-
tioned, thus completing the cycle.

2.2. Kinetic Barrier Diagrams for Chemically Driven Motors

The first system that we describe using kinetic barrier diagrams
is the first autonomous chemically driven motor, in which the
consumption of a high-energy F promotes directional rotation
in a catenane (Figure 4a).33] The motor comprises a circular
track with two binding sites for a macrocycle. The latter can
shuttle between the two stations, but this movement can be
prevented by fluorenylmethoxycarbonyl barriers, which are con-
tinuously added and removed via the consumption of F. Direc-
tionality emerges under continuous F consumption because
the barrier-forming reaction is slower when the macrocycle is
proximal to the barrier-formation site, most likely due to steric
crowding effects. This effect is indicated as kinetic gating and
is the molecular origin of kinetic asymmetry for this system.%
Instead, the rate constants of all the other reactions are unaf-
fected by the location of the macrocycle. Thus, on average, shut-
tling in the clockwise direction by overcoming the proximal
barrier-forming site is more likely than shuttling in the coun-
terclockwise direction by overcoming the distal barrier-forming
site. To perform a directional cycle, a motor needs to invert
which barrier is in place (vertical reactions in Figure 4a). Under
experimental conditions, this process occurs via a state having
two barriers simultaneously present, affording the pictured six-
state scheme.

The behavior of the motor is anticipated by the corre-
sponding kinetic barrier diagram drawn in Figure 4b. The pres-
ence of kinetic asymmetry is immediately evident by a negative
difference (A = —3) between the heights of the final and starting
states of one counterclockwise operation cycle, thus indicating
the kinetic preference for this direction. In this context, A is an
upper bound for the work (in dimensionless units of RT) that
such motor could perform on the environment. The origin of
kinetic asymmetry, kinetic gating, is visualized by the effective
activation energies for Steps 1and 3, which appear higher when
the macrocycle is proximal to the barrier-formation site, e.g.,
TS-1P lies higher than TS-39. Because of the high symmetry of
the system, the six-state cycle has two identical halves, which
result in two degenerate rate-determining TSs that determine
the span of the kinetic barrier diagram. Already at the quali-
tative level, it is observed that the motor’s TOF depends on
the height of effective TSs. This insight is important because
the TOF corresponds to the net frequency with which a single
macrocycle rotates in the forward direction. According to
Equation (3), a good estimate of the motor’s TOF is given by
TOF = (kpT/2 h) €79, where the factor 1/2 is required by the
presence of the two degenerate TOF-determining states.!?
Remarkably, the predicted TOF (107 s7!) corresponds with the
one calculated by numerical simulations.[?4

Our graphical approach based on effective TS predicts the
effect of design variations. For instance, one possible modifi-
cation is altering stations’ stability. The kinetic barrier diagram
obtained upon stabilizing the yellow — deuterated — station is
shown in Figure 4c. Breaking stations’ degeneracy does not
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Figure 4. Insights on an artificial fuel-driven rotary motor. a) Reaction network and molecular structures of catenane rotor.33l b—d) Kinetic barrier
diagrams for various versions of the motor (Table S1, Supporting Information for parameters).?!l b) Original experiment. c) Motor having recognition
sites with different affinity for the macrocycle. d) Doubly kinetically-gated motor, obtained by introducing a catalytic effect for barrier removal when

the macrocycle is proximal to the reaction site.

alter kinetic asymmetry, thus the directionality, but significantly
slows down the motor by increasing the value of 6. The second
hypothetical variation explored is adding a kinetic gating effect
at the level of barrier removal reactions too, i.e., making the
macrocycle able to catalyze barrier removal when proximal
to the reaction site.’!l As seen from Figure 4d, enhancing the
kinetic gating increases the kinetic asymmetry of the cycle
(A =—6) and reduces the span (d=40) at the same time, leading
to an increase in the motor operation rate. In both cases, visual
predictions are in full agreement with conventional numerical
simulations.* In this context, we envision that our approach
can be helpful in guiding both new experiments and non-
equilibrium molecular dynamics simulations searching for
optimal working conditions of this and other chemically driven
motors.>2

2.3. Kinetic Barrier Diagrams for Light-Driven Machines

Focusing on systems’ dynamics allows employing kinetic bar-
rier diagrams to describe systems that operate according to
different thermodynamic principles. To demonstrate this ver-
satility, we apply the proposed diagrams to light-driven motors
based on photoswitches, which are widely employed modules to
activate light-driven systems.>>=° In particular, we consider a
second-generation light-driven rotary motor, which is capable of
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MHz rotation — under appropriate irradiation conditions.*%>3]

The motor in the study can be described by a square scheme
resembling the one depicted in Figure 2a, but having steps 1
and 3 which are now light-induced photoisomerization reac-
tions (Figure 5a). Under appropriate optical conditions, the rate
of isomerization can be described by first-order rate constants
(Equation S20, Supporting Information). The ratio between for-
ward and backward isomerization rates reflects the composition
at the photostationary state, which is an experimentally acces-
sible quantity. The photochemical rate constants can be used
in an Eyring-like equation to obtain an effective TS for photoi-
somerization. The height of this barrier has solely dynamic sig-
nificance, with no thermodynamic meaning. However, it allows
for drawing meaningful kinetic barrier diagrams for optically-
driven systems (Figure 5b).

The motor has a very large kinetic asymmetry, arising
from the highly exergonic thermal steps. The relevance of
thermal steps is a direct consequence of the different princi-
ples underlying light-driven systems and chemically driven
ones.’®> Indeed, systems based on photoswitches allow the
simultaneous occurrence of information and energy ratchet
effects, which is prevented in chemically driven systems.[2!
When analyzing the rotation rate, the less stable TS are the
two effective photochemical states characterized by a practi-
cally degenerate span. Therefore, the rate of isomerization,
thus illumination conditions, dictates motor operation rate
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Figure 5. Insights on a light-driven rotary motor. a) Reaction network and
molecular structure of light-driven rotary motor (Table S2, Supporting
Information for parameters).1*81 b) Associated kinetic barrier diagram. The
effect of increasing the photon flux is indicated using dashed arrows.

at the bulk level. To construct the discussed kinetic barrier
diagrams, we have considered the photon flux of an experi-
mentally employed mercury lamp (Table S2, Supporting
Information).’® Under such an illumination, the span
(6 = 36) anticipates a 107* Hz rotation frequency. Since the
timescale of the thermal steps is in the order of MHz, to
approach the maximum possible speed of rotation, the sim-
plest approach is to increase the photon flux. This operation
is reflected in the kinetic barrier diagrams by a decrease in
the height of both effective photochemical TSs. In contrast,
the height of all the intermediates — dictated by the photo-
stationary state composition — remains unchanged as long
as photostationary states remain unaltered. This analysis
warns about the relevance of photochemical reaction rates,
which involve ultrafast events but may have a rather slow
speed at the ensemble level, dictated by the slow frequency
at which photons are absorbed under conventional irradia-
tion conditions. Indeed, a strong dependence of molecular
machine performance on light intensity has recently been
demonstrated for a light-driven molecular pump, suggesting
a dominating role for photo-induced processes in several
photoactive artificial systems.[>®]
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2.4. Kinetic Barrier Diagrams for Driven Self-Assembly

As a final example, we apply kinetic barrier diagrams in the
context of driven self-assembly.’”>% In this case, the target is to
maximize the population of a high-energy species. Under non-
equilibrium conditions, the most populated state coincides with
the TOF-determining intermediate. Thus, to accumulate this
species, the reaction affording the target state should be highly
exergonic, and a kinetic barrier should prevent its disassembly.
These requirements are indeed found in the nonequilib-
rium self-assembly of microtubules, in which the high-energy
microtubule following an exergonic phosphate hydrolysis step
remains kinetically trapped. To illustrate how kinetic barrier
diagrams can guide the optimization of driven self-assembling
systems, we focus on a minimalist model describing the fuel-
driven self-assembly of dimers (Figure 6a), employed frequently
to discuss this phenomenon.[16:22:37:38.60]

The scheme resembles the square scheme discussed in the
previous sections, except that now self-assembling processes
replace conformational changes (Figure 6a). In particular, a low-
energy monomer (blue sphere) can self-assemble to give a high-
energy dimer (reaction 4). To build a meaningful kinetic barrier
diagram in the presence of these bimolecular steps, the steady-
state concentrations of the monomer ([M]) and the bound mon-
omer ([M*]) must be included in the effective kinetic constants
defining the height of self-assembling TSs (e.g., AG g = —In
(kyfM*]h/kgT)). Therefore, all TSs become effective (Section
IV, Supporting Information). Crucially, obtaining kinetic bar-
rier diagrams for these kinds of nonlinear schemes remains
possible. One possibility is to postprocess numerical kinetic
simulations and build the kinetic barrier diagram following the
same procedure as in Section 2.1 using the steady state concen-
trations [M] and [M*] obtained from the simulations as addi-
tional parameters. Another possibility, equivalent and employed
here, is to use a self-consistent algorithm, which requires no
additional information besides the effective kinetic constants,
thus extending the range of applicability of the energy span
approach beyond linear systems (Section IV-A, Supporting
Information).¥ Importantly, in this case, the expression of A
using the effective rate constants kjgj, is

1 M #eska ks g )
[M]kikapkskss

which incorporates a dependence on the concentration of mon-
omers at steady state (SI equation S.26). Therefore, our analysis
generalizes the expression of kinetic asymmetry in self-assem-
bling systems*”) to account for concentration effects.

To illustrate the predictive power of our approach in rela-
tion to nonequilibrium self-assembly, we draw kinetic bar-
rier diagrams for the present scheme on varying of [F] while
keeping all the other parameters constant. In this context, the
analysis focuses on the most populated state, which coincides
with the TOF-determining intermediate. As expected, when
[F] is such that AGg _, w = 0, the predicted steady-state is an
equilibrium one. In the absence of kinetic asymmetry (A = 0),
the low-energy free monomer is the most populated inter-
mediate (Figure 6b). As [F] increases, the system evolves into
nonequilibrium steady states, with kinetic asymmetry visually
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Figure 6. Insights on fuel-driven self-assembly of dimers. a) Reaction
network as proposed in ref. [37]. b—d) Kinetic barrier diagrams for various
values of [F] (Table S3, Supporting Information for parameters).??l
b) Equilibrium condition. c) The optimal condition for dimer accumula-
tion. d) High [F] condition.

reported by values of A < 0. When [F] approaches 200 mM,
the dimer itself becomes the TOF-determining intermediate,
the ideal condition for accumulating this high-energy spe-
cies (Figure 6¢). At high [F], the change in the shape of the
kinetic barrier diagram predicts the steady-state distribution
to become rich in bound monomer, which becomes the TOF-
determining intermediate (Figure 6d). Again, predictions from
kinetic barrier diagrams are perfectly aligned with more con-
voluted analyses, which recognized such a twofold behavior in
the ability to accumulate dimers.?20 The fact that increasing
the driving force is beneficial up to an optimal value of [F]
and detrimental above it is a chemical example of a nega-
tive differential response to a driving force, a hallmark of far-
from-equilibrium physical systems.®” In the context of self-
assembling systems, A is an upper bound to the energy stored
in self-assembling steps. At the same time, it is not granted
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that increasing A will lead to an increase in the stored energy
because these two quantities coincide only in the limit of fast
F turnover.

3. Discussion and Conclusion

We have presented kinetic barrier diagrams as a visual means
to anticipate the properties of molecular nonequilibrium sys-
tems at a glance. Focusing on systems’ dynamics by intro-
ducing effective TS enables extending the energy span theory
to nonequilibrium systems, shifting the attention from rate
constants to a dimensionless diagram. As a result, a formally
reliable framework becomes available to anticipate the direc-
tionality and speed of analyzed systems, already upon visu-
alization of the diagram. The discussed examples illustrate
systems that exploit different energy sources and require the
optimization of different aspects, such as chemical current
(machine operation rate) or accumulation of a species beyond
its equilibrium population. The cost for having an immedi-
ately accessible diagram is that thermodynamic information is
lost, and extreme care should be taken when retrieving ther-
modynamic information from kinetic barrier diagrams, which
should be seen just as convenient illustrative representa-
tions.[® Still, a specific connection can be retrieved: the upper
limit for stored energy (coinciding with the maximum work
output) is associated with kinetic asymmetry, thus A. More-
over, our work expanded the energy span theory to nonlinear
systems, offering a generalized expression of kinetic asym-
metry accounting for changes in the catalyst (e.g., monomers)
concentration.

Our analysis shows that two readily visible parameters bear
the information on motor directionality (A) and rate (J). These
are global properties that emerge when considering the whole
diagram. Concretely, they allow for identifying the steps con-
trolling system cycling rate and populations, two of the most
relevant insights for the experimental observation and engi-
neering of such systems. The predictive strength of kinetic
barrier diagrams is corroborated by the fact that all the most
relevant theoretical insights — from an experimental point
of view — could be retrieved, even those normally requiring
numerical studies to be anticipated. In this regard, an addi-
tional advantage of kinetic barrier diagrams is that it is suffi-
cient to measure the effective rate of interconversion between
states to construct them, which is often experimentally acces-
sible. Expansion of the presented conceptual framework to
more complex networks might be possible by leveraging graph
theoretical techniques,™ and diagrams might be drawn for
nonequilibrium systems performing work against an external
force. At present, a limitation of this conceptual framework
is its application to heterogeneous systemsl® and systems
comprising bimolecular reactions with two different spe-
cies as reactants (A + B = C), having more than one partial
conservation law.

We expect that kinetic barrier diagrams will facilitate applying
nanomachine operating principles besides molecular motors.
Early examples encompass driven self-assembly, related light-
driven phenomena,’>6263 and emergent phenomena such as
chemical oscillations and pattern formation.[6-66]
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