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ABSTRACT: All chemists are familiar with the idea that, at equilibrium steady state, the relative concentrations of species present
in a system are predicted by the corresponding equilibrium constants, which are related to the free energy differences between the
system components. There is also no net flux between species, no matter how complicated the reaction network. Achieving and
harnessing non-equilibrium steady states, by coupling a reaction network to a second spontaneous chemical process, has been the
subject of work in several disciplines, including the operation of molecular motors, the assembly of supramolecular materials, and
strategies in enantioselective catalysis. We juxtapose these linked fields to highlight their common features and challenges as well as
some common misconceptions that may be serving to stymie progress.

■ INTRODUCTION
Chemists are taught that if molecules A and B are in dynamic
exchange and at equilibrium, there is no net exchange (flux)
between them:1 every molecule of A that is converted to B per
unit time is balanced by a molecule of B converted to A. This
observation is then used to derive relationships between the rate
constants of the exchange, the associated free energy change of
converting A to B, and the corresponding equilibrium
constant.2,3 Although not always explicitly highlighted, this is a
consequence of microscopic reversibility4�the transition state
for the forward reaction is also the lowest energy pathway for the
reverse. These ideas extend to linked equilibria; if A is in
equilibrium with B which is in equilibrium with C, the
concentrations [A], [B], and [C] satisfy the equilibrium
constants KAB, KBC, and KAC.

The same principles extend to cyclic exchange processes
(Figure 1a): at equilibrium steady state, there is no net flux
around the cycle and all individual equilibrium constants are
satisfied. More generally, if multiple pathways connect species in
a reaction network, at equilibrium steady state there is no net flux
over any single path, which is the condition of “detailed
balance”.3,5 A simple example is the rotation about a C−C single
bond connecting stereogenic and prochiral centers (Figure 1b).
Detailed balance holds even when the potential energy surface
for the rotation resembles a macroscopic ratchet, as shown by
Kelly,6 who demonstrated that rotation about the triptycene−
helicene bond of 1 (Figure 1c) occurs at equal rates in both
directions; if it did not, it would be possible to use flux around
the cycle to perform work at equilibrium steady state, violating
the second law of thermodynamics.

Less commonly appreciated is the possibility of achieving a
non-equilibrium steady state (NESS) by coupling7 a reaction
network to a second spontaneous process. If the components of
the coupled reaction are “chemostated” away from their
equilibrium concentrations, the concentrations of species in
the network may be perturbed from the values predicted by the

corresponding equilibrium constants and flux can take place
through the network, which can, in principle, be harnessed to do
work.

Here we examine systems that achieve a NESS in catalysis,
autonomous molecular motors,8 and supramolecular materials,
with a focus on the requirements that must be met. Reviews on
these topics have appeared in recent years that provide varying
levels of mathematical detail and typically focus on one area,9−11

although examples that discuss self-assembly alongside molec-
ular motors have appeared.12 This Perspective is differentiated
by an attempt to juxtapose a small number of examples of all
three systems with a focus on the role of the coupled reaction
and the form of the reaction network. In doing so we are
recapitulating the seminal work of Astumian,13 who advocates
an elegant, quantitative, thermodynamically consistent approach
to molecular motors, that was brought into the chemical
mainstream by Kay, Leigh, and Zerbetto.14 We present
quantitative aspects of these systems in a “chemist friendly”

Published: June 21, 2023

Figure 1. (a) A cyclic equilibrium between A, B, and C. (b) A chemical
example of a cyclic equilibrium. (c) Kelly’s helicene rotor 16 with a
ratchet-like potential-energy surface that nonetheless fails to rotate
unidirectionally at equilibrium.
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manner, but the use of mathematical equations is kept to a
minimum; the interested reader will be directed to the
Supporting Information (SI), which contains full derivations
and additional discussion. Although articles providing different
perspectives on the operation of systems at NESS,15 we prefer
Astumian’s simple and complete approach,16 which can be used
to recover most if not all the same insights.

Finally, our intention is not only to spur development in these
related areas by highlighting their common features and
challenges but also to suggest that the language currently used
to describe them, which is still in development, is sometimes, in
our view, actively unhelpful. Thus, we dedicate a section to the
discussion of terminology, and throughout we will avoid using
“fuel”, “dissipative”, and “out of equilibrium”. We note that
photochemical processes are not required to conform to
microscopic reversibility and, hence, do not have the same
rigid requirements as chemical equilibria.17 Nonetheless, some
similar considerations should be applied when examining and
designing chemical networks coupled to photochemical
processes, which will be commented on at the end of this
article. We begin by developing the general quantitative features
of reaction networks coupled to a chemostated spontaneous
process using a simple example. This section can be skipped if
the reader prefers as the key conclusions are reiterated in the
subsequent discussion.

■ QUANTITATIVE DESCRIPTIONS OF SIMPLE
REACTION NETWORKS

1. Perturbation of Chemical Exchange through
Coupling to a Chemostated Spontaneous Process (SI
section 1.1). Using Astumian’s trajectory thermodynamics
approach13e it is possible to formally demonstrate that
“coupling” a simple chemical exchange A⇌B, to a general
spontaneous process can lead to a NESS in which concen-
trations [A] and [B] do not conform to KAB. For a real system,
we can consider the exchange between RCO2Me and RCO2

−

coupled to the alkaline hydrolysis of MeI (Figure 2a). For
simplicity, we consider the outcome if [MeI], [OH], [MeOH],
and [I] (the components of the MeI hydrolysis reaction) are
held at fixed values (chemostated). Trajectory thermodynamics
can be used to generate an expression (Figure 2c, eq 1) for the
relationship between [RCO2Me] and [RCO2]

18 at steady state
once chemically unphysical steps are discounted. The same
expression is reached if we consider a network that includes all of
the processes that exchange RCO2

− and RCO2Me (Figure 2b).

The form of the network and eq 1 allow us to make some
general observations:

(i) The relative concentrations of [RCO2Me] and [RCO2]
are perturbed from their equilibrium values (i.e., a NESS
is achieved) if the coupled reaction is spontaneous in
either direction.

(ii) Coupling arises practically because the carboxylate anion
mediates the hydrolysis of MeI.

(iii) If, as here, we assume an elementary (SN2) ester
hydrolysis mechanism (formally BAl2), there is no net
flux between RCO2Me and RCO2

− at NESS, although
there is net flux over the two pathways that connect them.
If instead hydrolysis proceeds via an intermediate (e.g.,
BAC2), the equations have the same form but in this case
there is net flux between all species in the cycle.19

2. A Network in Which Some Components Are
Coupled to a Chemostated Spontaneous Process (SI
section 1.2). This simple system can be extended by
considering the outcome if the ester can adopt two distinct
conformations, RCO2Me and R′CO2Me, that are in direct
unimolecular exchange, only one of which is in direct exchange
with RCO2

− (Figure 3). Although this network appears more
complicated, it can readily be shown that the equation relating
[RCO2Me] and [RCO2] is identical to eq 1, whereas the ratio of
[RCO2Me] to [R′CO2Me] is as predicted by the corresponding
equilibrium constant.

This leads to the following general observations:
(i) The relative concentrations of species within a cycle

coupled to a spontaneous process can be perturbed from
their equilibrium values, and net flux can take place across
the different pathways that connect them.

(ii) The relative concentrations of species not within a
coupled cycle are unaffected by the coupled reaction.

(iii) Based on (i) and (ii), crudely speaking, the species within
the coupled cycle can be “away from equilibrium” but off-
cycle processes must be “at equilibrium”; it is not useful to
describe the whole system as “out of equilibrium”.

3. A Network in Which All Species Are Coupled to a
Chemostated Spontaneous Process (SI Section 1.3). This
system can be extended to a cyclic reaction network by
considering the outcome if both RCO2Me and R′CO2Me are in
direct exchange with RCO2

− (Figure 4a). Simple analysis allows
us to generate expressions for the relative concentrations of the
species involved and the ratcheting constant, r0 (Figure 4b, eq
2), whose value quantifies flux in the network;13f if r0 = 1 there is
no net flux, whereas if it deviates from 1 there is net flux around
the cycle RCO2Me → RCO2

− → R′CO2Me at NESS.
The form of eq 2 yields some general observations:

Figure 2. Coupling MeI and ester hydrolysis. (a) The reactions that are
coupled. (b) The reaction network established. (c) Annotated equation
for the ratio of [RCO2Me] and [RCO2] at steady state (SS) (charges
omitted in concentrations for clarity).

Figure 3. A “linear” network in which RCO2Me and R′CO2Me are in
direct conformational exchange, but only RCO2Me is in exchange with
RCO2

−.
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(i) r0 will always equal 1 (no net flux) if the coupled process
(here MeI hydrolysis) is not spontaneous.

(ii) Less intuitively, the network must display “kinetic
asymmetry”:13f r0 = 1 if k

k
k
k

1
2

1
2

=+ + .
(iii) If the coupled reaction is spontaneous and the network

displays kinetic asymmetry, there will be net flux at steady
state (r0 ≠ 1) and the relative concentrations of the
species may be perturbed.

(iv) r0 depends on the direction of the coupled process; flux
can occur in either direction for given rate constants.

■ NON-EQUILIBRIUM STEADY STATES�THE BASICS
Before discussing more complicated systems, it is essential that
the general requirements for and consequences of achieving a
NESS are clear. In Quantitative Descriptions of Simple Reaction
Networks, we develop the universal features of such systems
using a simple chemical example and mathematical equations.
The key conclusions are as follows:

(i) For a reaction network to achieve a NESS it must be
coupled to a spontaneous process (i.e., the relative
concentrations of the species involved in the coupled
process do not accord with the corresponding equilibrium
constant, here Krxn throughout).20

(ii) Coupling between the network and the spontaneous
process requires species in the former to mediate the
latter.

(iii) Even if conditions (i) and (ii) are met, the relative
concentrations of species in the network will not be
perturbed unless the network displays kinetic asymme-
try.13f

(iv) At NESS, the relative concentrations of species in the
portion of the network coupled to the spontaneous
process can be perturbed from their equilibrium values
and net flux can take place between them, but species
outside the portion of the network coupled to the
spontaneous reaction are unaffected.21

If conditions (i)−(iii) are met, net flux between species in the
coupled cycle can be harnessed to do continuous work at NESS.
Point (iv) highlights that it is not informative to describe the
whole system as “out of equilibrium”; only some parts of the
system are directly affected by the coupled reaction. Finally, we
emphasize that the second law remains intact as, if the free

energy change for the net process is determined (i.e., following
the pathway of net flux), it will always be found to be exergonic.

■ NESS IN ENANTIOSELECTIVE CATALYSIS
All chemical processes taking place spontaneously are trivially
not at equilibrium: while a reaction is ongoing, there is net flux
from starting material to product. Furthermore, catalytic
processes are always cyclic reaction networks coupled to a
spontaneous process, the conversion of substrates to products,
and as such can be maintained at a NESS in which there is net
flux around the cycle if their concentrations are chemostated.
This observation does not appear particularly useful, as we are
typically only interested in the products of the catalytic process.
However, it is possible to construct reaction networks in which
what we would normally identify as the substrate of the reaction
takes the role of “catalyst” and one of the intermediates is the
“product”.
Enantioselective Synthesis by Harnessing a NESS.

Using this perspective shift, it is possible to explain how, by
harnessing a reaction network maintained at a NESS, we can
convert a racemic or achiral starting material to a highly
enantioenriched mixture in up to a 100% chemical yield. Several
chemical strategies have been reported,9 as well as examples that
take advantage of photochemical steps22 in the cycle. We shall
demonstrate the general principles that underlie all such systems
in the context of a minor enantiomer recycling (MER) reaction
introduced by Moberg.23

In the MER approach, formation of an acylated cyanohydrin
by reaction of an aldehyde with acylcyanide is coupled to the
overall hydrolysis of the same acylcyanide reagent (Figure 5a).

This is intuitively reasonable; formation of acylated cyanohydrin
4 by reaction of aldehyde 2 with acyl cyanide (3), followed by
hydrolysis of 4 to regenerate 2 accomplishes the overall
hydrolysis reaction (Figure 5b, cf. Figure 2), confirming that
the aldehyde substrate mediates the coupled reaction. If the
concentrations of 3, H2O, AcOH, and HCN are chemostated to
values inconsistent withKrxn, this coupling can potentially distort
the steady-state concentrations [2] and [4] from the values
predicted by K1 (i.e., a NESS is achieved; SI section 2.1).
Practically, this is not useful, as product 4 will only accumulate if
k+1 ≫ k+2, and so product formation is maximized when
hydrolysis is minimized.

To see the power of this approach, we must recognize the
following:

(i) 4 is chiral, and so the simple cycle (Figure 5b) can be
rewritten as linked enantiomeric networks (Figure 5c).

Figure 4. (a) A network in which ester formation/hydrolysis, and
conformational exchange between RCO2Me and R′CO2Me are
coupled to MeI hydrolysis. (b) Annotated equation for the ratcheting
constant, r0.

Figure 5. Moberg’s MER strategy. (a) The coupled reactions that form
the reaction network. (b) The simple network formed when the
reactions are coupled. (c) MER reaction network in which the rate
constants for the enantiomeric pathways are distinct (3, H2O, AcOH,
and HCN omitted for clarity).
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(ii) Although introducing a catalyst does not alter the
corresponding equilibrium constant, it can distort the
relative proportions of species at NESS as these depend
on the corresponding rate constants.

(iii) Enantioselective catalysts can potentially influence the
two enantiomeric networks differently, allowing one
enantiomer of 4 to dominate.

The authors demonstrated that introducing an enantio-
selective catalyst for the formation of (R)-4 (k+1R > k+1S)
alongside an enzyme that stereoselectively hydrolyzes (S)-4
(k+2R < k+2S) under conditions in which both reactions take place
simultaneously, gave (R)-4 in higher enantiomeric excess than
either catalyst alone. One way of thinking about the role of the
two catalysts is that the hydrolysis catalyst corrects the
“mistakes” of the acylation catalyst, which intuitively could
lead to higher selectivity (SI section 2.4). Unlike classical
approaches, in a well-optimized system, the final enantiopurity,
erfinal, can approach the product of the enantiopurities, er1er2,
obtained in the individual reactions when run under comparable
irreversible conditions, and the yield can approach 100%.

Other aspects are less obvious. First, in addition to the
requirements that the coupled reaction is chemostated to be
spontaneous and that the system displays kinetic asymmetry, it is
essential that the relative rates of different processes are properly
arranged for the system to display both stereoselectivity and high
yield�if the formation of 4 from 2 and 3 is highly stereoselective
but slow and the hydrolysis reaction is highly stereoselective and
fast, although at NESS 4 will be enantioenriched, aldehyde 2 will
dominate. These requirements can be described quantitatively
using very simple equations (SI section 2.2).

Second, qualitatively it should be obvious that the time taken
to achieve the NESS is important�if the reaction must be run
for a long period before it is achieved, during which time 3 is
consumed continuously, the system is chemically extremely
inefficient. Overall, the distribution of species within the
network and the time taken to achieve steady state are functions
of the reaction rates and equilibrium constants,24 as well as the
steady-state concentrations of the species involved in the
coupled reaction, all of which are potential points for
optimization.
Summary. We have focused on a single example, but the

general features of such systems are common; if a catalytic
reaction network is coupled to a chemostated spontaneous
process, it is possible to generate a NESS in which the relative
concentrations of species of interest are significantly perturbed.
If this allows a desired species to be amplified, then this can be
synthetically useful. This is of most obvious use in
enantioselective synthesis, but this concept is of potential
interest if a reaction network can give rise to any otherwise hard
to access species.

■ INFORMATION RATCHET MOLECULAR MOTORS
OPERATING CONTINUOUSLY AT NESS

First we must differentiate molecular motors that operate
continuously in a NESS, which are designated as “information
ratchets”, from energy ratchets motors and switches operated in
a stepwise manner.10b In the former case, coupling a reaction
network associated with molecular motion to a spontaneous
chemical process can result in continuous net directional motion
provided certain conditions are met.13 In the latter, external
intervention is required to switch the system between different
states. Importantly, although at the point of switching (e.g.,

change of pH, redox potential) the system is not at equilibrium
and net flux between species will take place as it relaxes, once
equilibrium is reached the system will remain at an equilibrium
steady state until the next stimulus is applied.
Information Motors�Escaping Detailed Balance. For

a molecular motor to operate continuously at NESS it should be
obvious that detailed balance must be broken�the operation of
a motor implies that there is net directional flux along a
mechanical coordinate. For example, catenane 625 operates
continuously to generate net motion of the small blue ring
around the larger green ring by carrying out the linking/
unlinking of the two compartments via two chemically distinct
pathways: base-mediated Fmoc ester cleavage and Fmoc-ester
formation from FmocCl. This corresponds to the coupling of the
reversible formation of the Fmoc ester, which acts as a gate to
block mechanical motion, with the spontaneous conversion of
FmocCl to dibenzofulvalene (5) and CO2 (Figure 6a).

The coupling of these reactions can distort the relative
concentrations of an Fmoc carbonate and the corresponding
alcohol even in a simple reaction network (Figure 6b). The final
requirement to achieve continuous directed motion is kinetic
asymmetry of the reaction cycle, corresponding to pirouetting of
the two rings in catenane 6 (Figure 6c). This arises because the
rate constants for the reaction with FmocCl differ in the two co-
conformations of alcohol catenane 7; Fmoc-ester formation

Figure 6. Information ratchet motor 6. (a) The reactions that are
coupled to generate directional motion in 6. (b) The network that
results from the coupling of these reactions. (c) Schematic
representation of the operation of 6 (FmocCl, CO2, NEt3, and NEt3·
HCl omitted for clarity).
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proceeds faster for 7(far) than 7(close) (i.e., k+2(close) < k+2(far)). This
results in net clockwise movement (as drawn) of the smaller
ring, even though the major pathway of Fmoc cleavage occurs to
give 7(far) and 7(close) with equal probability (i.e., k+1(close) =
k+1(far)).

The operation of catenane 6 at NESS can be predicted
mathematically�indeed the equation for the ratchetting
constant (SI section 3.1) has the same form as that of eq 2
(Quantitative Descriptions of Simple Reaction Networks,
Figure 4), despite the system appearing to be more complicated.
The operation of 6 was demonstrated by carrying out the
individual steps of the cycle separately on an isotopomer of 6 in
which one of the fumaramide stations was deuterated to allow
1H NMR analysis. It was then demonstrated that both processes
can proceed simultaneously to generate an autonomous motor.
Ambiguity in the Analysis of “Autonomous” Switches

and Motors. It was necessary to demonstrate the operation of
catenane 6 indirectly because there is no single observable that
can quantify the directed motion of a freely rotating motor. The
same approach has been taken to demonstrate the behavior of all
information-ratchet-based rotary motors reported to date.26

Indeed, compared with the operation of such networks in
catalysis where product ee provides a clear observable, the
autonomous operation of molecular motors can be opaque, even
when the chemistry involved is simple.

For example, Di Stefano reported the operation of molecular
switch 8 using carboxylic acid 9H.27a The dominant co-
conformation of 8 under neutral conditions is that in which
the phenanthroline units are far apart. Protonation of 8 gives rise
to 8H+ with concomitant relative rotation of the macrocycles to
give a new dominant co-conformation (Figure 7a). Carboxylic
acid 9H, once deprotonated to give 9−, undergoes spontaneous
decarboxylation to give anion 10− which can then be
reprotonated to give 10H. Combining catenane 8 and acid 9H
gives rise to salt 8H+·9−. Carboxylate anion 9− can then undergo
decarboxylation to give a new salt 8H+·10−. It is at this point that
two different extreme pathways can be envisaged; 10− can be
protonated by either another molecule of 9H (Figure 7b) or by
the same molecule of 8H+ that initially accepted the proton
(Figure 7c). Proton transfer is often mechanistically unim-
portant, but if one pathway is followed exclusively, it has
consequences for how this system should be interpreted.

If 9H is the proton donor, the switching process is not coupled
to the decarboxylation reaction; the catenane simply remains
protonated until the system runs out of 9H (Figure 7b). If the
system is chemostated to a steady state (i.e., [9H], [10H], and
[CO2] are held constant), then there is no net flux between 8
and 8H+. Conversely, if 8H+ is the proton donor (Figure 7c), the
reaction network is cyclic and there is net flux at steady state; the
molecular switch moves back and forth between the co-
conformational states, 8 and 8H+, once for each decarboxylation
event, and thus the switch could be said to be operating
autonomously and continuously in the presence of excess 9H. In
fact, both pathways may contribute, and their relative
importance may depend on the reaction conditions.27b

Similarly, Cl3CCO2H (12H), which undergoes a base-
catalyzed decarboxylation to give CHCl3 (13H), has been
used to operate catenane (e.g., 11) and rotaxane molecular
motors.28 Although the motion superficially appears to be
coupled to the conversion of 12H to 13H, we must analyze the
system to understand how its behavior should be interpreted. In
this case, the conclusion is unambiguous: because addition of
12H results in a single cycle of operation�the ring first moves

clockwise from the triazolium station past the acid-labile
hydrazone “gate” to the protonated ammonium station, and
then when the pH rises it returns to the triazolium station past
the base-labile disulfide “gate”�catenane 11 operates by an
energy ratchet mechanism.

Thus, the mechanical motion in 11 is not formally coupled to
the conversion of 12H to 13H. Unlike in the case of information
ratchet 6, the maximum work that motor 11 can perform per
cycle is not a function of the overall free energy change
associated with this process (SI section 4); the maximum work
that can be performed at each stage of the cycle is simply
determined by the energetic difference between the two co-
conformations, as it is if 11 is operated by simple addition of acid
followed by base.29 Indeed, the operation of switches and energy
ratchet motors such as 11 using reagents that change the
properties of the system (e.g., pH) in a time-dependent manner
but whose conversion is not coupled to the network is
conceptually identical to the simple addition of one reagent
(e.g., HCl) followed by a counteracting other reagent (e.g.,
NEt3).30

Summary. Although coupling a spontaneous process to a
reaction network to generate an NESS has a very different
objective in the case of synthesis (distort concentrations of key
species) than in the operation of molecular motors (escape
detailed balance), the principles are identical. Information
motors have been shown to generate a continuous net
directional motion if the coupled reaction is spontaneous.

Figure 7. (a) Switching of catenane 8 on protonation. (b) A reaction
network in which switching of 8 is not coupled to the conversion of 9H
to 10H. c) A cyclic network in which the switching of 8 is coupled to the
conversion of 9H to 10H. (c) Energy ratchet molecular motor 12 that
completes a full turn either on addition of CCl3CO2H (12H) or by
sequential addition of acid then base (R = (CH2)3, R1 = NH-3,5-ditBu-
benzoyl, R2 = 2,5-di-Me-benzyl).
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These elegant examples of synthetic molecular motors can
provide a tractable platform to explore concepts related to
biological molecular motors, such as ATP-synthase,31 which
operate according to the same principles. However, even in
relatively simple systems, ambiguity can arise; the details of the
reaction network and the associated mechanism and kinetics are
important. Finally, although a cyclic reaction network coupled to
the spontaneous reaction is required to drive continuous
repetitive motion, the motion itself need not be cyclic. For
example, Leigh has demonstrated a prototypical system that
could operate as a linear motor but whose behavior also relies on
a cyclic reaction network,32 as do the operation of linear
biological motors such as kinesin.33

■ SUPRAMOLECULAR ASSEMBLY AT NESS
The assembly of small molecules to generate supramolecular
polymers takes place reversibly to give a thermodynamically
favorable assembly. This general principle has been used to
create a wide range of structures based on various non-covalent
interactions, including H-bonding, π−π interactions, metal−
ligand interactions, and host−guest chemistry, for a range of
proposed applications.34 In all cases, an equilibrium steady state
is achieved, in which there is no net flux between the molecules
in solution and the aggregate. As with simple molecular switches,
it is possible to switch supramolecular polymers between
different states by varying the conditions or applying other
stimuli.34,35 Once again, although at the point of switching the
system is away from equilibrium, over time a new equilibrium
state is reached.

As with artificial molecular motors,10 there has been a surge of
interest in supramolecular materials whose assembly is
influenced by an ongoing chemical reaction with the ultimate
aim of generating self-assembled structures in a NESS.11,12

However, unlike motors, where directed molecular motion is
correlated with flux through the reaction network, requiring the
system to escape detailed balance, the consequences and
benefits of a supramolecular material maintained at a NESS
are less obvious.

We will initially focus on the assembly of actin monomers
coupled to the hydrolysis of ATP,36 an important biological
process that clearly meets the criteria and is often cited as
inspiration for the development of artificial systems. However,
misunderstandings of how self-assembly takes place in the case

of ATP-actin are common. After this brief but necessary detour,
we will return to synthetic systems.
A Simplified Description of Actin Self-Assembly. The

process of actin assembly is complicated in vivo, where proteins
bind to the filament and influence its behavior.36 For simplicity,
we will focus our discussion on the in vitro process that takes
place in the presence of ATP.37 To simplify the discussion
further, we shall initially focus on the process of adding a single
monomer unit to a preformed ATP-actin filament. The
discussion that follows is based in part on an excellent review36b

and detailed discussion of actin polymerization kinetics reported
by Pollard.38

In the presence of ATP,37 actin is in equilibrium with an ATP-
actin complex, which is strongly favored (Figure 8a). This
undergoes a very slow hydrolysis to generate a new ADP-Pi-actin
complex. Subsequent dissociation of Pi and ADP regenerates
actin. This process is slow and will henceforth be ignored for
simplicity.39 Conversely, when an ATP-actin monomer
associates with an actin filament, which is also a favorable
equilibrium, the hydrolysis process is significantly accelerated
(Figure 8b). From this very simple description, it is obvious that
the hydrolysis of ATP is coupled to the reversible addition of an
ATP-monomer unit to the filament (Figure 8c), and we can
draw a simple reaction network to demonstrate the cycle (Figure
8d).

The following observations confirm that the addition of an
ATP-actin monomer to the ATP-actin filament coupled to ATP
hydrolysis can achieve a NESS:

(i) ATP hydrolysis is spontaneous under the conditions of
assembly (coupled reaction).

(ii) The system displays kinetic asymmetry.
(iii) The reaction network includes both the assembled and

disassembled states.
A slightly more detailed description is needed to account for

one of the most well-known features of actin filament behavior,
“treadmilling”. Under certain conditions, monomer units are
added to one end of a filament and lost from the other end
without any overall change in length, resulting in the filament
appearing to move across a surface.36,38 We start by noting that
the two ends of the filament are inequivalent due to the
nonplanar ATP-actin monomer. Thus, new monomer units can
be added to either the “barbed” or “pointed” end of the filament
(Figure 8e). The distinguishable ends could lead to the simple
but incorrect conclusion that ATP-actin monomers bind to the

Figure 8. Simplified models of actin polymerization at NESS. (a) The behavior of actin in solution with ATP; ATP-actin hydrolyzes slowly. (b) ATP-
actin hydrolyzes rapidly when assembled in an actin filament. (c) The coupled processes involved in the assembly of ATP-actin to a preformed
filament. (d) A simple reaction network that confirms the coupling of assembly and hydrolysis even when the details of the hydrolysis process are
ignored. (e) An expanded model of ATP-actin self-assembly that can be used to account for treadmilling. (f) A schematic that demonstrates that the
disassembly of aged actin filaments is qualitatively different from the disassembly of a simple supramolecular polymer; ADP-Pi-actin monomer units in
the bulk are kinetically stable and strongly bound to the filament but can rapidly lose Pi at the termini, resulting in the dissociation of ADP-actin.
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two ends with different association constants. However, as
identified by Pollard,38 adding the ATP-actin monomer to either
end of the filament results in indistinguishable product-
s�(ATP-actin)n → (ATP-actin)n+1 in both cases�and so the
association constants are thermodynamically required to be the
same.

However, the association constant for the addition of
monomer units at the barbed end has been measured to be
more favorable.38 This contradiction can be rationalized
qualitatively by noting that the behavior of a system in a
NESS is controlled by kinetic considerations: although the
association constants (i.e., the ratio of on/off rate constants) at
the barbed and pointed ends must be the same, the rate
constants themselves can differ. Similarly, the overall rate of
ATP-actin hydrolysis and monomer dissociation (k+1) at the
barbed and pointed ends need not be identical. Indeed, the
hydrolysis process itself is actually quite complicated (see
below). The conclusion is that, regardless of the finer details, the
apparent difference in experimentally determined association
constants for ATP-actin to the pointed and barbed ends of an
actin filament arises due to kinetic differences in processes taking
place.

The other widely noted feature of actin filaments is their
unusual disassembly kinetics when compared with those of
simple supramolecular polymers. The rate constants of
association (kon) and dissociation (koff) of a simple supra-
molecular polymer are directly linked by the corresponding
equilibrium constant, but disassembly of aged actin filaments
can occur more rapidly than would be predicted by
consideration of koff of the ATP-actin monomer unit when the
system is deprived of ATP. To qualitatively explain this
observation, we must depart from our simple model in which
the bulk filament is composed solely of ATP-actin and note that
ATP-actin hydrolysis is thought to take place with equal rate
throughout the filament.38 Thus, an actin filament is actually
composed of a random arrangement of ATP-actin and
hydrolyzed monomer units (Figure 8e), the exact proportion
of which will depend on the “age” of the filament�the
probability of a monomer unit being hydrolyzed depends on
how long it has been embedded in the filament.

This much is widely accepted, but it is sometimes suggested
that the observed rapid disassembly kinetics of aged filaments
results from “high-energy” ADP-actin being trapped in the bulk
of the filament. First, ATP-actin hydrolysis does not lead directly
to ADP-actin; the initial hydrolysis product is ADP-Pi-actin,
whose measured association constant to the filament is very
similar to that of ATP-actin�the hydrolysis of ATP does not
significantly alter the binding of the monomer unit to the
filament.38 Second, Pi dissociation is an extremely slow process
(t1/2 ≈ 6 min), so ADP-Pi-actin units in the bulk of the filament
are kinetically long-lived polymerization intermediates.38 Third,
the eventual dissociation of Pi produces an ADP-actin unit
embedded in the filament, but it should be noted that ADP-actin
itself assembles into filaments, albeit with a lower critical
concentration�this is not an unstable arrangement.

Taking these points into account, the rich depolymerization
behavior of actin filaments arises from its dependency not only
on the monomer (ATP-actin) concentration, as for a simple
supramolecular polymer, but also on the age of the filament
(degree of hydrolysis), the concentration of Pi, and the different
rates of dissociation of Pi and ADP-actin at the barbed and
pointed ends. Thus, once depolymerization starts, it can proceed
extremely rapidly as the ADP-Pi-actin or ADP-actin units, which

dissociate more rapidly than ATP-actin,38 reach the filament
ends. On the other hand, while the filament is growing, the
polymer remains remarkably resistant to degradation, despite
the hydrolysis of internal monomer units.

To conclude, the assembly of actin filaments clearly produces
a self-assembled supramolecular material that can be formed in a
NESS with unusual and interesting properties. However, it is
hard to draw strong, general conclusions about the potential
properties and applications of synthetic systems based on this
example. For instance, it is not automatic that treadmilling or
similar processes will occur in all such materials. The rapid
breakdown of disassembling actin filaments might be more
general, but we must re-emphasize that this is not because of the
trapping of “high-energy” monomer units within the structure.
Similarly, there is no simple link between the free energy of ATP
hydrolysis and any free energy “stored” in the self-assembly (see
below). Moreover, the in vivo behavior of actin is far more
complicated than our simple model: proteins regulate every
aspect of the process, including nucleation, elongation, severing,
and even cross-linking filaments.36

Ambiguity in the Analysis of Artificial Supramolecular
Materials Proposed to Achieve a NESS. Returning to
artificial systems, many examples have been described in which,
broadly speaking, a species that does not self-assemble reacts to
give a monomer unit that does.11 A subsequent reaction then
destroys the monomer units to regenerate the dispersed starting
material. In one example to stand for all, van Esch reported one
of the earliest examples of such systems,40 which is based on an
ester supramolecular gelator system that relies on the presence
of MeI (Figure 9a). Dicarboxylate 14 is freely soluble under the

reaction conditions, but in the presence of MeI, 14 is converted
first to monoester 15 and then to diester 16, which
spontaneously self-assembles into a gel structure. Hydrolysis
of 16, first to 15 and then to 14, returns the system to its original,
fluid state.

The experiment described clearly generates a transient self-
assembled state (the gel) in the presence of MeI that is lost once
MeI is depleted. The formation and destruction of monoester 15
and diester 16 are also clearly coupled to the alkaline hydrolysis

Figure 9. (a) Transient assembly of a gel by the conversion of 14 to 15
and 16. The results can be explained by two extreme reaction networks
in which (b) assembly is not coupled to the hydrolysis of MeI
(hydrolysis of 16 only in solution) or (c) it is strongly coupled
(hydrolysis of 16 only in the gel state); the real network is likely to be
intermediate between these extremes. Rate constants k±1 and k±2 refer
to reaction of MeI to generate an ester and hydrolysis, respectively. MeI,
I−, −OH, and MeOH are omitted from the majority of the network for
clarity.
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of MeI (cf. Quantitative Descriptions of Simple Reaction
Networks). However, it is not obvious that the self-assembled
material is directly affected by the coupled reaction; the same
gross behavior would be observed if the gel fibers were in
equilibrium with ester monomer unit 16 but ester formation/
hydrolysis took place exclusively in solution (Figure 9b) or if the
hydrolysis of 16 took place exclusively in the fibers (Figure 9c).
In the former case, the relative concentrations of gel and
monomer 16 are unaffected by the coupled reaction, and thus,
although a NESS can be established in which the concentrations
of 15 and 16 relative to 14 are distorted, the gel is “at
equilibrium” with monomer 16 at any given instant and its
properties are essentially identical to the structure achieved by
simply mixing the same proportions of 14, 15, and 16.41 In the
latter case, the self-assembled state is directly influenced by the
coupled reaction, as in ATP-actin polymerization. Prins
suggested that systems corresponding to the former situation
be described as forming under “dissipative conditions” to
differentiate them from those in which self-assembly is directly
coupled to a driving reaction, which they term “dissipative self-
assembly” or “driven self-assembly”, depending on whether
kinetic asymmetry is present.11b,12a

This is not to say that systems have not been reported that
show behavior strongly suggestive of being able to achieve a
NESS. van Esch later described the gelation of monoester 15
formed by reaction of 14 with SO4Me2.

42 Under these
conditions, the gel displayed nonlinear dissolution kinetics of
gel fibers and their simultaneous growth and shrinkage under
some regimes. Similarly enticingly, Hermans observed oscil-
lation in the self-assembly of functionalized perylene diimides
when simultaneous reduction and oxidation of monomer units
took place,43 and Fletcher observed chemical oscillations under
conditions where a thiol was converted into a disulfide
amphiphile and subsequently to a non-assembling disulfide.44

However, as noted by Prins,12a although the properties of the
gel reported by van Esch formed in the presence of SO4Me2

42

are reminiscent of the behavior of supramolecular biopol-
ymers,36,45 only detailed kinetic analysis of reactions in the
dispersed and aggregated states would unequivocally confirm
the form of the reaction network and that the required kinetic
asymmetry is present to achieve a chemically driven NESS.13

Obtaining these data under heterogeneous conditions is
extremely challenging and complicated by confounding factors.
In van Esch’s system, gel formation will affect the mass transport
of reagents, and the system is unstirred.42 Conversely,
Hermans’s system43 requires stirring for the observation of
chemical oscillations, which the authors note brings mechanical
fragmentation of the fibers into play.46 Fletcher’s system is even
more complicated, as it requires stirring to ensure mixing
between bulk fluid phases, and the aggregated micellular state is
also subject to sheer forces.44 Given that these other processes
also provide a path for free energy dissipation in addition to the
ongoing coupled reaction, a complete treatment of these
networks would require these factors to be considered explicitly.
Summary. Based on the above, it is hard to escape the

conclusion that the assembly of artificial supramolecular
materials that can in theory achieve a chemically driven NESS
with respect to their monomers has yet to be unambiguously
demonstrated by confirming the full form of the network and the
presence of kinetic asymmetry. That is not to say that the
systems reported are not elegant or exciting�we have
highlighted several with intriguing properties�but simply that
it is very hard to unambiguously demonstrate that the self-

assembly process is coupled to the driving reaction and if kinetic
asymmetry is present because the required data are hard to
obtain. Furthermore, there is no simple observable (e.g.,
directed motion, enantioselectivity) that would unequivocally
confirm the nature of the network, which leads to a reliance on
phenomenological observations. In the case of the systems
highlighted, these observations are very enticing. However, we
note that transience (e.g., Figure 9), which is commonly
reported, is not sufficient to confirm that a NESS involving the
supramolecular assembly is achieved or possible.

■ AN APPEAL FOR CLEAR LANGUAGE AND
NOTATION

As highlighted in the Introduction, the language used to discuss
chemical systems in a NESS is still in development. Thus, some
widely used terms may mean different things to different
people.9−11 Other terminology, while evocative, can be actively
misleading, particularly when it draws apparent equivalence
between macroscopic and molecular-scale processes. Here we
address key examples and related issues. As scientists, we should
strive to define concepts as clearly and accurately as possible;
otherwise, our scientific discourse will be confused and
incoherent. Others have offered different definitions of some
of the terms below, and the interested reader is directed to their
writings.10b,d,e,11a−c,12

“Catalysis”. It is sometimes said that the molecular motor or
the monomer of a self-assembled material “catalyzes” the
coupled reaction. Although it is true that these species mediate
the reaction without being consumed, this does not necessarily
mean that they correspond to what most chemists would
consider a catalyst.47 Chemists usually understand “catalysis” to
mean that the overall energy barrier of a transformation has been
lowered relative to that of the uncatalyzed pathway. In some
cases (e.g., catenane 6), the rate of the coupled reaction is higher
outside of the reaction network. Thus, we prefer “mediates” to
“catalyzes”, as it covers all eventualities. That said, “catalyze” is
obviously correct in analogous biological systems, which are
highly optimized.31

“Reversible” vs “Irreversible”. Throughout we have
treated all reactions as fully reversible. This is necessary because
all reactions are technically reversible, with the forward and
reverse rate constants related by the corresponding equilibrium
constant. Thus, it is never accurate to set a reverse rate constant
arbitrarily to 0�this would correspond to the reaction free
energy being infinite and negative. However, it is true that a
reaction can be practically irreversible if one product is lost from
the system. For example, in the case of catenane 6, the
evaporative loss of CO2 during the operation prevents the
cleavage reaction from reversing at an appreciable rate. This
apparent problem can be resolved by setting [CO2] to a low but
realistic value once an equation for r0 has been constructed (SI
section 3.1). More generally, it is obviously appropriate to take
mathematical limits once equations describing a network have
been constructed. However, arbitrarily ignoring processes en
route to these equations can lead to physically inconsistent
results.
Arrow Notation. The confusion over irreversibility can be

exacerbated by confusion over the meaning of different arrows.
We suggest that equilibrium arrows (⇌) should be reserved for a
reversible process obeying microscopic reversibility (Keq = k

k
+ ,

e.g., Figure 10a). Simple arrows (⇄) should be used to indicate
that the processes are not bound by microscopic reversibility.
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These are appropriate when indicating a photochemical
exchange (see below) or if the arrows represent a composite
process; it can sometimes be useful to combine multiple
pathways linking species over a single arrow (Figure 10b) to
simplify the depiction of complex systems.
“Transient”.The word “transient” means that a property of a

system persists for a defined period. Any ongoing spontaneous
process may result in a transient change (e.g., a reaction
intermediate is colored) that persists until the reaction is
complete (e.g., the intermediate is consumed). It is often used in
the context of supramolecular materials whose formation is
associated with an ongoing chemical reaction: the material
forms and then disassembles once the reaction process is
complete. “Transient” thus has a real physical meaning as an
observable property of a system. However, transience is not in
itself evidence of a NESS.
“Out of Equilibrium”. It is often said in the context of both

molecular motors and self-assembled materials that a system is
“out of equilibrium”�indeed, living systems, which are cited as
inspiration for many artificial systems, are often described as
operating “far from equilibrium”. This term is also often applied
to describe the molecular motor or self-assembled structures
themselves. The latter is problematic because it is not clear what
it means for a molecule or self-assembled structure to be out of
equilibrium in the abstract sense.48 More correctly, the relative
concentrations of molecules can be out of equilibrium (i.e., not
according to the corresponding equilibrium constants) with
respect to those of species with which they can potentially
exchange, but this is seldom specified in such discussions. We
also note that any system prepared in a metastable system would
meet this definition; NaOAc-based hand warmers are useful, but
no one suggests they are cutting-edge science.

Returning to the whole system, if a spontaneous process is
taking place (e.g., MeI hydrolysis) the system is clearly not at
equilibrium, and so in this sense the term “out of equilibrium” is
appropriate. However, this is true of any system that is
undergoing a spontaneous change�a sodium metal in water
is out of equilibrium, as is, less excitingly, an ester in alkaline
solution. Thus, it is important to specify how the spontaneous
process is affecting the properties of the system to decide if it is
non-trivially out of equilibrium, by which we mean that a NESS
can be achieved. Importantly, this also requires us to identify
which parts of the system are affected by the coupled reaction.
As shown in Quantitative Descriptions of Simple Reaction
Networks, reactions not directly coupled to the spontaneous
process, or part of a cycle in which at least one step is, are not
directly affected. Thus, simply saying that a system is out of
equilibrium does not provide useful information about how the
spontaneous process is coupled to the reaction network.
“Dissipative”. The term “dissipative” is similar to “out of

equilibrium”; indeed they are almost synonyms. Any process
that takes place spontaneously is, by definition, out of
equilibrium and will dissipate free energy (ΔG for the process

is negative). If the system is chemostated such that the coupled
reaction never reaches equilibrium, this dissipation will be
continuous. However, as noted above, this is interesting only if
the spontaneous process is coupled to the process of interest.
The word “dissipative” also brings the focus toward the release
of free energy, which can be problematic, as we will discuss next
in the context of the word “fuel”.
Semantic Objections to “Fuel”. We have avoided the

words “fuel” and “waste” although they are routinely used to
describe the substrate and product of coupled reactions (e.g.,
MeI and MeOH), leading to expressions such as “chemically
fueled self-assembly” and “chemical fuel driven motor”.
However, “fuel” is evocative, recalling macroscopic engines,
and thus leads ineluctably to related images of a “fuel” molecule
providing a “kick” that, for example, in the case of motors drives
mechanical motion, which is physically incorrect. If one
molecule undergoes a spontaneous reaction with another, they
remain at thermal equilibrium with their environment�bonds
are not “excited”, and molecules are not “pushed”. Indeed,
because molecules exist in a low Reynold’s number regime,
momentum is meaningless in the discussion of molecular
motors.13b As noted by Astumian, there is no “judo throw” 13f

that directly transfers energy from the “fuel” molecule to the
system being discussed.

Related to this is a tendency to suggest that some fraction of
the free energy of a chemical change associated with a “high-
energy fuel” can be used to do work against an opposing force in
molecular motors in a specific step of the cycle. However, Hill
demonstrated that it is not possible or meaningful to attempt to
identify in which step of the reaction cycle chemical potential is
transduced into mechanical energy in the operation of a
molecular motor.49 Similarly, in the context of supramolecular
materials, it is often suggested that the reaction between the
“fuel” and a non-self-assembling monomer unit (e.g., 14, Figure
9) produces an “activated” monomer (16) that then self-
assembles. This process is sometimes drawn as energetically
uphill to signify “activation”, despite spontaneous chemical
reactions being exergonic. This is connected to the idea of some
proportion of the energy associated with a “high-energy fuel”
being stored in the self-assembled structure.

These ideas perhaps stem from the language that biochemists
and biologists use when discussing and thinking about the
energetics of bond-breaking and -making:50 it is sometimes said
that “high-energy phosphate” is produced during ATP
hydrolysis or that the breaking of a “high-energy phosphate
bond” in ATP is used to “fuel” biological processes. Chemists
should recognize the fallacy of such claims: although the
exchange of a weaker bond for a stronger one (e.g., C−I for C−
OH in MeI hydrolysis) is strongly indicative of an exothermic
process, it is the formation of a strong bond that results in the
release of free energy. The loss of a weak bond simply minimizes
the energetic cost of doing so.
Technical Objections to “Fuel”. If we examine the

equations that describe the rotation of catenane motor 6 and
the work it can perform (SI sections 3.2 and 3.3), we arrive at
more technical objections to the word “fuel”. These equations
have the same features as all information motors operating at
NESS, allowing us to reach general conclusions that contradict
the macroscopic preconceptions the word “fuel” conjures:

(i) The motor can turn in either direction, regardless of the
value of ΔGrxn, including if ΔGrxn = 0, depending on the
concentrations of the species in the coupled process.

Figure 10. Comparison between (a) the standard representation of the
reaction network in Figure 5b making use of equilibrium arrows (⇌)
and (b) the equivalent network in which simple arrows (⇄) represent
composite processes.
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(ii) The maximum work (Δwmax) of a “perfect” motor can
exceed ΔGrxn, as it also depends on the concentrations of
the species involved in the coupled process.

Neither is consistent with a focus on the chemical properties
of a fuel. The same coupled reaction can be used to drive the
motor in either direction, and the same value of Δwmax can be
obtained if ΔGrxn is small but the reaction components are
chemostated far from equilibrium or if ΔGrxn is large but the
components are chemostated near to equilibrium. Instead, the
continuous directed motion of a molecular motor such as 6, and
the maintenance of a NESS more generally, is driven by the free
energy change associated with mass action, the flow of substrate
to product, rather than some simple energetic property of the
“fuel”.13g

Finally, the behavior of molecular motors made to work
against an opposing force that exceeds their stall force can be
inconsistent with our macroscopic expectations�forcing ATP-
synthase to move backward reverses the direction of the coupled
reaction; ADP and Pi are converted to ATP.31 Although a
detailed discussion of the features ATP-synthase that lead to this
behavior lies beyond this Perspective,51 it is not consistent with
our experience of “fueled” motion in the macroscopic world�a
car does not consume CO2 and produce gasoline if it is pushed
backward, which would be the macroscopic equivalent.
If “Fuel” Must Be Used. Given the above, we would

obviously counsel against the use of “fuel” and “waste” and terms
such as “chemically fueled”. We suggest that “substrate” and
“product” and “chemically driven”, respectively, are more useful.
Unfortunately, “fuel” is so widely used that it is hard to see it
being readily supplanted.

Thus, it is important that at the absolute minimum its
meaning is clarified so that it is useful. Although others have
suggested definitions,10b,d,e,11a−c,12 a key feature that is omitted
is the need to define how the driving reaction is coupled to the
process of interest. This leads to “fueled” being applied10d

equally to the operation of an information motor (driving
reaction coupled to the directed motion, maximum work equal
to the free energy associated with mass action, NESS can be
achieved) and the operation of an energy ratchet motor (driving
reaction not coupled to directed motion, maximum work not a
direct function of the free energy associated with mass action,
NESS cannot be achieved).

We propose that, whether a process is described as
“chemically driven” or “fueled”, both the coupled reaction and
the form of the reaction network that confirms it is coupled to
the process of interest (directed motion, self-assembly) need to
be clearly defined and demonstrated through appropriate kinetic
measurements. In the cyclic network (Quantitative Descriptions
of Simple Reaction Networks, Figure 4), conformational
exchange between RCO2Me and R′CO2Me could be described
as “chemically driven” or “fueled” by the hydrolysis of MeI to
MeOH, whereas in the linear network (Figure 3), in which the
conformational exchange process is not coupled to the
hydrolysis of MeI, this would not be appropriate. Similarly,
“fueled molecular motor” would be reserved for systems that
operate via an information ratchet process, and “fueled self-
assembly” would be reserved for systems in which the
aggregated state is demonstrated to be part of the reaction
network that consumes the “fuel” and kinetic asymmetry is
present.

This does not mean that we rescind the objections above.
Energy is still not transferred between molecules, and there is

still no special energetic property of the “fuel” molecule that
controls the system.
Coupled Reaction Free Energy and Energy “Stored” in

Self-Assembled Structures. Finally, the focus on molecules
as “fuel” has also led to the idea of energy from the “fuel” being
stored in self-assembled structures at NESS. Although a
chemically driven reaction network can result in a thermody-
namically unstable distribution between monomers and the self-
assembled state that would spontaneously disassemble were the
coupled reaction “switched off” (i.e., if all reaction components
were removed), we hope it is now clear that the distribution
obtained is a consequence of kinetic asymmetry, as well as the
free energy change associated with mass action, and is not a
simple function of the energetics of a “fuel”-to-“waste” reaction.
Indeed, the same chemical potential could be stored in a NESS
where a thermodynamically unstable aggregate is produced,
often the focus of such discussions, such as one in which a stable
aggregate was overpopulated.
Summary. The above discussion is not intended to be

needlessly pedantic. However, when molecular switches and
energy ratchets are described as “out of equilibrium”, or
similarly, when this term is applied to supramolecular polymers
that are not part of the reaction network that includes the
coupled reaction, it causes confusion. This can in turn obscure
what has been achieved in an experiment and, in the worst cases,
lead other researchers down blind alleys or prevent genuine
advances from being properly identified. Similarly, if every
system in which a reaction is taking place is thought to be
“fueled” and some energetic property of the “fuel” is thought to
be key to the process, this incorrectly draws focus onto the “fuel”
molecule rather than the properties of the network (i.e., kinetic
constants etc.) which govern the system and require more
attention, in our view, than they are currently receiving. For
example, in the case of catenane motor 6, a focus on the
properties of the “fuel” could tempt one to include the free
energy change associated with the evaporation of CO2 in the
maximum work that could be done. However, this step lies
outside of the reaction network and so does not directly affect
the behavior of the motor other than by limiting [CO2].

■ WHY ARE PHOTOCHEMICAL PROCESSES
“SPECIAL”?

Put simply, they do not have to obey microscopic
reversibility.17,52 This has allowed the development of elegant
molecular motors by Feringa53 and others.54 To take a simple
example, in the E/Z isomerization reaction of hydrazone
photoswitch 17 (Figure 11a),55 ignoring any thermal isomer-
ization processes,56 the apparent rate constant for conversion of
E-17 to E-17, ω+, upon irradiation with light of wavelength λ,
depends on the extinction coefficient (ελ) of Z-17, the intensity
of the incident light (I), and the quantum yield of isomerization
(Φλ).57 A similar argument applies to the conversion of E-17 to
Z-17. Given that the values of ω+ and ω− are not intrinsically
related to the relative thermodynamic stability of Z-17 and E-17,
there is no reason for their ratio at the photostationary state
(PSS) to be in accord with the corresponding equilibrium
constant. This means that all58 photochemical exchange
processes under continuous illumination automatically corre-
spond to a NESS. Based on this, the key question to ask of a
network that includes a photochemical step is whether it is
coupled to the process of interest�the same question that we
advocate should be asked of all chemically driven systems.
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For example, if molecule A, which is fully dispersed in
solution, is photoisomerized to give B, which forms a
supramolecular aggregate Bn, to determine whether the self-
assembly is at a NESS under continuous irradiation59 we must
determine if the network is “linear” or cyclic and if it displays
kinetic asymmetry (cf. Quantitative Descriptions of Simple
Reaction Networks). If the network is linear (photoisomeriza-
tion only in solution; Figure 11b), although the relative
concentrations of A and B at PSS do not accord with their
relative thermodynamic stability, the relative concentrations of
B and Bn obey the corresponding equilibrium constant.
Conversely, if the network is cyclic (isomerization takes place
both in solution and in the aggregated state; Figure 11c), the
relative concentrations of A, B, and Bn may be perturbed.
Furthermore, the isomerization of B to give A in the aggregated
state could give rise to the non-aggregating monomers being
incorporated into the assembly, even if this is not thermody-
namically favorable.

Finally, we highlight that, whereas chemically driven processes
take place on a single, continuous potential energy surface,
photochemical processes take place on at least two surfaces, the
ground and excited states.60 Thus, photochemical processes
begin with a large “uphill” step (Figure 11e) that corresponds to
a proportion of the absorbed photon’s energy being transferred
to a molecule to generate an excited state. Decay to the ground
state of an isomer of the starting material with higher chemical
energy can then take place. It seems reasonable to describe this

isomer as “activated” (i.e., metastable) relative to the starting
material, and it is possible to quantify the amount of energy it
“stores” from the incident photon. If subsequent steps that re-
isomerize the molecule to its initial state are coupled to the self-
assembly of the metastable isomer, it is easy to trace the
absorbed photon’s energy to where it is “stored” by following the
single molecule.

Conversely, chemically driven processes are “downhill” over
the cycle (Figure 11d),61 and there is no moment where energy
is “added” to a specific molecule. For example, RCO2Me,
produced by reaction of RCO2

− with MeI, contains atoms from
both starting materials�Which atoms are “activated” and which
are “deactivated”? Despite this, it is sometimes said that a
monomer unit becomes “activated” by reaction with a “fuel”
molecule to drive self-assembly, alongside energy diagrams in
which the reaction of the monomer with the “fuel” is shown as
energetically uphill. Both may be inspired by drawing a false
equivalence with photochemical processes.

The above discussion glosses over many details relating to
photochemical processes, including the importance of a
thermodynamically favorable “power stroke” in photochemical
NESS, which is irrelevant in the case of chemically driven
systems.17a,52 Indeed, we note that light-driven processes accord
more closely with macroscopic expectations conjured by the
word “fuel”�as well as their reliance on a power stroke, we can
clearly identify steps in which energy is added and where it is
stored and a photo-driven cycle forced to run backward would
not emit photons. Thus, using “fuel” to describe both light- and
chemical-driven systems seems problematic.

These points notwithstanding, our main intention is to
highlight that, as with chemically driven systems, the key is
whether the photochemical process is coupled to the process of
interest or not? If it is not, then this part of the system is
unaffected and “at equilibrium”.

■ CONCLUSIONS
We hope that by juxtaposing the common features of catalytic
systems, autonomous molecular motors, and self-assembled
systems that achieve a NESS we will inspire discussion about
these related exciting areas. By consistently focusing on the
coupled reaction and how it interacts with the reaction network,
we hope to shift the attention onto this key feature of all these
systems, as well as the requirements that must be met
(spontaneous process, kinetic asymmetry, reaction coupled to
the process of interest) to achieve a NESS. These requirements
are already well established through the work of Astumian;13 one
of our goals is that the analysis he advocates be applied
accurately in these related areas. We have also noted that
unambiguously demonstrating that a system achieves a NESS is
much easier in catalytic systems (simple observable) than in
molecular motors (proven indirectly) and supramolecular
materials (requires detailed characterization of the network).

We have also presented our concerns about some of the
terminology currently used in the field. It seems that since many
practitioners are inspired by biological processes, some language
used in biochemistry has been adopted uncritically. An example
is the focus in biology on the chemically incorrect, in our view,
concept of ATP acting as a fuel, and the related and definitely
incorrect concept of reactions being driven by “high-energy”
bonds.50 This section is intentionally provocative, as we hope to
encourage robust discussion. We propose the use of chemically
“driven” instead of “fueled” for coupled systems that meet the
requirements for a NESS, as this term does not have other

Figure 11. (a) Isomerization of hydrazone 17 and the associated
equation for the E:Z ratio at PSS (ελ(E/Z) = extinction coefficient at
wavelength of irradiation λ; ϕλ = quantum yield of indicated
isomerization process at wavelength λ). (b) “Linear” network for the
assembly of monomer B under continuous irradiation in which the
supramolecular polymer is at equilibrium with the dispersed monomer.
(c) Cyclic network for the assembly of monomer B under continuous
irradiation in which the supramolecular polymer is at a NESS (primed
kinetic constants refer to processes involving the aggregated state). (d)
Schematic potential energy diagram for ester exchange reaction
(Quantitative Descriptions of Simple Reaction Networks) 1. high-
lighting that the overall cycle is thermodynamically downhill and takes
place on a single surface. (e) Schematic potential energy diagram for the
isomerization of 17 highlighting that the conversion of Z-17 to E-17 is
thermodynamically uphill and that the process takes place on two
different surfaces (nrd = non-radiative decay).
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connotations and associations. Similarly, we suggest that the
words “fuel” and “waste” be replaced by “substrate” and
“product”, respectively.

Even more importantly, “fueled” or “driven” must be reserved
for systems in which the spontaneous reaction is coupled to the
process of interest such that this part of the network achieves
NESS; it is clearly inappropriate to use the term “fueled” self-
assembly if the aggregated state is not actually coupled to the
“fuel−waste” reaction. Indeed, we note that we are not alone in
thinking there are currently linguistic problems; Prins proposed
the terms “assembly under dissipative conditions” and
“dissipative self-assembly” to differentiate materials whose
assembly is influenced by a spontaneous process but not
coupled to it and those in which direct coupling takes place (e.g.,
Figure 9c and Figure 9b, respectively), with the latter termed
“driven” if kinetic asymmetry is present.11b,12a However, we
reiterate that, in our view, the focus on dissipation is unhelpful.

The study of molecular motors or supramolecular materials
that require a NESS to achieve their function provides a way to
try to understand the operation of similar systems in biology,
where they are ubiquitous. Conversely, their ubiquity in
biological systems is often used to justify the potential
importance of synthetic non-equilibrium systems.10−12 It is
undoubtedly true that chemically driven networks allow some
behaviors, such as continuous operation of molecular motors,
that are not possible by switching between equilibrium steady
states. However, as these related fields mature, it is important to
start to consider where they might have the greatest impact�it
is not obvious that chemists will use synthetic systems for the
same reasons and in the same way as they are used in biology.
For example, biological molecular motors are required to
operate continuously without user intervention. The same is not
true of artificial systems, where energy ratchets may be simpler
to apply. Put more bluntly, although both birds and rockets fly,
the inspiration for the Apollo program did not come from
biology�our imagination can and should supersede its example.

This is not to say that the design and operation of new systems
that can achieve a NESS should be judged on the basis of their
applications. In the context of molecular motors, very few
working systems have been reported, and many questions
remain to be answered52 (e.g., how to optimize systems to work
against load and maximize efficiency)62 and challenges over-
come (how to couple directional motion to the wider system to
do work or achieve other objectives). Similarly, in the case of
supramolecular self-assembly, we have highlighted that it
remains challenging to even determine if formation of the
aggregated state is actually coupled to the driving chemical
reaction, let alone to articulate ahead of this what the potential
benefits of achieving such behavior might be. Furthermore,
although it is tempting to look to biology for the potential
benefits of such systems, as we note in the context of actin, the
behavior of biopolymers in vivo is extremely complicated.
Indeed, tubulin assembly,45 which has some similarities to actin
assembly and is also sometimes cited as inspiration for synthetic
efforts,11 is not even as well understood as actin; the most
striking features of tubulin behavior (e.g., rescue and
catastrophe) are acknowledged by the biophysical community
to be “complex and poorly understood”.45c

Thus, the final aim of this Perspective is to demystify the
technical requirements for achieving non-equilibrium steady
states using chemist-friendly language and notation and so to
inspire chemists from across a range of areas to imagine how
non-equilibrium steady states might be used in the longer term.

Undoubtedly there will be exciting properties and applications,
but perhaps there is a need to look beyond biology to identify
them. Birds, after all, do not fly to the moon!
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(2) (a) Wegscheider, R. Über simultane Gleichgewichte und die

Beziehungen zwischen Thermodynamik und Reactionskinetik homo-
gener Systeme. Monatsh. Chem. Verwandte Teile Wissenschaften 1911,
32, 849−906. (b) Onsager, L. Reciprocal Relations in Irreversible
Processes. I. Phys. Rev. 1931, 37, 405−426.
(3) Although not typically higlighted in undergraduate chemistry,

these relationships hold whether A and B are connected by a single,
thermally accessible transition state or multiple pathways of direct
exchange are important. k+/k− for any given pathway is always equal to
Keq, and there is no net flux over any single pathway at equilibrium
steady state, which is another statement of the principle of detailed
balance.5

(4) (a) Tolman, R. C. The Principle of Microscopic Reversibility. Proc.
Natl. Acad. Sci. U.S.A. 1925, 11, 436−439. (b) Lewis, G. N.; New, A.
Principle of Equilibrium. Proc. Natl. Acad. Sci. U.S.A. 1925, 11, 179−
183.
(5) (a) Maxwell, J. C. IV. On the dynamical theory of gases. Philos.
Trans. Royal Soc. A 1867, 157, 49−88. (b) Boltzmann, L. Lectures on gas
theory; University of California Press, Berkeley, CA, 1964.
(6) (a) Kelly, T. R.; Tellitu, I.; Sestelo, J. P. In Search of Molecular

Ratchets. Angew. Chem., Int. Ed. 1997, 36, 1866−1868. (b) Davis, A. P.
Tilting at Windmills? The Second Law Survives. Angew. Chem., Int. Ed.
1998, 37, 909−910. (c) Kelly, T. R. Progress toward a rationally
designed molecular motor. Acc. Chem. Res. 2001, 34, 514−522.

Journal of the American Chemical Society pubs.acs.org/JACS Perspective

https://doi.org/10.1021/jacs.2c12665
J. Am. Chem. Soc. 2023, 145, 14169−14183

14180

https://pubs.acs.org/doi/10.1021/jacs.2c12665?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c12665/suppl_file/ja2c12665_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephen+M.+Goldup"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3781-0464
https://orcid.org/0000-0003-3781-0464
mailto:s.m.goldup@bham.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ivan+Aprahamian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2399-8208
mailto:ivan.aprahamian@dartmouth.edu
https://pubs.acs.org/doi/10.1021/jacs.2c12665?ref=pdf
https://doi.org/10.1007/BF01517735
https://doi.org/10.1007/BF01517735
https://doi.org/10.1007/BF01517735
https://doi.org/10.1103/PhysRev.37.405
https://doi.org/10.1103/PhysRev.37.405
https://doi.org/10.1073/pnas.11.7.436
https://doi.org/10.1073/pnas.11.3.179
https://doi.org/10.1098/rstl.1867.0004
https://doi.org/10.1002/anie.199718661
https://doi.org/10.1002/anie.199718661
https://doi.org/10.1002/(SICI)1521-3773(19980420)37:7<909::AID-ANIE909>3.0.CO;2-X
https://doi.org/10.1021/ar000167x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar000167x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c12665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(7) It is important to note, as we expand on below, that a true
mechanistic link is required: (a) Oláh, K. Independence of chemical
reactions. React. Kinet. Mech. Catal. 1987, 33, 9−15. (b) Koenig, F. O.;
Horne, F. H.; Mohilner, D. M. On Thermodynamic Coupling of
Chemical Reactions. J. Am. Chem. Soc. 1961, 83, 1029−1033.
(8) Aprahamian, I. The Future of Molecular Machines. ACS Cent. Sci.
2020, 6, 347−358.
(9) Representative relevant reviews discussing catalytic reaction

networks: (a) Blackmond, D. G. “If pigs could fly” chemistry: a tutorial
on the principle of microscopic reversibility. Angew. Chem., Int. Ed.
2009, 48, 2648−2654. (b) Fransson, L.; Laurell, A.; Widyan, K.;
Wingstrand, E.; Hult, K.; Moberg, C. Minor Enantiomer Recycling-
Effect of Two Reinforcing Catalysts on Product Yield and Enantiomeric
Excess. ChemCatChem 2010, 2, 683−693. (c) Rachwalski, M.; Vermue,
N.; Rutjes, F. P. Recent advances in enzymatic and chemical
deracemisation of racemic compounds. Chem. Soc. Rev. 2013, 42,
9268−9282. (d) Moberg, C. Recycling in Asymmetric Catalysis. Acc.
Chem. Res. 2016, 49, 2736−2745. (e) Aranda, C.; Oksdath-Mansilla,
G.; Bisogno, F. R.; Gonzalo, G. Deracemisation Processes Employing
Organocatalysis and Enzyme Catalysis. Adv. Synth. Catal. 2020, 362,
1233−1257.
(10) Representative reviews that discuss chemically driven molecular

motors: (a) Erbas-Cakmak, S.; Leigh, D. A.; McTernan, C. T.;
Nussbaumer, A. L. Artificial Molecular Machines. Chem. Rev. 2015,
115, 10081−10206. (a1) Biagini, C.; Di Stefano, S. Abiotic Chemical
Fuels for the Operation of Molecular Machines. Angew. Chem., Int. Ed.
2020, 59, 8344−8354. (b) Astumian, R. D.; Pezzato, C.; Feng, Y.; Qiu,
Y.; McGonigal, P. R.; Cheng, C.; Stoddart, J. F. Non-equilibrium
kinetics and trajectory thermodynamics of synthetic molecular pumps.
Mater. Chem. Front. 2020, 4, 1304−1314. (c) Feng, Y.; Ovalle, M.;
Seale, J. S. W.; Lee, C. K.; Kim, D. J.; Astumian, R. D.; Stoddart, J. F.
Molecular Pumps and Motors. J. Am. Chem. Soc. 2021, 143, 5569−
5591. (d) Borsley, S.; Leigh, D. A.; Roberts, B. M. W. Chemical fuels for
molecular machinery. Nat. Chem. 2022, 14, 728−738. (e) Mondal, A.;
Toyoda, R.; Costil, R.; Feringa, B. L. Chemically Driven Rotatory
Molecular Machines. Angew. Chem., Int. Ed. 2022, 61, No. e202206631.
(11) Representative recent reviews on supramolecular material

assembly affected by an ongoing chemical reaction: (a) van Rossum,
S. A. P.; Tena-Solsona, M.; van Esch, J. H.; Eelkema, R.; Boekhoven, J.
Dissipative out-of-equilibrium assembly of man-made supramolecular
materials. Chem. Soc. Rev. 2017, 46, 5519−5535. (b) Ragazzon, G.;
Prins, L. J. Energy consumption in chemical fuel-driven self-assembly.
Nat. Nanotechnol. 2018, 13, 882−889. (c) Weißenfels, M.; Gemen, J.;
Klajn, R. Dissipative Self-Assembly: Fueling with Chemicals versus
Light. Chem 2021, 7, 23−37. (d) Mishra, A.; Dhiman, S.; George, S. J.
ATP-Driven Synthetic Supramolecular Assemblies: From ATP as a
Template to Fuel. Angew. Chem., Int. Ed. 2021, 60, 2740−2756.
(e) Wang, Q.; Qi, Z.; Chen, M.; Qu, D. H. Out-of-equilibrium
supramolecular self-assembling systems driven by chemical fuel.
Aggregate 2021, 2, No. e110. (f) Sharko, A.; Livitz, D.; De Piccoli, S.;
Bishop, K. J. M.; Hermans, T. M. Insights into Chemically Fueled
Supramolecular Polymers. Chem. Rev. 2022, 122, 11759−11777.
(12) (a) Das, K.; Gabrielli, L.; Prins, L. J. Chemically Fueled Self-

Assembly in Biology and Chemistry. Angew. Chem., Int. Ed. 2021, 60,
20120−20143. (b) Amano, S.; Borsley, S.; Leigh, D. A.; Sun, Z.
Chemical engines: driving systems away from equilibrium through
catalyst reaction cycles. Nat. Nanotechnol. 2021, 16, 1057−1067.
(13) (a) Astumian, R. D.; Bier, M. Mechanochemical coupling of the

motion of molecular motors to ATP hydrolysis. Biophys. J. 1996, 70,
637−653. (b) Astumian, R. D. Design principles for Brownian
molecular machines: how to swim in molasses and walk in a hurricane.
Phys. Chem. Chem. Phys. 2007, 9, 5067−5083. (c) Astumian, R. D.
Stochastic conformational pumping: a mechanism for free-energy
transduction by molecules. Annu. Rev. Biophys. 2011, 40, 289−313.
(d) Astumian, R. D. Microscopic reversibility as the organizing
principle of molecular machines. Nat. Nanotechnol. 2012, 7, 684−688.
(e) Astumian, R. D. How molecular motors work - insights from the
molecular machinist’s toolbox: the Nobel prize in Chemistry 2016.
Chem. Sci. 2017, 8, 840−845. (f) Astumian, R. D. Trajectory and Cycle-

Based Thermodynamics and Kinetics of Molecular Machines: The
Importance of Microscopic Reversibility. Acc. Chem. Res. 2018, 51,
2653−2661. (g) Astumian, R. D. Kinetic asymmetry allows macro-
molecular catalysts to drive an information ratchet. Nat. Commun.
2019, 10, 3837.
(14) Kay, E. R.; Leigh, D. A.; Zerbetto, F. Synthetic molecular motors

and mechanical machines. Angew. Chem., Int. Ed. 2007, 46, 72−191.
(15) (a) Amano, S.; Esposito, M.; Kreidt, E.; Leigh, D. A.; Penocchio,

E.; Roberts, B. M. W. Insights from an information thermodynamics
analysis of a synthetic molecular motor.Nat. Chem. 2022, 14, 530−537.
(b) Amano, S.; Esposito, M.; Kreidt, E.; Leigh, D. A.; Penocchio, E.;
Roberts, B. M. W. Using Catalysis to Drive Chemistry Away from
Equilibrium: Relating Kinetic Asymmetry, Power Strokes, and the
Curtin-Hammett Principle in Brownian Ratchets. J. Am. Chem. Soc.
2022, 144, 20153−20164. (c) Penocchio, E.; Ragazzon, G. Kinetic
Barrier Diagrams to Visualize and Engineer Molecular Nonequilibrium
Systems. Small 2023, 19 (14), No. e2206188.
(16) We highlight that local detailed balance (e.g., see (a)), which has

emerged as an alternative method of describing systems at NESS, can
cause confusion because it is only valid within certain limits that are not
always chemically obvious (see (b)): (a) Rao, R.; Esposito, M.
Nonequilibrium Thermodynamics of Chemical Reaction Networks:
Wisdom from Stochastic Thermodynamics. Phys. Rev. X 2016, 6,
041064. (b) Astumian, R. D.; Pezzato, C.; Feng, Y.; Qiu, Y.; McGonigal,
P. R.; Cheng, C.; Stoddart, J. F. Non-equilibrium kinetics and trajectory
thermodynamics of synthetic molecular pumps. Mater. Chem. Front.
2020, 4, 1304−1314.
(17) (a) Astumian, R. D. Optical vs. chemical driving for molecular

machines. Faraday Discuss. 2016, 195, 583−597. (b) Andreoni, L.;
Baroncini, M.; Groppi, J.; Silvi, S.; Taticchi, C.; Credi, A. Photo-
chemical Energy Conversion with Artificial Molecular Machines.
Energy Fuels 2021, 35, 18900−18914.
(18) Charges are omitted in concentrations for simplicity.
(19) This is a general feature of such systems; as long as the

description of the network is complete enough to capture the system
topology (how species are connected), simplifications to the
mechanistic pathway do not change the overall form of the governing
equations, although they may obscure important chemical details, such
as how to optimize the system performance.
(20) We note that a process can be spontaneous but not proceed at an

appreciable rate, the most obvious being the conversion of N2 to NH3,
which is thermodynamically favorable but kinetically slow at normal
temperatures and pressures. The word “spontaneous” refers to only the
thermodynamics of the process and makes no reference to kinetics.
(21) An automatic consequence of this statement is that the relative

concentrations of species within the portion of the network coupled to
the spontaneous process can be perturbed relative to those outside the
network.
(22) Recent examples: (a) Holzl-Hobmeier, A.; Bauer, A.; Silva, A. V.;

Huber, S. M.; Bannwarth, C.; Bach, T. Catalytic deracemization of
chiral allenes by sensitized excitation with visible light. Nature 2018,
564, 240−243. (b) Shin, N. Y.; Ryss, J. M.; Zhang, X.; Miller, S. J.;
Knowles, R. R. Light-driven deracemization enabled by excited-state
electron transfer. Science 2019, 366, 364−369. (c) Zhang, Z.; Hu, X.
Visible-Light-Driven Catalytic Deracemization of Secondary Alcohols.
Angew. Chem., Int. Ed. 2021, 60, 22833−22838. (d) Zhang, C.; Gao, A.
Z.; Nie, X.; Ye, C. X.; Ivlev, S. I.; Chen, S.; Meggers, E. Catalytic alpha-
Deracemization of Ketones Enabled by Photoredox Deprotonation and
Enantioselective Protonation. J. Am. Chem. Soc. 2021, 143, 13393−
13400.
(23) Wingstrand, E.; Laurell, A.; Fransson, L.; Hult, K.; Moberg, C.

Minor enantiomer recycling: metal catalyst, organocatalyst and
biocatalyst working in concert.Chem.�Eur. J. 2009, 15, 12107−12113.
(24) Fransson, L.; Laurell, A.; Widyan, K.; Wingstrand, E.; Hult, K.;

Moberg, C. Minor Enantiomer Recycling-Effect of Two Reinforcing
Catalysts on Product Yield and Enantiomeric Excess. ChemCatChem
2010, 2, 683−693.

Journal of the American Chemical Society pubs.acs.org/JACS Perspective

https://doi.org/10.1021/jacs.2c12665
J. Am. Chem. Soc. 2023, 145, 14169−14183

14181

https://doi.org/10.1007/BF02066692
https://doi.org/10.1007/BF02066692
https://doi.org/10.1021/ja01466a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01466a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.0c00064?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200804566
https://doi.org/10.1002/anie.200804566
https://doi.org/10.1002/cctc.200900327
https://doi.org/10.1002/cctc.200900327
https://doi.org/10.1002/cctc.200900327
https://doi.org/10.1039/c3cs60175g
https://doi.org/10.1039/c3cs60175g
https://doi.org/10.1021/acs.accounts.6b00396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adsc.201901112
https://doi.org/10.1002/adsc.201901112
https://doi.org/10.1021/acs.chemrev.5b00146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201912659
https://doi.org/10.1002/anie.201912659
https://doi.org/10.1039/D0QM00022A
https://doi.org/10.1039/D0QM00022A
https://doi.org/10.1021/jacs.0c13388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41557-022-00970-9
https://doi.org/10.1038/s41557-022-00970-9
https://doi.org/10.1002/anie.202206631
https://doi.org/10.1002/anie.202206631
https://doi.org/10.1039/C7CS00246G
https://doi.org/10.1039/C7CS00246G
https://doi.org/10.1038/s41565-018-0250-8
https://doi.org/10.1016/j.chempr.2020.11.025
https://doi.org/10.1016/j.chempr.2020.11.025
https://doi.org/10.1002/anie.202006614
https://doi.org/10.1002/anie.202006614
https://doi.org/10.1002/agt2.110
https://doi.org/10.1002/agt2.110
https://doi.org/10.1021/acs.chemrev.1c00958?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00958?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202100274
https://doi.org/10.1002/anie.202100274
https://doi.org/10.1038/s41565-021-00975-4
https://doi.org/10.1038/s41565-021-00975-4
https://doi.org/10.1016/S0006-3495(96)79605-4
https://doi.org/10.1016/S0006-3495(96)79605-4
https://doi.org/10.1039/b708995c
https://doi.org/10.1039/b708995c
https://doi.org/10.1146/annurev-biophys-042910-155355
https://doi.org/10.1146/annurev-biophys-042910-155355
https://doi.org/10.1038/nnano.2012.188
https://doi.org/10.1038/nnano.2012.188
https://doi.org/10.1039/C6SC04806D
https://doi.org/10.1039/C6SC04806D
https://doi.org/10.1021/acs.accounts.8b00253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-019-11402-7
https://doi.org/10.1038/s41467-019-11402-7
https://doi.org/10.1002/anie.200504313
https://doi.org/10.1002/anie.200504313
https://doi.org/10.1038/s41557-022-00899-z
https://doi.org/10.1038/s41557-022-00899-z
https://doi.org/10.1021/jacs.2c08723?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c08723?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c08723?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.202206188
https://doi.org/10.1002/smll.202206188
https://doi.org/10.1002/smll.202206188
https://doi.org/10.1103/PhysRevX.6.041064
https://doi.org/10.1103/PhysRevX.6.041064
https://doi.org/10.1039/D0QM00022A
https://doi.org/10.1039/D0QM00022A
https://doi.org/10.1039/C6FD00140H
https://doi.org/10.1039/C6FD00140H
https://doi.org/10.1021/acs.energyfuels.1c02921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.1c02921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-018-0755-1
https://doi.org/10.1038/s41586-018-0755-1
https://doi.org/10.1126/science.aay2204
https://doi.org/10.1126/science.aay2204
https://doi.org/10.1002/anie.202107570
https://doi.org/10.1021/jacs.1c06637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.200901338
https://doi.org/10.1002/chem.200901338
https://doi.org/10.1002/cctc.200900327
https://doi.org/10.1002/cctc.200900327
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c12665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(25) Wilson, M. R.; Sola, J.; Carlone, A.; Goldup, S. M.; Lebrasseur,
N.; Leigh, D. A. An autonomous chemically fuelled small-molecule
motor. Nature 2016, 534, 235−40.
(26) (a) Borsley, S.; Kreidt, E.; Leigh, D. A.; Roberts, B. M. W.

Autonomous fuelled directional rotation about a covalent single bond.
Nature 2022, 604, 80−85. (b) Mo, K.; Zhang, Y.; Dong, Z.; Yang, Y.;
Ma, X.; Feringa, B. L.; Zhao, D. Intrinsically unidirectional chemically
fuelled rotary molecular motors. Nature 2022, 609, 293−298.
(27) (a) Berrocal, J. A.; Biagini, C.; Mandolini, L.; Di Stefano, S.

Coupling of the Decarboxylation of 2-Cyano-2-phenylpropanoic Acid
to Large-Amplitude Motions: A Convenient Fuel for an Acid-Base-
Operated Molecular Switch. Angew. Chem., Int. Ed. 2016, 55, 6997−
7001. (b) Biagini, C.; Capocasa, G.; Cataldi, V.; Del Giudice, D.;
Mandolini, L.; Di Stefano, S. The Hydrolysis of the Anhydride of 2-
Cyano-2-phenylpropanoic Acid Triggers the Repeated Back and Forth
Motions of an Acid-Base Operated Molecular Switch. Chem.�Eur. J.
2019, 25, 15205−15211.
(28) Erbas-Cakmak, S.; Fielden, S. D. P.; Karaca, U.; Leigh, D. A.;

McTernan, C. T.; Tetlow, D. J.; Wilson, M. R. Rotary and linear
molecular motors driven by pulses of a chemical fuel. Science 2017, 358,
340−343.
(29) More generally, the maximum work that can be performed by an

energy ratchet motor driven by a fluctuating external stimulus, which
includes the prosaic (addition/removal of reagents) or the more exotic
(oscillation of external field), is a function of the work done on the
system by the external stimulus. In the case of motor 11 this is the
deprotonation event and so the key feature of acid. See: (a) Astumian,
R. D.; Robertson, B. Imposed oscillations of kinetic barriers can cause
an enzyme to drive a chemical reaction away from equilibrium. J. Am.
Chem. Soc. 1993, 115, 11063−11068. (b) Seale, J. S. W.; Feng, Y.; Feng,
L.; Astumian, R. D.; Stoddart, J. F. Polyrotaxanes and the pump
paradigm. Chem. Soc. Rev. 2022, 51, 8450−8475.
(30) Selected examples: (a) Shi, Q.; Chen, C. F. Step-by-step reaction-

powered mechanical motion triggered by a chemical fuel pulse. Chem.
Sci. 2019, 10, 2529−2533. (b) Biagini, C.; Fielden, S. D. P.; Leigh, D.
A.; Schaufelberger, F.; Di Stefano, S.; Thomas, D. Dissipative Catalysis
with a Molecular Machine. Angew. Chem., Int. Ed. 2019, 58, 9876−
9880. (c) Thomas, D.; Tetlow, D. J.; Ren, Y.; Kassem, S.; Karaca, U.;
Leigh, D. A. Pumping between phases with a pulsed-fuel molecular
ratchet. Nat. Nanotechnol. 2022, 17, 701−707.
(31) Okuno, D.; Iino, R.; Noji, H. Rotation and structure of FoF1-

ATP synthase. J. Biochem 2011, 149, 655−664. (b) Junge, W.; Nelson,
N. ATP synthase. Annu. Rev. Biochem. 2015, 84, 631−657.
(32) Martin, C. J.; Lee, A. T. L.; Adams, R. W.; Leigh, D. A. Enzyme-

Mediated Directional Transport of a Small-Molecule Walker With
Chemically Identical Feet. J. Am. Chem. Soc. 2017, 139, 11998−12002.
(33) Hua, W.; Young, E. C.; Fleming, M. L.; Gelles, J. Coupling of

kinesin steps to ATP hydrolysis. Nature 1997, 388, 390−393.
(34) Selected reviews: (a) Yang, L.; Tan, X.; Wang, Z.; Zhang, X.

Supramolecular Polymers: Historical Development, Preparation,
Characterization, and Functions. Chem. Rev. 2015, 115, 7196−7239.
(b) Amabilino, D. B.; Smith, D. K.; Steed, J. W. Supramolecular
materials.Chem. Soc. Rev. 2017, 46, 2404−2420. (c) Aida, T.; Meijer, E.
W. Supramolecular Polymers�We’ve Come Full Circle. Isr. J. Chem.
2020, 60, 33−47. (d) Wehner, M.; Würthner, F. Supramolecular
polymerization through kinetic pathway control and living chain
growth. Nat. Rev. Chem. 2020, 4, 38−53.
(35) Jones, C. D.; Steed, J. W. Gels with sense: supramolecular

materials that respond to heat, light and sound. Chem. Soc. Rev. 2016,
45, 6546−6596.
(36) Selected reviews: (a) Dominguez, R.; Holmes, K. C. Actin

structure and function. Annu. Rev. Biophys. 2011, 40, 169−186.
(b) Pollard, T. D. Actin and Actin-Binding Proteins. Cold Spring Harb.
Perspect. Biol. 2016, 8, No. a018226.
(37) The in vitro assembly of actin takes place in buffer and also

requires Mg2+ ions, but these details are not important here. See ref 38.
(38) Fujiwara, I.; Vavylonis, D.; Pollard, T. D. Polymerization kinetics

of ADP- and ADP-Pi-actin determined by fluorescence microscopy.
Proc. Natl. Acad. Sci. U. S. A. 2007, 104, 8827−8832.

(39) The hydrolysis process involving the ATP-actin monomer in
solution will distort the relative concentrations of actin, ATP-actin,
ADP-Pi-actin, and ADP-actin (cf. Quantitative Descriptions of Simple
Reaction Networks), indirectly affecting the self-assembly process as
depicted and thus should be included to create the complete network.
However, we have neglected this process in our discussion for the sake
of clarity, as this allows us to focus on the assembled filament.
(40) Boekhoven, J.; Brizard, A. M.; Kowlgi, K. N.; Koper, G. J.;

Eelkema, R.; van Esch, J. H. Dissipative self-assembly of a molecular
gelator by using a chemical fuel. Angew. Chem., Int. Ed. 2010, 49, 4825−
4828.
(41) We note that annealing of supramolecular polymers and

otherwise controlling the kinetics of their assembly can lead to different
physical properties; thus, this statement may not be technically correct.
Even if the self-assembled state is not directly coupled to the hydrolysis
of MeI, the unusual method of monomer production may lead to a gel
with different physical properties compared to that obtained by direct
mixing of the components: Fuentes-Caparros, A. M.; de Paula Gomez-
Franco, F.; Dietrich, B.; Wilson, C.; Brasnett, C.; Seddon, A.; Adams, D.
J. Annealing multicomponent supramolecular gels. Nanoscale 2019, 11,
3275−3280.
(42) Boekhoven, J.; Hendriksen, W. E.; Koper, G. J.; Eelkema, R.; van

Esch, J. H. Transient assembly of active materials fueled by a chemical
reaction. Science 2015, 349, 1075−1079.
(43) Leira-Iglesias, J.; Tassoni, A.; Adachi, T.; Stich, M.; Hermans, T.

M. Oscillations, travelling fronts and patterns in a supramolecular
system. Nat. Nanotechnol. 2018, 13, 1021−1027.
(44) Howlett, M. G.; Engwerda, A. H. J.; Scanes, R. J. H.; Fletcher, S.

P. An autonomously oscillating supramolecular self-replicator. Nat.
Chem. 2022, 14, 805−810.
(45) (a) Mitchison, T.; Kirschner, M. Dynamic instability of

microtubule growth. Nature 1984, 312, 237−242. (b) Desai, A.;
Mitchison, T. J. Microtubule polymerization dynamics. Annu. Rev. Cell.
Dev. Biol. 1997, 13, 83−117. (c) Akhmanova, A.; Steinmetz, M. O.
Control of microtubule organization and dynamics: two ends in the
limelight.Nat. Rev. Mol. Cell. Biol. 2015, 16, 711−726. (d) Brouhard, G.
J.; Rice, L. M. Microtubule dynamics: an interplay of biochemistry and
mechanics. Nat. Rev. Mol. Cell. Biol. 2018, 19, 451−463.
(46) Otto has noted that stirring can drive selection between self-

assembling replicators because aggregated species experience sheer
forces that are irrelevant in the dispersed state: Colomb-Delsuc, M.;
Mattia, E.; Sadownik, J. W.; Otto, S. Exponential self-replication
enabled through a fibre elongation/breakage mechanism. Nat.
Commun. 2015, 6, 7427.
(47) IUPAC. Compendium of Chemical Terminology, 2nd ed. (the

“Gold Book”); Compiled by McNaught, A. D., Wilkinson, A.; Blackwell
Scientific Publications, Oxford, 1997. Online version (2019−) created
by S. J. Chalk, https://goldbook.iupac.org/terms/view/C00876,
accessed 2/5/2023.
(48) It might be supposed that this is not strictly true when a single

molecule is considered. However, the concept of molecular equilibrium
applies only to ensembles. For example, the Boltzmann distribution of
molecular velocities clearly contains some “fast” and some “slow”
species. Observing a random molecule from the sample would suggest
that most if not all molecules were “out of equilibrium” relative to the
average velocity, but if many single molecules were sampled, the
Boltzmann distribution would be recovered�the ensemble is “at
equilibrium”.
(49) Hill, T. L. Some general principles in free energy transduction.
Proc. Natl. Acad. Sci. U. S. A. 1983, 80, 2922−2925.
(50) Galley, W. C. Exothermic Bond Breaking: A Persistent

Misconception. J. Chem. Educ. 2004, 81, 523.
(51) Astumian, R. D. Huxley’s Model for Muscle Contraction

Revisited: The Importance of Microscopic Reversibility. Top. Curr.
Chem. 2015, 369, 285−316.
(52) Astumian, R. D. Irrelevance of the power stroke for the

directionality, stopping force, and optimal efficiency of chemically
driven molecular machines. Biophys. J. 2015, 108, 291−303.

Journal of the American Chemical Society pubs.acs.org/JACS Perspective

https://doi.org/10.1021/jacs.2c12665
J. Am. Chem. Soc. 2023, 145, 14169−14183

14182

https://doi.org/10.1038/nature18013
https://doi.org/10.1038/nature18013
https://doi.org/10.1038/s41586-022-04450-5
https://doi.org/10.1038/s41586-022-05033-0
https://doi.org/10.1038/s41586-022-05033-0
https://doi.org/10.1002/anie.201602594
https://doi.org/10.1002/anie.201602594
https://doi.org/10.1002/anie.201602594
https://doi.org/10.1002/chem.201904048
https://doi.org/10.1002/chem.201904048
https://doi.org/10.1002/chem.201904048
https://doi.org/10.1126/science.aao1377
https://doi.org/10.1126/science.aao1377
https://doi.org/10.1021/ja00077a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00077a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2CS00194B
https://doi.org/10.1039/D2CS00194B
https://doi.org/10.1039/C8SC05469J
https://doi.org/10.1039/C8SC05469J
https://doi.org/10.1002/anie.201905250
https://doi.org/10.1002/anie.201905250
https://doi.org/10.1038/s41565-022-01097-1
https://doi.org/10.1038/s41565-022-01097-1
https://doi.org/10.1093/jb/mvr049
https://doi.org/10.1093/jb/mvr049
https://doi.org/10.1146/annurev-biochem-060614-034124
https://doi.org/10.1021/jacs.7b06503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b06503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b06503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/41118
https://doi.org/10.1038/41118
https://doi.org/10.1021/cr500633b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500633b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CS00163K
https://doi.org/10.1039/C7CS00163K
https://doi.org/10.1002/ijch.201900165
https://doi.org/10.1038/s41570-019-0153-8
https://doi.org/10.1038/s41570-019-0153-8
https://doi.org/10.1038/s41570-019-0153-8
https://doi.org/10.1039/C6CS00435K
https://doi.org/10.1039/C6CS00435K
https://doi.org/10.1146/annurev-biophys-042910-155359
https://doi.org/10.1146/annurev-biophys-042910-155359
https://doi.org/10.1101/cshperspect.a018226
https://doi.org/10.1073/pnas.0702510104
https://doi.org/10.1073/pnas.0702510104
https://doi.org/10.1002/anie.201001511
https://doi.org/10.1002/anie.201001511
https://doi.org/10.1039/C8NR09423C
https://doi.org/10.1126/science.aac6103
https://doi.org/10.1126/science.aac6103
https://doi.org/10.1038/s41565-018-0270-4
https://doi.org/10.1038/s41565-018-0270-4
https://doi.org/10.1038/s41557-022-00949-6
https://doi.org/10.1038/312237a0
https://doi.org/10.1038/312237a0
https://doi.org/10.1146/annurev.cellbio.13.1.83
https://doi.org/10.1038/nrm4084
https://doi.org/10.1038/nrm4084
https://doi.org/10.1038/s41580-018-0009-y
https://doi.org/10.1038/s41580-018-0009-y
https://doi.org/10.1038/ncomms8427
https://doi.org/10.1038/ncomms8427
https://goldbook.iupac.org/terms/view/C00876
https://doi.org/10.1073/pnas.80.10.2922
https://doi.org/10.1021/ed081p523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed081p523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/128_2015_644
https://doi.org/10.1007/128_2015_644
https://doi.org/10.1016/j.bpj.2014.11.3459
https://doi.org/10.1016/j.bpj.2014.11.3459
https://doi.org/10.1016/j.bpj.2014.11.3459
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c12665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(53) Recent reviews and citations therein: (a) Feringa, B. L. The Art of
Building Small: From Molecular Switches to Motors (Nobel Lecture).
Angew. Chem., Int. Ed. 2017, 56, 11060−11078. (b) van Leeuwen, T.;
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