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We propose to study strategies to control chemical reaction networks, in order to 
use them to perform computations, with certain similarities to the computations by 
biological or artificial neural networks. In these systems, certain properties can be 
emergent when they arise from the interactions of a large number of components. In the 
group, we have studied previously two such properties, homochirality [1] and 
autocatalysis [2] and we have found that their emergence is indeed favored in large 
chemical networks. We are now interested in new emergent properties, related to the 
ability to perform some form of computation. Computation should be understood here as 
the ability of the chemical network to dynamically reach a certain final composition given 
an initial composition as illustrated in the figure. We are interested in robust 
computations in the sense small perturbations in the kinetics of chemical reactions 
should not affect the final composition. 

An experimental demonstration of a classification task using molecular chemical 
networks based on DNA has recently been realized by two members of the lab Y. 
Rondelez and G. Gines [3]. Inspired by this work, we propose to formalize theoretically 
and to study numerically control strategies of molecular chemical networks based on 
DNA (or possibly RNA). The control parameters are here template molecules, which can 
be autocatalytically amplified but are typically in competition with each other. By viewing 
these templates as weights to be optimized, modern machine learning methods may be 
used for this problem. 

The goal of this internship/thesis is to understand how to best control chemical 
reaction networks. We ask what are the fundamental limits in the computation power of 
such networks. These limits may depend on the topology of the chemical network or on 
thermodynamic constraints [4], because any computation necessarily requires some 
amount of dissipation. To address these questions, we rely on recent methods of non-
equilibrium Statistical Physics, Stochastic Thermodynamics and Machine learning. This 
theoretical internship will benefit from interactions with experimentalists in the lab and 
abroad. 
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[see Fig. 2(a) for an illustration]. The concentration of each
chemical species and the temperature in the reaction
chamber are spatially homogeneous, and the numbers of
each molecule are large enough that the behavior of the

system is well described by the following deterministic rate
equations:

d
dt

cMZðtÞ ¼ −kAcAðtÞcMZðtÞ − kBcBðtÞcMZðtÞ

þ kZcZðtÞcMðtÞ; ð2Þ

d
dt

cXðtÞ ¼ −kAcAðtÞcXðtÞ − kBcBðtÞcXðtÞ þ JX; ð3Þ

where cMðtÞ is the concentration of molecule M at time t.
The first and second terms on the right-hand side of
Eq. (2) correspond to the reactions MZ þ A → MZA
and MZ þ B → MZB, respectively; the third term repre-
sents the contribution from the reaction M þ Z → MZ.
The concentration dynamics in the reaction chamber can

be divided into three types. First, the concentrations of
molecules other than X, A, B evolve in time according to
Eq. (2). Second, the dynamics of cXðtÞ are described by
Eq. (3), where the last term represents the constant supply
of reaction nucleus X from the particle reservoir to the
reaction tank. Third, we assume that the concentrations of
molecules A and B are controllable in time by an external
operator.
At time t ¼ 0, the reaction chamber is empty. The total

amount of molecule MZ synthesized by reaction (1) from
t ¼ 0 to t ¼ T is

ΣMZ½0; T&≡
Z

T

0
dt kZcZðtÞcMðtÞ: ð4Þ

Let d be the number of connections between different types
of molecular subunits. For example, d ¼ 2 for XABBA and
d ¼ 5 for XAABABBAB.
The first main result of this Letter is that the synthesis of

a constant amount of the molecular chain takes an expo-
nentially long time to the molecular length n unless
d ¼ Oðlog nÞ, no matter how the concentrations of material
molecules are manipulated. Specifically, we can prove that
the time T required to synthesize a certain amount ΣM½0; T&
of molecular chain M satisfies

T >
ΣM½0; T&

JX
× 2d=3 ð5Þ

for any synthesis protocol ½cAðtÞ; cBðtÞ&0≤t≤T .
Destruction process.—Here, we consider processes that

fragment the molecular chain into monomers X, A, and B
by sequential detachment of Z ∈ fA;Bg as displayed in
Fig. 1. The possible reactions are desorption of material
molecule Z from molecular chain MZ,

MZ⟶
k0Z M þ Z: ð6Þ

Similar to synthesis process, we assume that the rate
constant k0Z depends only on Z and that the reverse reaction

FIG. 2. Schematic illustration of the setup. (a) Setup for
synthesis process. The reaction tank is connected to particle
reservoirs that supply reaction nucleus X and material molecules
A and B. Molecule X is supplied at a constant rate JX. The
operator’s task is to synthesize the desired molecule (XABA in
this example) as efficiently as possible by controlling the
concentrations cAðtÞ and cBðtÞ. (b) Setup for destruction
process. The concentration of the molecular chain to be
decomposed (XABA in this example) is kept constant and X
is recovered to the particle bath at rate τ−1X cXðtÞ. The total
amount of X recovered is Σ0

X½0; T&.

FIG. 1. Schematic illustration of the synthesis and destruction
of a one-dimensional molecular chain XABA. The green triangle,
blue circle, and red square represent the reaction nucleus X,
molecule A, and molecule B, respectively. We assume that the
only possible reactions are the sequential binding or detachment
of the molecules.
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By introducing template molecules at appropriate times a 
control in the output of a chemical network can be achieved, 
with the final composition playing the role of the result of a 
computation with respect to the input composition. Figure from 
I. Kobayashi et al., PRL (2022). 


