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Résumé
How does a liquid transform into a crystal? Remarkably, even now this
everyday process is poorly understood. One challenge with studying
the birth of a crystal, the process of nucleation, is that it is hard to see
such tiny groups of a few atoms or molecules. Mesoscopic colloidal
particles follow the same laws of statistical mechanics and form
crystals just like atoms. Early work with colloids used indirect scattering
methods, to measure the rate of formation of crystal nuclei (Fig. 1c).
Very surprisingly, when the rate of formation J is low, experiments find
a rate that is more then ten orders of magnitude faster than the
prediction from computer simulation, “the second-biggest discrepancy
in physics”.

Now it is possible to see the colloidal particles in a confocal
microscope, which can image in 3d (Fig 1a). This is a very useful
experimental method to investigate nucleation, because we can
directly see the nucleus and track the coordinates of the colloids –
particle-resolved studies (Fig. 1b). Here, we will study colloid nucleation
with a new technique, “nano—particle resolved studies”. This method
uses much smaller colloids than is usual. This is important, because
these “nano--particles” move 1000s of times faster than normal, which
means that we can investigate nucleation in the regime where the
discrepancy is found.

The precise content of the internship, performed at Gulliver and also in
collaboration with Frank Smallenburg(LPS, Paris Sud) will be discussed
with the candidate to fit his/her interests and knowledge.

Keywords: colloids, nucleation, confocal microscopy

Colloid Nucleation:
the « second-biggest
discrepancy in physics »

Encadrants: 
C.P. Royall (Gulliver),
F. Smallenburg (LPS, Universite Paris Sud)

Possibilité de thèse: Oui
Financement de thèse: Oui

Contact: paddyroyall@gmail.com

Figure. (a) Crystal nucleating in a liquid of colloids. 3d Confocal microscopy
image. Bar=20µm. (b) 3d rendering of particle coordinates: grey hexagonal
close-packed crystal, green liquid locally favoured structure. (c) Nucleation
rate in hard spheres. Line – prediction from computer simulation, data
points, experimental data.

MOLECULAR AND COLLOIDAL SYSTEMS



Artificial micro-swimmers have recently become a central field of research
in soft-matter, the reason being that they open the way towards
numerous applications at small scales, including fluid pumping, sensing
and capture of molecular species, transport and cargo delivery. A very
promising and original type of swimmer developed in our team, consists in
pure water droplet swimming in an oil phase containing micelles of
surfactant. The swimming mechanism and motion of these droplets have
been investigated in details in the past few years [1]. We have recently
studied the swimming behavior of such micro-droplets in confined
conditions in capillary tubes. We have observed non-conventional
spontaneous fragmentations under extreme confinement that we have
related to the interfacial activity of the system [2]. We are now interested
in studying how the swimming velocity of the droplets depends on the
shear stresses at their interface and how we can modify it. Preliminary
studies in the lab have shown that the velocity of the droplets seems to
increase when the droplets face a counterflow. The first goal of this
project is to investigate in details this unexpected swimming behavior.
Microfluidics is a promising platform to control accurately the swimming
environment of such droplets. We will take advantage of this tool to
investigate how the geometrical and physico-chemical conditions can
control the velocity and trajectories of such self-propelled droplets. This
experimental aspect of this work will be done in the Gulliver lab at ESPCI.
Theoretical developments could be in collaboration with Ramin
Golestaninan in the Max Planck Institute in Gottingen.

We are looking for a highly motivated student, with a good background in
soft matter physics. Important concepts to be at ease with are surface
tension and hydrodynamics. Experimental skill in microfluidics and ease
with image analysis is an advantage, but is not mandatory.

[1] PRL 113, 248302 (2014); [2] Soft Matter, 17, 6646 (2021)

Keywords: interfacial activity, microfluidics. 

Self-propelled droplets facing 
a counterflow

Encadrants: 
M. Reyssat (Gulliver) 

Possibilité de thèse: Oui
Financement de thèse: Non

Contact: mathilde.reyssat@espci.fr

INTERFACIAL SOFT MATTERRésumé

Figure. PIV analysis around swimming droplets in a
capillary tube. Under extreme confinement,
spontaneous fragmentations are observed.



Entrance effects in osmotic 
nanofluidics for Blue Energy

Encadrants: 
C. Trégouët (CBI)
A. Colin (CBI)
T. Lopez-Leon (Gulliver)

Possibilité de thèse: Yes

Contact: corentin.tregouet@espci.fr; annie.colin@espci.fr

Résumé

Osmosis is the phenomenon responsible for spontaneous liquid
transfer through membranes separating water volumes of different
salt concentrations. Osmotic effects are of outmost importance in
water desalination and biology. New understanding of these
phenomena, acquired in the past 20 years, has opened the doors for
promising applications, including energy production or depollution.

It is indeed possible to use ion-exchange membranes to force salt
fluxes by using controlled gradients of another salt (see figure, left).
Consequences are numerous, from depollution to pH control through
physical mechanisms. To do this, a promising path is to fabricate
capsules made of ion-exchange membranes.

The aim of the internship is to use a method of controlled capsule
fabrication (see figure, right) to individually study the behavior of the
capsules, and then, develop a microfluidic method to scale up the
fabrication process.

Keywords: osmosis, membranes, blue energy,  nanofluidics

INTERFACIAL SOFT MATTER

Figure. Working principle: osmotic forces drive the red cations out, which
creates an electric field that pushes the orange cations inside the capsules
(left). Glass- capillary device to produce core-shell droplets in a controlled way
(right).

teresa.lopez-leon@espci.fr

Financement: Non



Non-equilibrium diffusion 
under catalysis

Encadrants: 
J.D. McGraw (Gulliver)

Possibilité de thèse: Oui
Financement: Non

Contact: joshua.mcgraw@espci.fr

Résumé

Can chemical reactions enhance Brownian diffusion, and is such
enhancement modified in the presence of catalytic agents? Most
chemical reactions involving covalent bonds imply free energy changes
of order 10-100 times the ambient thermal energy. Therefore, it seems
that signatures of enhanced motion could be found under the right
experimental conditions, and the question has provoked a hot
controversy in the last decade [1-3]. The aim of this internship is to
address this controversy by using single-nanoparticle-resolved
experiments in microfluidic devices (see left, and video), and under
pressure driven flows. Such flows produce near-surface velocity
gradients, the latter at the heart of a phenomenon called Taylor
dispersion [4,5]. In essence, this phenomenon gives an experimental
way to tune the strength of particle spreading, through advection-
diffusion coupling. The internship proposed here will thus involve the
use of reacting flows in the presence of catalytic agents, using nano-
scale resolved total internal reflection fluorescence microscopy.
Motivated students interested in unconventional microscopy,
microscale hydrodynamics, statistical physics, and non-equilibrium
systems are thus strongly encouraged to make contact.

[1] Riedel et al., Nature (2015)
[2] Wang et al., Science (2020)
[3] Chen et al., PNAS (2020) 
[4] Vilquin et al., Phys. Rev. Fluids (2021)
[5] Vilquin et al., HAL-03694008 (2022)

Keywords: micro-nanofluidics, statistical physics, catalysis, near-
surface hydrodynamics, Taylor dispersion

INTERFACIAL SOFT MATTER

Figure. Nanoparticle ensembles initially leaving from a point (top
row) are advected to the right (descending), with higher pressures
leading to larger displacement and more pronounced particle
dispersion (bottom row). Particles are diffraction-limited, 400 nm
FWHM.

https://hal.archives-ouvertes.fr/hal-03694008/file/Vilquin_Bertin_Video-S2.mp4
https://hal.archives-ouvertes.fr/hal-03694008/file/Vilquin_Bertin_Video-S1.mp4
https://www.nature.com/articles/nature14043
https://doi.org/10.1126/science.aba8425
https://www.pnas.org/doi/full/10.1073/pnas.2006900117
https://doi.org/10.1103/PhysRevFluids.6.064201
hal-03694008


Résumé

Active matter describes systems in which the elementary constituents
consume energy to produce work. In active liquids, this work is turned
into motion and the interaction lead to fascinating collective motion, as
widely observed in nature, from bird flocks to cellular cytoskeletons.

In active solids, the elementary constituent are embedded in an elastic
matrix in which they exert local stresses. These stresses deform the
matrix. The induced strain in turn acts on the active units. As a result of
this retro-action one observes spontaneously oscillating solids.
Eventually, designing the elastic matrix and its coupling to the active
units, one could program a new type of functional materials.

In the past three years we have tailored an artificial system that
combines activity and elastic architecture and demonstrated that
selective and collective actuation is a hallmark of active solids
https://twitter.com/i/status/1561626005520932864. These results
open a brand-new avenue of research, from further experimental and
numerical investigations to theoretical analysis. Examples of open
questions are:
- What is the fate of collective actuation in the thermodynamics limit?
- Is there a transition controlled by noise and of what type?
- How does the sound propagate in such active solids?
- What is the mechanical response of such materials?

We will run new experiments, taking advantage of our existing set-up
as well as our « walking grains », a system of self-propelled particles,
which we have developed and extensively used in the past ten years.
We also have good numerical models of these systems, which can be
useful in examining the large-scale physics.

Keywords: active matter, elastic lattices

Active Solids

Encadrants: 
Olivier Dauchot (Gulliver)

Possibilité de thèse: Oui
Financement de thèse: Non

Contact: olivier.dauchot@espci.fr

ACTIVE MATTER AND COLLECTIVE EFFECTS

Figure. Active elastic lattices and Collective Actuation

https://twitter.com/i/status/1561626005520932864


Résumé

We are interested in swarm robotics, where a large number of robots
with limited computation and communication power are considered.

Our goal is to propose new design methods, with a particular focus on
considering the role of physical interactions among individuals.
Embodiment is critical and useful for programming self-organizing
collective systems. We thus propose to achieve collective decision
making using both morphological and logical computation in swarm
robotics.

To do so, we will take advantage of the design of a new kind of swarm
robotics set-up together with a numerical model describing the swarm
of robots in a faithful way, which we successfully developed in the
paste three years.

The goal of the PhD research plan will be to obtain specific educated
collective behaviors: starting from the spontaneous phase obtained
from the purely physical interaction of the robots and applying minimal
control from embodied capabilities on each robot, we will induce
collective behavior, which we will refer to as operational phases.
Optimization of such behavior will allow for the realization of complex
collective tasks.

Examples of such tasks include phototaxy, harvesting objects, escaping
mazes etc…

In all cases a special attention will be paid to the respective role of
morphological and logical computation. Making connection with the
typical phenomenology of active liquids will serve as a general guiding
principle.

Keywords: active matter, swarm robotics

Morphoswarm robotics

Encadrants: 
Olivier Dauchot (Gulliver)

Possibilité de thèse: Oui
Financement de thèse: Non

Contact: olivier.dauchot@espci.fr

ACTIVE MATTER AND COLLECTIVE EFFECTS

Figure. A swarm of morphobots performing phototaxy



Continuous models of active 
solids

Encadrants : 
V. Démery, O. Dauchot (Gulliver)

Possibilité de thèse : Oui
Financement : Non

Contact: vincent.demery@espci.psl.eu

Résumé

Active solids made of self-propelled particles connected by springs have
recently been shown to exhibit spontaneous oscillations at strong enough
activity (see figure) [1], which resemble the oscillations of epithelial cell sheets
[2]. The behavior of a single active particle is well understood [3], but
predicting the collective motion of many active particles from the microscopic
dynamics remains a difficult task. A continuous model for the active solid has
been proposed based on phenomenological arguments [1], but this model has
not been thoroughly tested. The goal of this internship is to validate and
refine the continuous model and to use it to investigate the behavior of an
active solid in the limit of a large number of particles. In particular, numerical
simulations of the continuous model will be compared to simulations of the
microscopic dynamics at different levels of activity. Analytical calculations on
the continuous model will be used to explain the exponents of the transition
to collective actuation and the correlations in the high activity disordered
phase.

[1] Selective and collective actuation in active solids, Baconnier, Shohat,
Hernandèz, Coulais, Démery, Düring and Dauchot, Nat. Phys. 1745-2481,
2022.

[2] Sustained Oscillations of Epithelial Cell Sheets, Peyret, Mueller,
d'Alessandro, Begnaud, Marcq, Mège, Yeomans, Doostmohammadi and
Ladoux, Biophysical Journal 117 3 464-478, 2019.

[3] Dynamics of a Self-Propelled Particle in a Harmonic Trap, Dauchot and
Démery, Phys. Rev. Lett. 122, 068002, 2019.

Keywords: active matter, continuous models, numerical simulations

Figure. Collective actuation of an active solid: self-propelled
particles attached by springs. From Ref. [1].

ACTIVE MATTER AND COLLECTIVE EFFECTS



Dynamic self-assembly of 
bacteria in liquid crystals

Encadrants: 
T. Lopez-Leon (Gulliver)
A. Lindner (PMMH)

Possibilité de thèse: Oui
Financement: Non

anke.lindner@espci.fr

Résumé
In nematic liquid crystals, bacteria have been shown to swim along the
nematic director field [1]. Interestingly, when we increase the
concentration of these active particles, bacteria attract each other due
to elastic forces arising from the distortions they induce in the liquid
crystal. These elastic forces lead to the formation of chains of bacteria,
as it has been observed for passive particles [2]. In contrast to passive
systems, bacteria self-propel and their activity can overcome the
attractive forces induced by the liquid crystal, resulting in an
interleading dynamics of chain assembling and breaking. We
experimentally investigate this problem using E. coli bacteria swimming
in a nematic liquid crystal confined to a microfluidic chamber. We track
their dynamics using fluorescent microscopy [3]. The goal of this study
will first be to characterize the distribution of the chain length of
bacteria and compare it to the distribution of passive particles, here E.-
coli bacteria that have been stripped of their flagella. Then, the study
will focus on the self-propulsion of these chains, studying the
relationship between chain length and velocity. Specific attention will
be paid to the propulsion mechanism provided by the super bundle
(see figure) that is formed by the flagella of all the different bacteria of
the chain, grouped in a unique helix rotating in synchrony.

The internship will be performed jointly between the Gulliver and
PMMH labs and in close collaboration with the PhD student Guillaume
Sintès.

[1] S. Zhou et al., PNAS, 11, 1265 (2014)
[2] P. Mushenheim et al , Soft Matter, 10, 88 (2014)
[3] M. Goral et al. Interface focus, 12, 20220039 (2022)

Keywords: bacteria, active matter, nematic order, self-assembly, 
swimming

Figure. A chain of bacteria swimming in a liquid crystal. The flagella (in
red) of individual bacteria self-assemble into a super bundle that is
capable to propel the whole chain. Image from Martyna Góral.

.

Contact: teresa.lopez-leon@espci.fr

ACTIVE MATTER AND COLLECTIVE EFFECTS



Self-organization of rod-
shaped viruses in a spherical 
shell

Encadrants: 
T. Lopez-Leon (Gulliver)
E. Grelet (CRPP, Bordeaux)

Possibilité de thèse: Oui
Financement: Non
Contact: teresa.lopez-leon@espci.fr

Résumé

Liquid crystals can self-organize in fascinating ways when confined to a
spherical shell, due to the impossibility of establishing their preferential
orientational molecular order everywhere on the sphere [1]. One of the most
outstanding consequences of this spherical confinement is the presence of
topological defects in the ground state of the system
(https://twitter.com/TheLuProject/status/803530225850208256?s=20&t=x9
BS-bmHtRDj6C9RKSznnA). These defects can be optically detected by using
cross-polarized microscopy, as shown in the picture below (left), where
defects appear as singular spots where black lines cross.

In this joint project between ESPCI and the CNRS/University of Bordeaux, we
aim at creating shells of colloidal liquid crystals using filamentous rod-like
viruses. Replacing the liquid crystal molecules by colloidal rods will enable the
visualization, at the single particle level, of the liquid crystal organization, as
illustrated by the picture above (right), where the alignment of 1µm long
viruses can be observed by fluorescence microscopy [2]. The scaling up of the
particle size (from molecular to colloidal) will allow us to have direct access to
the dynamics and structure of topological defects for the first time, opening
the way for a better understanding of the role of geometrical confinement in
self-organization processes.

The student will produce the liquid crystal shells using microfluidic techniques
and study the resulting defect structures by means of polarizing and
fluorescence optical microscopy.

[1] T. Lopez-Leon et al., Nature Phys. 7, 391 (2011).

[2] A. Repula and E. Grelet, Phys. Rev. Lett. 121, 097801 (2018).

Keywords: liquid crystals, colloids, viruses, topological defects, 
confinement,  microfluidics

TOPOLOGICAL SOFT MATTER

eric.grelet@crpp.cnrs.fr

Figure. Liquid crystals confined to a spherical shell (left). Rod-like viruses
forming a nematic phase; note that only a few viruses are fluorescently
labelled (right)

https://twitter.com/TheLuProject/status/803530225850208256?s=20&t=x9BS-bmHtRDj6C9RKSznnA


Controlling active flows 
through “smart confinement”

Encadrants: 
T. Lopez-Leon (Gulliver)

Possibilité de thèse: Oui
Financement: Yes

Contact: teresa.lopez-leon@espci.fr

Résumé

Active liquid crystals are bio-inspired materials combining biofilaments and
motor proteins. When confined to an interface, these biofilaments form
bundles that locally orient parallel to each other, developing long-range
orientational order, also called nematic order. The motor proteins bring the
biofilaments bundles into motion by consuming ATP. This results in a
fascinating system with autonomous motion, which continuously reorganizes
its structure and flows over time. This distinctive behavior conceals another
significant feature of active liquid crystals: their capability to adapt to the
environments where they reside.

Geometrical confinement tends to control active flows, replacing their
intrinsic chaotic dynamics by more regular flow configurations. Using high
resolution 3D-printing, we have shown the emergence of spontaneous
directional flow when the active nematic is confined inside a two-dimensional
channel with open ends (see figure). This result is the first step towards the
realisation of active flow networks (AFNs), that is, networks of connected
channels in which an active fluid spontaneously flows. Recent theoretical
works have provided design tools to create AFNs that are programmed to
perform specific tasks, for instance, simple logical operations. The goal of the
internship is to experimentally implement these ideas. First, we will study how
the active fluid behaves at a bifurcation, and then, we will consider more
complex configurations.

This study will be relevant for potential applications, including autonomous
microfluidic devices or bio-inspired micro-machines, and in assessing the
pertinence of the concepts of active matter in the description of biological
systems. This work will be done in the Gulliver lab at ESPCI, in collaboration
with the University of Barcelona and the University of Chicago.

[1] T. Sanchez et al., Nature 491, 431 (2012)

[2] J. Hardoüin et al., Communication Physics (2019)

Keywords: active nematics, programmable matter, confinement,  
channel networks 

PROGRAMMABLE MATTER

Figure. Active nematic confined to a two-dimensional micro-
channel: the pattern of the wall induces directional flows and
transport along the channel.



pH-gradient-driven 
membrane deformations

Encadrants: 
H.Berthoumieux (Gulliver/LPTMC)

Possibilité de thèse: Non
Financement: Non

Contact: helene.berthoumieux@espci.fr

Résumé

Mitochondria are the power house of the cell as they are the place of ATP
production. This organelle is organized in compartments of nanometric size,
delimited by lipid membranes, which shape is dynamic and depends on the
rate of ATP production. The system is maintained out-of- equilibrium via a
surface pH gradient occurring at the organelle membrane which is generated
by the transmembrane proteins of the respiratory chain. Understanding the
relation between the molecular composition, the membrane shape and the
efficiency for ATP synthesis is of particular interest as mitochondria are
involved in essential processes such as the cell death.In this internship, we
propose to develop a theoretical framework modeling the coupling between
the mitochondria membrane shape, the rate of ATP synthesis and the surface
proton flux. To do so, we introduce a mechanical description for
inhomogeneous membrane using the Helfrich model and reaction-diffusion
schemes for the transmembrane proteins and the proton concentration
gradient. Using Green’s function formalism, we will derive the phase diagram
of compartment shapes as a function of the coupling between membrane
mechanics and the surface reaction-diffusion.

1. Review Mitochondrial Cristae: Where Beauty Meets Functionality, Cogliati 
et al., Trends in Biochemical Sciences, 41 (2016).

2. Mitochondrial cristae modeled as an out-of-equilibrium membrane   driven 
by a proton field, Patil et al., Phys. Rev. E, 102 (2020)

Keywords: bioenergetics, mitochondria, Helfrich model 

Figure. Shape of an inhomogeneous lipid membrane. (a)
Intrinsic basis. (b) Inhomogeneous composition. (c) Deformed
cylinder characteristic of mitochondria cristae.

THEORY: SOFT MATTER AND BEYOND



Properties of polar fluids at 
the nanoscale

Encadrants: 
H.Berthoumieux (Gulliver/LPTMC)

Possibilité de thèse: Oui
Financement: Non

Contact: helene.berthoumieux@espci.fr

Résumé

The properties of confined fluids focus a lot of attention. They play a key role
in controlling reactivity and transport in confinement. These processes are
omnipresent in vivo metabolic pathways and in nanofluidic devices developed
to produce non- intermittent green energy. As the properties of the fluid at
the nanoscale differ drastically from the macroscopic ones, a theory based on
a linear homogeneous description of the fluid, such as the Poisson-Boltzmann
theory or the method of image charge breaks down at this scale and a new
framework is necessary to describe these systems [1,2]. In this internship, we
will investigate the interplay between the structure of the fluid, the geometry
and the physical properties of the confining surface on the dielectric
properties of the liquid. To do so, we will describe the fluid molecules with an
increasing complexity (starting from punctual dipoles to explicit extended
charge distributions). The confinement will first be described as purely
geometric and in second step physical properties of the surface
(metallic/dielectric) can be included. Via standard tools of statistical physics
and field theory we will derive analytically the properties of this system and
will extract the coupling between fluid molecular structure and confinement.
Simulations will be performed to parametrize the field theory model and
validate the analytical results.

1. L. Fumagalli,et al. Anomalous low dielectric constant of confined water, 
Science, 360 1339 (2018)
2. G. Monet, et al. The nonlocal dielectric response of water in 
nanoconfinement, Phys. Rev. Lett. 126 216001, (2021)

Keywords: polar fluids, confinement, field theory 

Figure. (a) Sketch of confined water. (b). Dielectric properties
of the interfacial layer estimated using field theory approach.

b

THEORY: SOFT MATTER AND BEYOND



Growth and adaptation to an 
uncertain environment

Encadrant: D. Lacoste (Gulliver)

Possibilité de thèse: Oui
Financement: Non

Contact: david.lacoste@espci.fr
Web: https://www.pct.espci.fr/~david/

Résumé
We propose to study evolutionary strategies used by biological or
ecological populations to cope with uncertain environments by drawing
analogies with simple gambling models.

In such a model, Kelly’s horse race, a gambler strives to maximize his/her
capital growth by placing appropriate bets. The strategy of maximizing
the long term growth rate is optimal but risky in practice. Recently, we
have revisited this model by also including a penalization due to the risk,
and we have studied the corresponding trade-off between growth and
risk [1]. We believe that this trade-off has broad relevance in biology and
ecology, because we also observed it in a model of a biological
population stochastically switching between two phenotypes in a
stochastic environment [2].

In biology, individuals take decisions (for seeds this can mean whether to
germinate or not as illustrated in figure) in order to adapt to a possibly
harmful environment. Individuals also often sense their environment
and adjust their response accordingly in a process called adaptive
sensing. To some extend, this process can be modeled by a variant of
Kelly’s model, in which the gambler learns progressively from past race
results using Bayesian inference how to play optimally [3].

The goal of this internship/thesis is to further extend these analogies
between economy and biology. We ask what are the fundamental limits
of adaptation from the point of view of thermodynamics and
information theory ? How general is the trade-off between growth and
risk mentioned above ? To address these questions, we rely on recent
methods of non-equilibrium Statistical Physics, Stochastic
Thermodynamics and Information theory. This internship should also
benefit from interactions with experimentalists at ESPCI and at ENS
interested in testing these theoretical ideas.

[1] Phase transitions in optimal betting strategies, L. Dinis, J. Unterberger
and D. L., Eur. Phys. Lett., 131, 60005 (2020).

[2] Pareto-optimal trade-off for phenotypic switching of populations,L. 
Dinis, J. Unterberger and D. L., J. Stat. Mech. (2022) 053503. 

[3] Adaptive strategies in Kelly’s horse race model, A. Despons, L. Peliti, 
and D. L., J. Stat. Mech. (2022) 093405.

Keywords: bet-hedging, evolution, adaptation, information theory

Figure. Left: a species of wildflower of the southwestern
United States believed to implement a bet-hedging strategy.
Right: An inverse relationship between the germination
fraction and the standard deviation in reproductive success in
deserts. From D. Venable, Ecology (2007)

THEORY: SOFT MATTER AND BEYOND

mailto:david.lacoste@espci.fr
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Information storage and 
processing by polymers and 
chemical networks

Encadrant: D. Lacoste (Gulliver)

Possibilité de thèse: Oui
Financement: Peut être

Résumé

Biology uses extensively polymers like RNA and DNA to store
information. Physics puts constraints on how fast and reliably this
information can be stored, processed and erased. While reading
information from polymers can be done quickly, writing information is
in comparison slow. In this project, we want to understand the
fundamental constraints in encoding information into polymers using
methods from Statistical Physics and information theory [1]. We plan
to investigate in particular the relation between the entropy of a
sequence, its complexity and the time it takes to make it with a non-
equilibrium process. On a practical level, this project should help the
design of optimal experimental protocols, to synthetize an ensemble of
target sequences in the least time or with the least errors.

Understanding this trade-off between the time of synthesis and the
accuracy is particularly important for applications in chemical
computing and DNA information storage. In the Gulliver lab (in ESPCI),
Y. Rondelez and G. Gines and in LIMMS (in Tokyo), A. Genot together
develop these technologies experimentally using DNA molecular
systems, and naturally, this project should benefit from strong
interactions with them. On the theoretical side, this project will also
continue and strengthen past research efforts of the group on
understanding non-equilibrium chemical reaction networks [2,3].

[1] Characterizing the Asymmetry in Hardness between Synthesis and 
Destruction of Heteropolymers, I. Kobayashi and S.-I. Sasa, Phys. Rev. 
Lett. 128, 247801 (2022)

[2] Universal motifs and the diversity of autocatalytic systems, A. 
Blokhuis, D. D. Lacoste, and P. Nghe, PNAS, 117, 25230 (2020).

[3] Emergence of homochirality in large molecular systems, G. 
Laurent, D. Lacoste, and P. Gaspard, Proc. Natl. Acad. Sci. U.S.A., 118, 
(2021)

Keywords: chemical networks, chemical computing, information 
theory

Figure taken from [1]: Illustration of the synthesis process of
an informational polymer. The operator’s task is to synthetize
the desired molecule (XABA in this example) as efficiently as
possible by controlling the concentrations cA(t) and cB(t).

[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

cMZ!t" # !kAcA!t"cMZ!t" ! kBcB!t"cMZ!t"

$ kZcZ!t"cM!t"; !2"

d
dt

cX!t" # !kAcA!t"cX!t" ! kBcB!t"cX!t" $ JX; !3"

where cM!t" 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 $ A ! MZA
and MZ $ B ! MZB, respectively; the third term repre-
sents the contribution from the reaction M $ 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 cX!t" 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 # 0, the reaction chamber is empty. The total

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

!MZ%0; T&!
Z

T

0
dt kZcZ!t"cM!t": !4"

Let d be the number of connections between different types
of molecular subunits. For example, d # 2 for XABBA and
d # 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 # O!log n", no matter how the concentrations of material
molecules are manipulated. Specifically, we can prove that
the time T required to synthesize a certain amount !M%0; T&
of molecular chain M satisfies

T >
!M%0; T&

JX
! 2d=3 !5"

for any synthesis protocol %cA!t"; cB!t"&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 $ Z: !6"

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 cA!t" and cB!t". (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 !!1X cX!t". The total
amount of X recovered is !0

X%0; 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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