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The study of the structural evolution of a material under equilibrium or nonequilibrium thermodynamic
conditions is fundamental for understanding its stability and predicting its phase behavior. To the best of
our knowledge, the structural transformations induced by different temperature protocols have not
been fully understood. This study provides a detailed molecular resolution of the structural evolution
occurring in a bidisperse colloidal mixture of soft spheres, as it is subjected to a sequence of controlled
thermodynamic processes of heating and cooling. The structural transformations are studied between two
equilibrium configurations at different temperatures through extensive molecular dynamics simulations.
By exploring the interplay of multiple length and time scales, we uncover how these protocols influence the
progression of the colloidal suspension toward thermodynamic equilibrium. Our results show that under fast
temperature changes, heating and cooling processes follow distinct thermodynamic pathways toward the

Received 11th March 2025, corresponding equilibrium configuration because of the emergence of different structural mechanisms,
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depend strongly on the temperature protocol and the composition of the dispersion. In contrast, for
sufficiently slow temperature changes, we identify the condition under which both protocols follow

symmetric and reversible pathways.
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description whenever the system changes between different
states.” This is the standard approach in most Thermo-

1. Introduction

A thermodynamic system, along with its transitions through
various states, can be characterized using either an energy-
based or an entropy-based description.' This means that the
fundamental concepts and relations of both formulations
(involving variables or functions of the measurable macro-
scopic properties) are typically built on a scheme centered on
equilibrium states obtained from an extreme principle; energy
minimization (dEs = 0) at a given entropy or entropy maximiza-
tion (dSg = 0) at a fixed energy," E and S represent the internal
energy and the entropy, respectively, while the subscript
indicates that such a parameter remains constant. Choosing
the equilibrium approach helps simplify the thermodynamic
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dynamics textbooks,"? but it presents limitations, as it cannot
describe, for example, the evolution of any thermodynamic
system that undergoes a transition between different states,
which can lead to the formation of dynamical arrested states or
non-equilibrium phases, such as gels and glasses.*>”

The characteristic time needed to reach equilibrium
between different states is called the relaxation time and can
vary from one system to another in different orders of magni-
tude and depends on the thermodynamic protocol employed to
induce a state change.” Unless the process is quasi-static, that
is, when the change is too slow compared to the characteristic
relaxation times,"”* nothing guarantees that the thermody-
namic process is reversible and symmetric, which means that
the thermodynamic pathways from one state to another and
vice versa are practically the same.

As mentioned above, it could be the case that the final
thermodynamic state is out of equilibrium; an example of this
can be observed when the spontaneous evolution process of a
system toward its thermodynamic equilibrium state is inter-
rupted by the appearance of favorable conditions for aging or

This journal is © The Royal Society of Chemistry 2025
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dynamical arrest,” which implies that the system does not
quickly stabilize into an equilibrium state but instead displays a
behavior that evolves slowly with time and depends significantly
on the preparation protocol,>” for example, the temperature
ramp chosen to heat up or cool down the system.

When analyzing thermodynamic states, whether in equili-
brium or not, the temperature T associated with the system
under study is crucial, mainly because it is explicitly related to
thermal energy.® This is a feature that can be straightforwardly
corroborated in colloidal systems, which are excellent model
systems that allow us to study fundamental questions related to
equilibrium and non-equilibrium transitions,” where the ran-
dom displacements that characterize colloidal motion originate
from the thermal energy, which is of the order of kgT for each
colloidal particle,'® where kg is the Boltzmann constant. In the
general context of the design of complex materials, temperature
also plays a crucial role in processes related to phase transitions
or aggregation phenomena, for example, cluster formation,'"*>
gelation,™® crystallization,* glass transition,” flocculation,
etc.

Furthermore, changes in temperature can alter the stiffness
of soft matter systems, affecting their shear viscosity, shear
elastic modulus, and viscoelasticity.'® At the right temperature,
complex structures with unique properties can spontaneously
form through a process called self-assembly.’® For example,
temperature has been shown to influence the morphology of
micelles in copolymer solutions, as transitions from worm-
shaped to spherical micelles or vice versa can be generated,
depending on whether a heating or cooling protocol is
applied.?® Temperature also acts as a factor that modulates
the interactions and stability of micelles, since it influences the
mobility of surface particles.”’ At low temperatures, mobility
can decrease, favoring the aggregation of structures and affect-
ing the formation of micelles compared to conditions at high
temperatures.*

Now, given the possible implications and applications that a
change in thermodynamic state entails, as well as the funda-
mental relationships that exist in equilibrium thermodynamics
in this regard, we could ask ourselves the following: is it
possible to extend them to non-equilibrium conditions to under-
stand, for example, time-dependent transient states during an
equilibration process? To address this inquiry, theoretical tools
have been developed with the intention of extending the results of
equilibrium liquid state theory to non-equilibrium situations,**>*
suggesting that many equilibrium derivations can be understood
under steady-state conditions rather than strictly thermodynamic
equilibrium, providing a framework for understanding how liquids
respond to temporary changes in the thermodynamic conditions
underlying the system.>’ It is also necessary to highlight the
importance that molecular simulations and experimental tech-
niques have had in complementing the theoretical understand-
ing of phenomena in non-equilibrium liquids, particularly to
obtain relevant information with greater detail and molecular
resolution.>***°

In this contribution, we consider both monodisperse and
bidisperse soft colloidal particles, with the aim of investigating

15,16
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their structural evolution when they undergo a thermodynamic
process of heating or cooling between two distinct equilibrium
states. We mainly focus on the transient states between the
initial and final configurations of the process that occur within
the relaxation time.

The radial distribution function (RDF, g{r)) plays a fundamental
role in liquid state theory under equilibrium conditions,® and
its extension to non-equilibrium states implies a function g{r;t),
which is relevant in the study of the properties of the evolving
system, vital to unraveling the main features (evolution of the self-
assembly process and the transformation of the relevant length
scales) of the transient states.”® Then, we present a comprehensive
analysis of instantaneous RDFs. The heating and cooling protocols
were implemented using a linear temperature ramp over time, as
this is the simplest approach requiring only a single control
parameter. This parameter may or may not coincide with the
dominant timescale of the system. Linear temperature ramps are
commonly employed in experimental setups, particularly with
laboratory muffle furnaces, where precise control over heating rates
can be achieved.*"*? Although less common, linear cooling proto-
cols have also been used in some experiments.*® The results were
obtained using extensive molecular dynamics simulations, in
which the thermal variation was performed by rescaling the
colloidal velocities in accordance with the temperature at each
given instant of time.

Our results show that during gradual or slow changes in
temperature, it is possible to see that the colloidal structure
evolves in a quasistatic and reversible manner, exhibiting
symmetric behavior when the colloidal dispersion is cooling
and heating. In contrast, during fast processes (abrupt transi-
tion), the colloidal system goes through a sequence of non-
equilibrium states and the symmetry between the cooling and
heating processes is broken; however, convergence is main-
tained in the extreme equilibrium states. These results also
show that the methodology used and reported here can be a
good tool for studying different temperature protocols or heat-
ing and cooling rates, which is of the utmost importance in the
development of materials, where heat treatments are necessary
to obtain, for example, the desired stoichiometry or phase.

Our findings also reveal that temperature changes in the
mixture favor the appearance of certain structures. For exam-
ple, when the system is heated, the large colloids separate
sufficiently so that a small colloid can occupy the gap between
them, thus creating a favorable environment for the formation
of configurations of the type large-small-large colloid.
However, when the mixture is cooled, this type of structure
disappears and it is observed that the small colloids are
expelled from the space between two large colloids. Then, the
way in which the structure evolves in response to the different
temperature changes is very important, since within the context
of the effective interactions of entropic origin, in particular in
hard-core-like colloidal systems, the behavior of the colloids
would significantly modulate the form and magnitude of the
entropic depletion forces.

The structures formed when the system is heated would
imply the appearance of a so-called “entropic gate’** which, as
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shown in other contributions,***°

is very important for the
stability of a colloidal mixture. However, when the system is
cooled, the structural evolution indicates that this entropic gate
tends to disappear. Therefore, our results show that the cooling
or heating protocols can also serve as a kind of “entropic
switch”; a mechanism that is not exclusive of the size ratio
and particle composition, as previous work has shown,*>*° and
drastically modify the effective interactions between colloids
towards equilibration. The fact that temperature changes can
effect the effective interaction between colloids under none-
quilibrium conditions has already been theoretically proposed;
see, e.g., ref. 7 and 47, where g(r;t) greatly influences the
attraction or repulsion between colloids.

2. Molecular simulation details and
temperature protocol

2.1. Interaction potential and molecular dynamics
simulations

To explore the influence of distinct length and time scales on
structural evolution, we propose a bidisperse system of soft
spheres, labeled large (1) and small (s), with diameters ¢; and oy,
respectively. The size ratio between large and small particles is
defined as n = o)/os. The interaction between particles is
governed by the Weeks-Chandler-Andersen (WCA) potential,
which provides a soft repulsive representation*®

12 6
HU'(VU') = 4¢ |:(?) — (%) :| +é if rij < 21/60'4']' (1)
ij ij

=0 otherwise,

where g;; = (0, + 6,)/2. The energy scale is set by the parameter &,
which we use as the unit of energy; it has been recently shown
that a single parameter ¢ can be used to describe the static
properties of binary and polydisperse colloidal dispersions, see,
e.g., ref. 49. Consequently, we define the reduced temperature
as T = kgT/e and introduce a reference temperature 7T} such
that kpTyer = €, corresponding to T* = 1. The structural evolution
of the colloidal dispersion is then studied during the thermo-
dynamic processes of cooling and heating as the temperature
varies between a high temperature value (kgT = 10¢) and a lower
temperature value (kg7 = 0.1¢).

Significant differences arise when a soft potential, such as
the WCA potential, is employed instead of a hard-sphere
potential. First of all, the latter is an athermal potential.
In contrast, the softness of the WCA potential allows the
particles to reach distances shorter than o, leading to effective
overlap. As the kinetic energy of the particles increases, greater
overlaps occur as this energy is transformed into potential
energy. This behavior introduces a temperature dependence
in the structure of the colloidal system, since the increased
kinetic energy allows the exploration of a broader range of
thermodynamic states. As expected, in the hard-sphere model,
variations in the particle kinetic energy do not induce changes
in the structure.®
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For all simulations, the length, mass, and time scales are
given by o), my, and t.r = \/ma?/kpTrr, respectively. Both
large and small particles are considered to have the same
density, so the mass mg is proportional to m; in volume.
Furthermore, the size ratio is # = 5. The total number of
particles is N = N} + Ny with N; and N being the numbers of
large and small particles, respectively. The volume fraction of
the o-th species is given by ¢, = ns,>N,/6V, while the total
volume fraction is ¢ = ¢; + ¢. Typical values in our calculations
are V' = 176, N, = 4064, and N, = 127 008. We also consider a
monodisperse colloidal dispersion made up of spheres of
diameter ¢ and packing fraction ¢ = 0.4, where N = 32768
particles were used in the calculations and a simulation box
with side V' = 350. We aim to study the evolution from one
equilibrium configuration to another, making it crucial to
ensure that the colloidal system remains in a liquid phase to
avoid the glass transition. In fact, in this work, the chosen
packing fractions and the size ratio parameters guarantee that
the colloidal dispersion is within the fluid phase of the phase
diagram.® Technically speaking, at the highest and lowest
temperatures here explored, together with the chosen composi-
tion of the mixture, the colloidal dispersion reached its corres-
ponding equilibrium state. This means that we only report the
transient non-equilibrium thermodynamic states between the
equilibrium ones. All simulations were run on GPUs, using
the CUDA extension of the C language.

2.2. Temperature protocol

Simulations are performed in the canonical ensemble NVT,
ensuring that both the total number of particles and the
simulation box remain constant. At any given time step during
the simulation, the instantaneous temperature can be deter-
mined from the velocities of all particles using the equiparti-
tion theorem,’ yielding a temperature 7'. To set a new target
temperature, the velocities are rescaled accordingly. Specifi-
cally, if the desired system temperature is 7, the velocities are
rescaled by a factor of \/T/T".

To investigate structural changes induced by temperature
variations, a temperature protocol is defined. Suppose that the
colloidal system is initially at temperature T, and evolves
linearly over a period of time t.,mp to a final temperature Ty
In that case, the instantaneous temperature 7(¢) at time ¢ is
given by:

T(l) =T+ (Tf - TO)(t/tramp) ifo<r< Tramp

(2)

=T ift> Tramp -

From this point on, it will be understood that all tempera-
tures are expressed in a dimensionless form omitting the *.
Equivalently, we define the temperature rate of change as
Oramp = (Tr — To)/tramp- Alternatively, the change in temperature
between successive steps of the simulation can be expressed as
Ti1 = (1 £ 0)T;, where the minus sign is for a cooling process
and the plus sign for a heating process. For fast protocols, the
typical values of § range from 4 x 10™* to 4 x 10~ 2, whereas for

This journal is © The Royal Society of Chemistry 2025
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Table1 Temperature and the characteristic time scales of the big, 7, and
the small, z, colloids. The monodisperse case corresponds to the values of 1

™ T (Trcf) Ts (Trcf)
10.0 0.33 0.005
1.0 1.0 0.017
0.1 3.33 0.05

slow protocols, § is approximately between 1 x 10~ ° and
1 x 10~*. A more detailed description of the slow and fast
protocols is provided in Section 3.

Table 1 presents the characteristic times for the large (7))
and small (ty) particles at different temperatures. For the
monodisperse case, the values are equal to those of large
particles 7. It can be seen that 74 is significantly smaller than
17}, indicating that most of the structural evolution between
large particles occurs after the small particles have already
relaxed to equilibrium. For fast protocols, the structural evolu-
tion takes place on timescales comparable to the characteristic
time of large particles. However, during transient states, the
system does not evolve according to a single characteristic
timescale, neither that of the small nor that of the large
particles, since these states are governed by a competition
between different time and length scales due to the energetic
and structural changes. All these features will be illustrated in
the following sections.

To calculate the instantaneous RDF, we create a histogram
of interparticle separations based on the following definition®

where (- - )74 denotes an average over different configurations
at temperature 7(t).

Fig. 1 presents a flowchart illustrating the calculation of the
RDFs as the colloidal dispersion evolves. At each iteration, the
system temperature is adjusted according to the temperature
protocol, and velocity rescaling is applied to achieve the new
target temperature. The system configuration is then evolved
using the velocity Verlet algorithm,>® and the RDF is calcu-
lated for the updated configuration. This process is repeated
iteratively until the temperature protocol is completed. Further-
more, to ensure sufficient statistical precision, the iterative
procedure is applied to multiple independent initial configurations,
allowing the average described in eqn (3). For the mono-
disperse case, approximately 100 initial configurations are
used, whereas for the bidisperse case, around 2000 initial
configurations are used.

As outlined in eqn (2), this contribution only examines a
linear temperature ramp for both heating and cooling pur-
poses. However, the temperature protocol can be designed as a
sequence of distinct temperature ramps with varying slopes
and durations, allowing for more complex thermal protocols.
This case will be published elsewhere.

This journal is © The Royal Society of Chemistry 2025
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Initial configuration

(ro, vo, To)
e
[i—>i+1 ]—{ TZ-_1—>T1~J

Velocity rescaling
vie1(Ti—1) = vi—1(T3)
[ Velocity Verlet
(rie1,V'ic1) = (i, v4)
Calculate g (r,T3)

Fig. 1 Flowchart illustrating the iterative process to calculate the RDF
using molecular dynamics simulations. At each target temperature, the
radial distribution function is computed based on the instantaneous
particle positions.

3. Structural evolution in the
monodisperse case: cooling and
heating

Now, we examine the structural evolution between two equili-
brium configurations of a monodisperse colloidal system, with
a packing fraction ¢ = 0.40, under different values of .,mp, See
eqn (2). Fig. 2 presents the evolution of the RDF with initial and
final temperatures T, = 10 and Tr = 0.1, respectively, and cooling
time tramp = 90.07,¢. This relatively slow cooling rate allows the
system to relax during the protocol, as t..mp is much longer
than the characteristic timescale of the particles, 7. As the
temperature decreases, the position of the first peak shifts to
larger interparticle separations, and its amplitude increases,
indicating that particles move farther apart while becoming
more narrowly distributed around these separations. As the
colloidal dispersion cools, the particles lose kinetic energy and
there is a transition to lower-energy states, resulting in reduced
overlap. Furthermore, as the particles become more separated,
they effectively behave as if they have a larger size, resulting in
an increased effective packing fraction. This, in turn, leads to a
higher amplitude of the first peak.

Beyond the first peak, the colloidal system exhibits distinct
trends. At high temperatures, the RDF rapidly approaches
its bulk value immediately beyond the first peak. In contrast,
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Fig. 2 Evolution of the RDF for a monodisperse colloidal system with
packing fraction ¢ = 0.40 as it undergoes a cooling from an initial
temperature To = 10 to a final temperature T = 0.1 with a cooling time
tramp = 90.07,er. Red triangle curve represents the equilibrium state at
T =10, while the blue triangle curve corresponds to the equilibrium state at
T = 0.1. The color bar represents the temperature and time corresponding
to each color, with red representing the warmer initial periods and green
to blue shades indicating the cooler later stages.

at lower temperatures, the particles become more localized at
specific separations, leading to greater structural ordering over
longer distances. This enhanced ordering results in a region of
reduced particle density, as observed in Fig. 2 in the region
r e (1.4, 1.9)a.

Fig. 3 shows the evolution of the RDF with a much shorter
cooling time of tamp = 0.25T.; representing a fast cooling
protocol. In this case, the rapid temperature drop occurs on a
timescale shorter than the characteristic relaxation time t,.f,

Fast cooling

o} ¢ =0.40 —— Equilibrium T=10 150
—+— Equilibrium T=0.1 125
—— Max peak, t = 0.72 '
o C— E;uilibrium‘T:O.l 1.00
—— Max peak, t = 0.72
at o 0.75
3
= ° 0.50 =
m " -
’ o 0.25®
C
o 0.20
2 3
018 o015
2.6
0.10
o 5.0
75 1 0.05
05%s 1.0 12 12 16 18 20 1007000

rlo

Fig. 3 Evolution of the RDF for a monodisperse system with packing
fraction ¢ = 0.40 during a fast cooling from an initial temperature Tq = 10
to a final temperature T¢ = 0.1 with a cooling time t,mp = 0.257.. Red
triangle curve represents the equilibrium state at T = 10, while the blue
triangle curve corresponds to the equilibrium state at T = 0.1. The color bar
represents the temperature and time corresponding to each color. Multi-
ple blue curves are shown as the system continues to evolve after reaching
the final temperature.
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preventing the system from fully equilibrated during the cool-
ing process. Even after Tt is reached, the structure continues to
reconfigure, which explains the multiple blue curves for g(r)
shown in Fig. 3. Similarly to the slow-cooling scenario, the first
peak of the RDF shifts to larger distances and increases in
magnitude (as indicated by the arrow), reflecting that the
particles move farther apart as the system cools.

In contrast to slow cooling, the system first attains inter-
mediate configurations before reaching full equilibrium.
In these transient states, the first peak of the RDF is signifi-
cantly higher and narrower (violet) than in the equilibrium
configuration. Over time, the height of the peak decreases as
the system gradually relaxes toward equilibrium, as indicated
by the black arrow in the inset of Fig. 2.

Under this rapid temperature protocol, energy is extracted
from the particles faster than they can reorganize to reduce
overlaps. As a result, configurations arise in which particle
velocities are significantly lower in magnitude than the forces
they experience.

To better illustrate the significance of this imbalance, con-
sider the behavior of the system at equilibrium: the kinetic
energy of particles is typically comparable to the energy asso-
ciated with the interparticle forces. In such cases, collisions can
redistribute energy in various directions, reflecting inertial
effects. However, when the kinetic energy is much smaller than
the potential energy gradients, inertia becomes negligible.
In this regime, particle motion is dominated by force direc-
tions, leading to highly coordinated dynamics: particles in
regions of higher overlap separate more rapidly.

This behavior is evident in the first three blue curves, where
a slight shift in the first peak and a narrowing on its left side
indicate a stronger reduction in the number of highly over-
lapped particles compared to those with weaker overlaps. The
progressively narrower blue curves that follow result from
the same mechanism. Particles with less initial overlap,
which must migrate to larger separations to reach the equili-
brium low-temperature structure, do so more slowly than
those at shorter distances. This variation in particle dynamics
generates a local density gradient that is absent in equilibrium
configurations.

Fig. 4 illustrates the rapid heating of the RDF with an initial
temperature of T, = 0.1, a final temperature of T; = 10 and a
heating time of ¢,mp = 0.257,.¢. As the colloidal system heats up,
the RDF peak broadens, particularly toward shorter interparti-
cle separations, as particles explore higher-energy configura-
tions, leading to increased overlap. This expansion of
accessible thermodynamic states results in a more diffuse
structure, causing the first peak to become lower and broader
than in the equilibrium configuration at high temperature.
After this initial behavior, around ¢ = 0.1257..f, the system
enters a transient state in which the first peak of the RDF
becomes more localized and narrower, but shifted to larger
interparticle distances compared to its position at high-
temperature equilibrium. Subsequently, it gradually converges
to the equilibrium configuration at high temperature, as shown
in the inset of Fig. 4.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Evolution of the RDF for a monodisperse system with packing
fraction ¢ = 0.40 during a fast heating from an initial temperature To = 0.1
to a final temperature T; = 10 with a heating time tamp = 0.257r. Red
triangle curve represents the equilibrium state at T = 10, while the blue
triangle curve corresponds to the equilibrium state at T = 0.1. The color bar
represents the temperature and time corresponding to each color.

When comparing the evolution of the RDF during rapid
heating and cooling, we observe that the system follows differ-
ent structural pathways. Additionally, structural relaxation
toward the new equilibrium during heating is approximately
three times faster than during cooling. These differences
suggest an asymmetry between thermal heating and cooling
processes, which will be further studied in the bidisperse case.

4. Evolution of the structure in a binary
mixture: cooling and heating effects

In the bidisperse colloidal system, we examine the impact of
incorporating smaller particles that introduce distinct length
and time scales that influence the structural evolution during
both the heating and cooling processes. In all the cases
reported here, the packing fraction of the large particles is
¢; = 0.40 and the one corresponding to the small particles is
¢s = 0.10, with a size ratio of g)/o = 5. These parameters ensure
that the system remains in the liquid phase.’ First, we examine
how the structure evolves as a result of slow temperature
changes. The temperature protocol consists of two consecutive
linear ramps with different cooling rates. The first ramp
decreases the temperature from T, = 10 to an intermediate
value Ty = 0.5 over a time interval of t,;mp = 407,f, while the
second ramp further cools the system from Ty to T¢ = 0.1 over
the same duration. This protocol is designed to account for the
temperature dependence of the system’s relaxation time.
In particular, at low temperature T¢ = 0.1, the relaxation time
of large particles increases to Teolq = v/ 10Trer & 3.337yr, indicat-
ing that the system evolves more slowly. Consequently, the
cooling rates are set to oap = 0.25T ef/Trer aNd tipc = 0.025 Tref/Tref,
with the second ramp significantly slower to allow adequate
relaxation at lower temperatures. The protocol is applied for
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both the cooling (Ty — Tz — T¢) and heating (Tc — T — Ta)
processes. Additionally, for certain intermediate temperatures,
we calculate the corresponding equilibrium RDF at these
specific temperatures for comparison purposes.

Fig. 5 displays the evolution of the RDF between large
particles (gy(7)). It shows a comparison of the RDF for a range
of temperatures during the heating and cooling protocols,
together with the equilibrium values. Initially, the colloidal
system displays behavior similar to that of the monodisperse
case under slow cooling. As the particles lose kinetic energy, the
first peak of the RDF shifts to larger interparticle separations,
reflecting a reduced overlap between the particles. However, the
introduction of smaller particles leads to notable modifica-
tions. At lower temperatures, the large particles arrange into a
more ordered structure, as evidenced by the pronounced oscil-
lations—maxima and minima—following the first RDF peak.
Notably, these additional peaks appear at shorter distances
compared to those in the monodisperse case. Moreover, the
amplitude of the first RDF peak increases substantially, indi-
cating stronger spatial correlations at specific distances. This
enhancement is attributed to the depletion forces generated by
the smaller particles, which promote effective attraction among
the large particles. Furthermore, variations in RDF at different
temperatures suggest that the depletion forces are sensitive to
both the temperature and the specific protocol used.’?
Although the depletion force is stronger at higher tempera-
tures, one could argue that it leads to a higher concentration of
first neighbors. However, the rise in kinetic energy of large
particles makes it easier for them to escape from the attractive
potential well generated by the entropic forces.

Slow cooling and heating

sl — kT =10 Y ¢ =040 * Coolilng ramp |
— kT =17.525 ¢s =0.10 X Heating ramp
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Fig. 5 Evolution of the RDF between large particles (gy(r)) for a bidisperse
colloidal system with packing fractions ¢, = 0.40 and ¢ = 0.10 with size
ratio n = 5. The figure compares RDFs at various temperatures during slow
cooling (To = Tg — T¢) and heating (Tc — Tg — Ta) protocols, alongside
equilibrium values at corresponding temperatures. Here To = 10, Tg = 0.5
and T¢ = 0.1. Inset shows the height of the first RDF peak as a function of
temperature. The data exhibit a power-law decay, indicating that the peak
magnitude decreases with increasing temperature. Red line is the power-
law fit gu(rmay) = 6.625(kT)~912% — 2197.
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With respect to the evolution of the RDF, the transient states
during cooling and heating generally align well with the equili-
brium values. However, small deviations from equilibrium are
observed at the lowest temperatures during both cooling and
heating, indicating that the process is not entirely quasi-static
under the current parameter selection. Extending the heating and
cooling time frames eliminates these deviations as the system
approaches a more quasi-static regime, leading to a closer match
with the equilibrium results. The strong agreement between
transient states and equilibrium values indicates that implement-
ing temperature changes quasistatically results in transient states
that closely approximate equilibrium conditions. This, combined
with the consistent correspondence between heating and cooling
results across different temperatures during the protocol suggests
that the process is reversible and symmetric, .e., it follows exactly
the same thermodynamic pathway.

It is important to clarify that the evolution of the RDF might
suggest that the local density of large particles increases
at higher temperatures, since the particles appear to be clo-
ser—this interpretation can be misleading. By analyzing the
inset of Fig. 5, which shows the height of the first peak of the
RDF at different temperatures, it becomes clear that the density
of the first neighbors of large particles actually decreases with
increasing temperature. This behavior is related to a decrease
in the effective packing fraction, as discussed in the mono-
disperse case. We fit the data using a power-law decay of the
form gy(rma) = A(kgT) % + C. Although this functional form
lacks a direct physical interpretation, it effectively reproduces
the overall trend observed in the data throughout the studied
temperature range.

As the results from the slow cooling and heating protocols
reveal small deviations from equilibrium at the lowest tem-
peratures, we now turn our attention to the structural evolution
that arises when the system is subjected to abrupt temperature
changes. By examining faster cooling and heating protocols,
we aim to uncover the mechanisms driving the emergence of
out-of-equilibrium structural transitions and their impact on
the progression toward equilibrium.

Fig. 6 illustrates the evolution of gj(r) between the initial and
final temperatures T, = 10 and Ty = 0.1, respectively, with a
cooling time Z3mp = 0.257,.¢. During the cooling ramp, minimal
evolution is observed. However, once the colloidal system
reaches its final temperature, we observe structural changes
that can be divided into three distinct stages, indicated by the
arrows in Fig. 6. In the first stage, which spans t €
(0.25,0.258)1,s, we observe a characteristic transition towards
the new equilibrium state, marked by the large particles moving
farther apart. In the second stage during ¢ € (0.29,0.35)t.s, the
height of the first peak in the RDF forms a plateau (see violet and
pink curves in Fig. 6), although the peak itself shifts to larger
interparticle separations. To clarify this behavior, we refer to Fig. 7,
which shows the evolution of the RDF between large and small
particles, gi(r). Although the overall motion of the small particles
initially resembles that observed under slow cooling in the mono-
disperse case, the inset of Fig. 7 reveals a marked deviation
upon reaching the final temperature Tr. Before gis(r) settles into
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Fig. 6 Evolution of the RDF between large particles (gy(r)) for packing
fractions ¢ = 0.40 and ¢s = 0.10 with size ratio 5 = 5, cooled from T = 10
to Tt = 0.1 with a cooling time t,,mp = 0.251,¢. The color bar represents the
temperature and time corresponding to each color. Multiple blue curves
are shown as the colloidal system continues to evolve after reaching the
final temperature.
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Fig. 7 Evolution of the RDF between large and small particles (gi(r)) for
packing fractions ¢, = 0.40 and ¢ = 0.10 with size ratio n = 5, cooled from
To = 10 to Tt = 0.1 with a cooling time t.amp = 0.257,¢r. The color bar
represents the temperature and time corresponding to each color. Multi-
ple blue curves illustrate the continued evolution of the colloidal system
after reaching the final temperature. The inset highlights the evolution of
gis(r) over the time interval (0.25,0.258)7,sf, sShowing the broadening of the
first peak to larger interparticle separations.

equilibrium, its first peak expands to larger separations and
decreases in magnitude (violet to pink curves in Fig. 7), indicating
that small particles are being “pushed” away from large ones due
to their previous overlap caused by abrupt temperature change.
This outcome precisely mirrors the effect observed in the mono-
disperse system under fast cooling (as explained in Section 3),
where sudden cooling drives particles apart in response to the
repulsive force.

With the small particles now at greater distances, the large
particles have more freedom of movement, which explains the
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Fig. 8 Evolution of the RDF (g,(r)) for large particles in a bidisperse system
with packing fractions ¢, = 0.40 and ¢ = 0.10 with size ratio n = 5, as the
temperature is increased from Ty = 0.1 to T¢ = 10 with a heating time tramp
= 0.2517,1. Inset (a) shows the small particles filling the gap left by large
particles. Inset (b) illustrates the mechanism known as entropic gate.
The color bar represents the temperature and time corresponding to
each color.

plateau observed at the maximum of the first peak in gy(r).
In the third stage, as the small particles gradually return to
equilibrium, this plateau ends and the system proceeds
through a damped progression toward its final equilibrium.
The damped behavior reflects how small particles act as a heat
bath, producing different dynamics than in rapid monodis-
perse cooling, where transient states appear with a first peak
magnitude greater than the equilibrium value. Although only
the evolution of gy (7) to ¢ = 1.857,.¢ is shown, the system requires
a longer time (approximately ¢ = 3.07,.¢) to fully achieve the new
equilibrium temperature at T = 0.1.

Fig. 8 presents the evolution of gy(r) when the colloidal
system is rapidly heated from an initial temperature T, = 0.1
to a final temperature T¢ = 10 with a heating period of t;amp =
0.257,r. Similarly to the monodisperse case, during the initial
phase t € (0.0, 0.057.f), the first peak of gj(r) broadens without
shifting in position. Subsequently, around r & 0.950;, the RDF
curves intersect at different times, indicating a transition in the
spacing of large particles from roughly r ~ 1.080; to r &~ 0.94).
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This reduced spacing is approximately equal to the diameter
of the small particles, g5, suggesting that this transition is of an
entropic nature. However, as discussed in Section 5, it is
primarily governed by energetic considerations.

Notably, the presence of depletants introduces distinct
deviations from the monodisperse behavior. In particular,
transient states exhibit elevated RDF values beyond the first
peak compared to the equilibrium configuration, indicating an
increased concentration of large particles at larger separations.
As the colloidal system heats up, the increased kinetic energy
allows the particles to increase overlap, creating transient
gaps between large particles. Due to their shorter timescales,
small particles rapidly occupy these newly available spaces,
as illustrated in the insets a-b of Fig. 8. In particular, the inset
b shows the mechanism known as the entropic gate,>*>*
where a small particle becomes confined between two larger
particles. This configuration can promote colloidal stabili-
zation, as it generates a repulsive barrier that forces the large
particles apart. Moreover, the strength of this effect can be
modulated.**

To further investigate this mechanism, we analyze the con-
figurations of the first neighbors of large particles. In Fig. 9a,
fully depleted configuration, where two large particles interact
without a small particle between them, is shown in green.
In contrast, the red configuration indicates the presence of a
small particle between the large ones, which is the entropic gate
configuration. The latter configuration is particularly impor-
tant because it creates a potential barrier that must be over-
come before large particles reach the potential well induced by
the depletion force. We implement this color-coding scheme by
assigning each large particle an integer parameter, color_id,
initialized to zero. For each first neighbor interaction, color_id
is incremented by one for depletion interactions and decre-
mented by one for interactions involving the entropic gate. If
color_id is greater than or equal to zero, the particle is colored
green; otherwise, it is colored red. This approach ensures that
the color of each large particle accurately reflects the dominant
interaction type with its surrounding neighbors; see Fig. 9a for
illustration purposes.

In Fig. 9b, we present snapshots of a slice of the simulation
box, where large particles are colored green or red, and small
particles are yellow. These snapshots depict equilibrium

Fig. 9 (a) Schematic representation of fully depleted configuration (green) and entropic gate configuration (red). (b) Snapshots of a simulation slice
showing the color-coded large particles (green or red) and small particles (yellow) at equilibrium. Configurations are presented for low temperature
(T = 0.1), where green configurations dominate, and high temperature (T = 10), where red configurations become more prevalent.

This journal is © The Royal Society of Chemistry 2025
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configurations at low (7 = 0.1) and high (7 = 10) temperatures.
At low temperature, green configurations dominate, whereas at
high temperature, red configurations become more prevalent.
To quantitatively analyze the distribution of colored particles,
Fig. 10 shows the percentage of large particles in green or red
configurations at different times during the fast heating pro-
tocol. Initially, at low temperature, almost 100% of the particles
are in green configurations, reflecting aggregation due to
depletion forces induced by small particles. During the first
0.057..f, the fraction of green configurations decreases while
the red configurations increase, reaching a peak. This corre-
sponds to the mechanism observed in Fig. 8a and b, where
small particles occupy the interstitial spaces between large
particles. Subsequently, the red configuration fraction decreases
before stabilizing at equilibrium, resulting in a final ratio of
approximately 60% red to 40% green.

This change in local configuration also explains the
observed reduction in local density at high temperature, as
evidenced by the lower height of gj(rmax), even though particles
may be closer on average than at low temperature. In the
entropic gate configuration, depletants are not required to
occupy specific positions between large particles, but can reside
within a broader spatial region. Moreover, at higher tempera-
tures, the effective interactions between particles are softer,
leading to a more gradual decay of the RDF towards unity as r
increases in the high-temperature case.

The predominance of red or green configurations plays a
crucial role in assessing colloidal stability. Although colloidal
stability has been extensively studied at equilibrium for various
interaction types,”>*® studies on out-of-equilibrium states
remain scarce. A higher fraction of green configurations
indicates a system prone to aggregation, which can be exploited
to drive the self-assembly of colloidal structures. Moreover, the
fraction of assembled particles can be fine-tuned by adjusting
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Fig. 10 Percentage of large particles in green (fully depleted) and red
(entropic gate) configurations (see Fig. 9a) over time during the fast
heating protocol. Over time, the system approaches equilibrium, with
red configurations dominating at a ratio of approximately 60% red to
40% green.
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the temperature. In contrast, a predominance of red configura-
tions suggests a non-aggregating colloidal system, which, due
to the entropic gate effect, can be leveraged to prevent particle
sedimentation or percolation effectively.

5. Characteristic lengths and density
fluctuations

Through both the heating and cooling protocols, the colloidal
system undergoes structural reorganization due to changes in
its accessible thermodynamic states. These changes can be
characterized by the position of the highest peak in the RDF
for large particles, denoted ryay, and its respective height,
Zi("max)- The value of r,. indicates the distance of the most
probable interparticle separation, i.e., the distance to the first
neighbor layer, making it an appropriate characteristic length
to describe structural changes. Fig. 11 presents the evolution of
'max Over time for both heating and cooling protocols, together
with quasistatic reference results as a function of temperature.
As seen in Fig. 11, heating and cooling follow distinct pathways.

During cooling, there is a rapid initial change in the inter-
particle distance, which is in accordance with the highly
coordinated motion of overlapping. However, once this coordi-
nated behavior has been completed, it starts a much slower
evolution with minimal changes in the position of the first peak
'max- IN contrast, heating displays a fast change after an initial
delay, since the first peak first diffuses as it is broadening, and
then starts to move to closer interparticle distances. For times
later than 0.107..f, the value of ry,x starts to slowly decrease
once there are many entropic gate configurations in the system,
as observed in Fig. 10, which slow the restructuring of large
particles to closer interparticle distances. In addition, we can
observe that the heating path is closer to the equilibrium values
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Fig. 11 Evolution of the characteristic length scale rn.x representing the
position of the highest peak in the RDF for large particles, as a function of
time during heating and cooling protocols. The quasistatic results as a
function of temperature are also shown for comparison. Each green star
on the quasistatic curve describes the equilibrium temperature.
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during this slow evolution, which can be due to being more
likely to be a quasi-static evolution.

Furthermore, the difference in r,,,,x between the two extreme
temperatures is approximately Ary.x ~ 0.184). To estimate this
difference, we use eqn (1) to compute the nearest distance r*
between two interacting particles at a given temperature,
corresponding to the conversion of all kinetic energy into
potential energy. For T = 0.1, r* = 1.072, while for T = 10, r* =
0.885. In comparison, the RDF peak positions are 7, = 1.0575
for T= 0.1 and 7y, = 0.885 for T'= 10. The slight overestimation
of r* is due to the neglect of depletion forces that bring large
particles closer together, an effect more pronounced at lower
temperatures. Despite this overestimation, the difference in
characteristic lengths remains consistent: Ar* = 0.187 and
Armax = 0.18, with the former only 4% higher. This close
agreement indicates a strong correlation between these two
length-scale variations, implying that the observed changes in
characteristic lengths originate from differences in accessible
states, i.e., changes in the energetic landscape.

Fig. 12 shows the evolution of the magnitude of the first RDF
peak for fast heating and cooling protocols as a function of
time. Cooling requires nearly an order of magnitude longer
than heating to achieve the new equilibrium configuration.
At t = 0.25Tf, a plateau emerges (see Fig. 6), where the local
density of large particles remains nearly constant. The most
significant density fluctuations during cooling occur within the
first t = 0.57f, followed by a slow convergence to equilibrium.
This indicates that a rapid temperature decrease may not be
optimal for cooling, as it can trap the system in out-of-
equilibrium states with slow dynamics, similar to glassy
behavior.”*”*® In contrast, during heating, the system evolves
much faster. The added energy reduces the likelihood of
trapping the colloidal dispersion in slow out-of-equilibrium
states. After small particles diffuse among large ones, a minimum
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Fig. 12 Evolution of the first peak of the RDF for the fast heating and

cooling protocol as a function of time. The quasistatic results as a function

of temperature are also shown for comparison. Each green star on the
quasistatic curve describes the equilibrium temperature.
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is observed in the local density around ¢ = 0.777.f, exhibiting
higher stability than at 7 = 10. This time corresponds to the
moments immediately after the maximum number of entropic
gate configurations (see Fig. 10). This behavior demonstrates the
efficiency of fast heating in separating large particles and increas-
ing stability. We again observe that the evolution of the heating is
close to the quasistatic evolution after times 0.107f.

It is important to note that the results presented here
correspond to a single configuration of the set {¢),¢sn}-
A systematic study is necessary to explore the different pheno-
mena that might emerge for varying parameter sets. In this
work, we use ¢; = 0.40 and ¢s = 0.10 to avoid introducing
an excessive number of small particles into the simulation for
each large particle. Lower values of ¢4 require a higher ratio of
N¢/N;, making it more difficult to obtain sufficient statistical
sampling.

6. Conclusions and perspectives

By means of molecular dynamics simulations, we have system-
atically described the structural transformations observed in
a colloidal system subjected to various heating and cooling
protocols. By analyzing both monodisperse and bidisperse
systems, we elucidated key features that govern the structural
evolution towards equilibrium.

For the monodisperse colloidal system, we demonstrated
that temperature variations significantly affect the RDF. Speci-
fically, the position of the first peak shifts, decreasing at higher
temperatures and increasing at lower temperatures. In addi-
tion, the density of the first neighbors increases as the tem-
perature decreases. Under rapid temperature changes, the
system deviated from equilibrium, exhibiting transient non-
equilibrium configurations, such as particle agglomeration
during cooling, before ultimately settling into an equilibrium
state. In contrast, during heating, the first peak broadened, and
during these transient states, the density of first neighbors was
lower than in the high-temperature equilibrium.

In the bidisperse colloidal system, our findings revealed that
under quasi-static temperature changes, the structural evolu-
tion follows equilibrium configurations. This indicated that for
sufficiently slow temperature variations, the structure evolved
through reversible and symmetric equilibrium states, as con-
firmed by the overlap between heating and cooling trajectories.
However, under rapid temperature changes, non-equilibrium
configurations emerged. During fast cooling, we observed a
transient directional motion of small particles away from larger
ones, attributed to prior particle overlap and the limited time
available for structural reorganization from high- to low-energy
states. Despite this, the structural relaxation under rapid cool-
ing was significantly slower compared to the time required for
fast heating to reach equilibrium. These observations naturally
raise an intriguing question: Is there a cooling protocol that
minimizes the time required to reach equilibrium, analogous
to the Brachistochrone curve in classical mechanics, or thermo-
dynamic analogous to the so-called Mpemba effect?”°
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In contrast, rapid heating, on the other hand, led to the
proliferation of entropic gate configurations, particularly at
intermediate temperatures, where their presence was even
more pronounced than in the final equilibrium configuration
at high temperatures. This phenomenon can be interpreted as
an “entropic switch”, highlighting the distinct behavior of the
colloidal system under varying thermal conditions. Importantly,
this behavior not only offers a potential method to enhance
system stability, but it also suggested that periodic temperature
protocols could be strategically employed to enhance and stabilize
entropic gate configurations, potentially influencing self-assembly
mechanisms at non-equilibrium conditions. More broadly, the
study of out-of-equilibrium processes opens avenues for discover-
ing new approaches to induce desirable properties in the devel-
opment of novel materials. These transient states, which enhance
specific structures that are absent under equilibrium conditions,
provide opportunities for innovation.

Furthermore, our analysis showed that heating and cooling
followed distinct structural pathways despite traversing the
same temperature range, with heating occurring approximately
ten times faster than cooling. This difference was also evident in
the evolution of the RDF (Fig. 6 and 8), consistent with previous
findings.®® The evolution of the interparticle distance through
temperature protocols also highlighted the role of kinetic energy
in altering the accessible configurational states of patrticles, leading
to scale-dependent effects at high and low temperatures. This
behavior confirmed the presence of thermodynamic asymmetries
that depend on the applied temperature protocol.

A notable feature in Fig. 11 and 12 was that the heating
protocol closely resembled the quasistatic evolution in the final
relaxation toward equilibrium, while cooling followed a differ-
ent pathway. This suggested that the relaxation mechanisms
during heating are similar to those of equilibrium relaxation.
But more importantly, from these results we observed that the
heating and cooling protocols only intersected in the initial and
final configurations, i.e., the equilibrium configurations. This
behavior was defined as a thermodynamic asymmetry. On the
other hand, the lack of correlation between the particle time
scales and the global structural evolution suggests the presence
of thermodynamic time scales, which govern the system’s
evolution between equilibrium configurations.

Fluctuations in certain properties of a physical system can
lead to intriguing phenomena. For example, fluctuations in
electromagnetic fields in a vacuum can induce effective forces
between surfaces known as Casimir forces, which may be attrac-
tive®®* or repulsive.®*** Likewise, two solid bodies immersed in a
fluid exhibiting density fluctuations experience an effective force
that can be attractive or repulsive. When these fluctuations arise
near a critical point, they are known as critical Casimir forces.*®
However, such fluctuations are not limited to near-critical systems:
Out-of-equilibrium configurations, such as those with temperature
gradients, can also exhibit significant temperature fluctuations.®®
Based on the density fluctuations observed here, future work will
examine their impact on the effective forces acting on larger
particles, with the goal of identifying a Casimir-like interaction
between large colloids.
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Moreover, dimensionality will play a role in achieving ther-
modynamic equilibrium after a cooling or heating process,
since the elimination or addition of translational degrees of
freedom reduces or increases, respectively, the kinetic energy
and affects the way it is transferred and distributed during
particle collisions. Furthermore, the glass transition occurs
at different packing fractions depending on dimensionality,
underscoring its impact on the thermodynamically accessible
states. Thus, dimensionality is another physical parameter that
can be explored to design materials with tunable properties
through controlled temperature protocols.

Lastly, we identified that variations in local density can
induce long-range fluctuations reminiscent of critical phenom-
ena. This suggests that structural heterogeneities arising from
thermal cycling could be linked to emergent cooperative behav-
ior in soft-matter systems. Our findings provide new insights
into the interplay between thermal history, kinetic constraints,
and structural organization, with potential applications in the
design of materials with tunable properties through controlled
temperature protocols.
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