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Spontaneous chiral symmetry breaking is observed in a wide variety of systems on very different scales,
from the subatomic to the cosmological. Despite its generality and importance for a large number of
applications, its origin is still a matter of debate. It has been shown that the existence of a difference
between the energies of the intermediate states of optical enantiomers leads to disparate production
rates and thus to symmetry breaking. However, it is still unclear why this occurs. We measured for the
first time the optical rotation angle of NaClOs enantiomeric crystals in solution during their formation
and found that the amount of energy needed to induce the enantiomeric excess is exactly the same as
the energy dissipated per mole of solid salt calculated from the entropy production obtained from the
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the formation of self-organised structures generated by self-assembly of enantiomers arising from chiral

symmetry breaking, such as those emerging in the production of advanced materials and synthetic
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1 Introduction

Chiral structures are frequently found in nature, on scales as
diverse as those of elementary particles and living beings.
These structures present mirror images known as enantiomers.
In some situations, the ratios of these enantiomers are similar,
but in others there is an excess of one over the other, resulting
in chiral symmetry breaking. Explaining why this is so is a
problem of great current interest.'® Advances in the study of
chiral symmetry breaking may have an impact in for example
the production of efficient and safe medicines,” the use of
liquid crystals in biosensors and microlasers,” the control of self-
assembly for the production of advanced materials'® and synthetic
biological tissues,""'* and in providing a deeper understanding of
the emergence of life.> A key question is how self-organised
structures are formed from the directed and selective self-assembly
of enantiomeric constituents arising from chiral symmetry break-
ing that takes place outside of equilibrium and, therefore, in the
presence of energy dissipation. Finding out what role dissipation
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plays in the symmetry-breaking process is the main objective of
this article.

At equilibrium, the free energy AG. required for the
formation of the possible enantiomers is practically the same
so the corresponding probabilities ps oc exp(—AGie,/kgT), with
kg the Boltzmann constant and T the temperature, are very
similar, resulting in weak or none chiral symmetry breaking.
Experiments have shown that the actuation of external factors
such as polarised light,'* shearing,"*'® temperature gradients'’
and in general external forces driving the system out of equili-
brium can lead to a significant disproportion in the concentrations
of the homochiral structures (enantiomers) or even prevent their
formation.>” In order to reproduce the experimental observations
and to be able to identify optimal conditions for the intensification
of the phenomenon several kinetic models considering different
mechanisms have been proposed.*® Considering the non-
equilibrium thermodynamics of the chiral symmetry breaking
through the entropy production could be useful to understand
also the role of energy dissipation in the process. Understanding
the role of external forces in the thermodynamics and kinetics of
enantiomer formation under non-equilibrium conditions is there-
fore of vital importance in explaining why and under what condi-
tions chiral symmetry breaking occurs.

Fig. 1 shows a typical chiral symmetry breaking process
whereby an achiral compound A gives rise to chiral p- and t-type
blocks which assemble sequentially to form two different types of
structures. A typical example is the formation of enantiomers of a
crystal in which the mirror images of the chiral compound,
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Fig. 1 Chiral symmetry breaking. The achiral compound A transforms into
the chiral compounds b and L, which form p and L crystals.

levorotatory (1) and dextrorotatory (p) optical enantiomers, have
the same energy but opposite optical rotation angles for polarized
light. In the absence of dissipation, the ratio of the two enantio-
mers is 1:1, whereas when the process takes place out of
equilibrium and is therefore dissipative, the concentration of
one of the enantiomers exceeds that of the other.

Chiral symmetry breaking in the NaClO; crystallisation
process has been the subject of much interest in recent
years.»®”'® Experiments consisting of evaporating the solvent
to obtain NaClO; crystals,” performed by stirring the sample,
showed the existence of a disproportion in the concentrations
of both enantiomeric crystals of NaClO;. When these experi-
ments were performed without stirring, the concentrations of
both enantiomers were found to be similar. Evaporation experi-
ments also showed a disproportion of enantiomers in the
absence of stirring but at low supersaturation of salt.” These
experiments displayed chiral symmetry breaking when the process
takes place out of equilibrium, measuring the enantiomeric excess
only at the end of crystallisation without providing information on
the enantiomeric excess as a function of time. In these experi-
ments, aliquots are drawn periodically, which causes the collected
samples to denature as the crystals are not in contact with the
system under non-equilibrium conditions.®” 1t is therefore crucial
to consider the transient dynamics of the crystallisation process
and to measure the in situ populations in order to understand the
role of energy dissipation in chiral symmetry breaking.

In this paper, we demonstrate by modelling and experi-
ments that the energy required to generate an enantiomeric
crystal excess must be equal to the energy dissipated in the
irreversible processes involved in crystallisation: heat exchange,
salt diffusion, salt phase change, crystal emergence, growth and
precipitation. This energy causes an increase in the free energy
barrier of one of the enantiomeric crystals and, consequently, a
decrease in the enantiomer formation rate which explains the
enantiomeric excess. In the experiments performed, we have
measured for the first time the enantiomeric excess of NaClO;
along the crystallisation process of this substance, for different
non-equilibrium conditions. The model proposed provides the
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value of the energy responsible for the increase of the energy
barrier and, therefore, of the enantiomeric excess percentage.
We have found that the enantiomeric excess becomes more
important when the actuating forces, temperature and activity
differences, increase and therefore when energy dissipation,
measured in terms of the entropy production rate, is larger.
This result clearly shows the important role played by dissipa-
tion in the enantiomer formation process.

2 Chiral symmetry breaking induced
by entropy production

The existence of an enantiomeric excess has been attributed to
the disparity in the activation energies of both enantiomers
which causes different formation rates.*®'® To find the reason
for this mismatch, we analysed the formation of NaClO;
enantiomeric crystals. We modelled the crystallisation kinetics
to find the fraction of each enantiomer and thus compute the
enantiomeric excess. We also measured the optical rotation
angle of the solution throughout the crystallisation process,
from which the enantiomeric excess can also be obtained. The
good agreement between the two results leads us to conclude
that the enantiomeric excess originates from the energy dis-
sipated in the processes of heat transfer, salt diffusion, salt
phase change, crystal growth and precipitation that take place
during crystallisation. This energy is absorbed by the inter-
mediate state of one of the enantiomers increasing its free
energy barrier and therefore reducing its rate of formation. The
selection of the enantiomer that increases its energy barrier is
random, in accordance with ref. 15. Since symmetry breaking is
a stochastic process, we focus on calculating the increase of one
of the activation energies. In addition, we analyse the process in
terms of two reaction coordinates, where the use of two
different free energy barriers and activation energies naturally
arises.>%*!

In Fig. 2, we illustrate the different stages of crystallisation
in which the two driving forces, temperature difference AT
between the system and its surrounding and activity difference
Az between the solid and liquid phases reach different values.
Initially (Fig. 2(a)), the system is an under-saturated mixture of
salt and glycerol, with Az < 0 and a maximum value of AT.
When the mixture comes into contact with its surroundings, it
cools down to saturation point at which Az = 0 while the salt in
the liquid phase forms small clusters that maximise Az
(Fig. 2(b)). Thus, a fraction of the liquid salt undergoes a phase
change that favours the formation of nuclei of one enantiomer
over the other, reaching a state in which Az > 0 and AT > 0
(Fig. 2(c)). Once the nuclei of the first enantiomer are formed,
crystals emerge and grow and eventually redissolve bringing the
system to a final state characterised by a non-racemic mixture
of enantiomeric crystals in which Az = 0 and AT = 0 (Fig. 2(d)).

Fig. 2(b) highlights the fact that interactions among salt
molecules in liquid state give rise to nucleation (and phase
change) of the salt (Fig. 2(c)), a key point to understanding
symmetry breaking. Nuclei have a crystalline structure and can
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Fig. 2 Enantiomer formation process. The system is initially an under-saturated mixture of salt, denoted by small black semicircles, and glycerol (a).
Temperature decrease leading to stage (b) characterised by stronger interaction among salt compounds (yellow and blue lines) thus reaching saturation.
Small nuclei of both enantiomers are formed (.- and b-nuclei represented by gold and blue agglomerates respectively) in the process of phase change in
which one of the enantiomers is dominant, as represented in stage (c). Finally, crystals emerge and the system reaches a state of chemical and thermal

equilibrium (d) with an enantiomeric excess.

adopt L and b configurations. Their growth gives rise to L and b
enantiomeric crystals.

Entropy changes are due, on the one hand, to reversible heat
exchange and phase change and, on the other hand, to irreversible
processes that take place during crystallisation. In the former, the
temperature of the system decreases and the molecular structure of
the salt changes. The latter is due to the irreversible processes that
take place, such as heat conduction, mass diffusion and crystal
growth, resulting in a rate of entropy production. Entropy changes
due to reversible processes alone do not explain the kinetics of
crystallisation or the origin of chiral symmetry breaking.

To analyse the kinetics and energetics of the enantiomer
formation process, we will consider that the transformation of
an achiral compound A, the liquid component, into 1- or
p-enantiomeric crystals takes place across the standard free energy
potential barrier illustrated in Fig. 3(a). In non-dissipative quasi-
equilibrium processes, for which Az ~ 0, the state on top of the
barrier A’ is common to both enantiomers, as the blue lines of Fig. 3
show. Since there is no irreversible change of the entropy, 4;s = 0,
the entropy change per mole is simply the reversible change 4,s.
The formation of both enantiomers thus takes place along the same
free-energy barrier which results in a racemic (1 :1) mixture."

Outside equilibrium (Fig. 3), when Az # 0 and AT # 0, the
entropy change per salt mole is As = 4,s + 4;s, where the irreversible
part contains contributions of both enantiomers: 4;s = 4;s, + 4sp.
The energy dissipated in the formation of the b enantiomer is thus
T4;sp (Fig. 3(a)) whereas that for the L enantiomer is T4;s;, (Fig. 3(b)).
The figures illustrates the fact that the formation process of both
enantiomers takes place across two different free energy barriers
that have different transition states (A’ and A*) whose energy
difference is AE, = T4;st, with 4;st the total entropy produced per
mole. This disparity in barrier height leads to different enantiomer
formation rates, which explains the excess of one enantiomer over
the other.**"

The total entropy produced consists of the entropy produced in
the formation of the enantiomers 4;s and those corresponding to
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the remaining irreversible processes taking place in the system: heat
transfer, crystal emergence, crystal growth, precipitation and diffu-
sion. In the Theory Section, we compute the entropy production rate
o of these irreversible processes and from it the total entropy
production: 4;st = [0 dz/N, where N = Ny + Np, is the number of
moles of solid salt, and N;, and N, the number of moles of salt
composing 1- and p nuclei and crystals.

The model we propose (see Theory Section) gives the num-
ber of moles Ny and Ny, and from them the enantiomeric excess
defined as

%he.c. = L= Nbly 00, (1)
N
and the optical rotation angle
o = ao(Ni (k) — Np(h))/No (2)

with oy, = 50° a reference angle, N, the initial amount of salt
molecules and 7 the height of the test tube at which measure-
ments are taken. The comparison of the time evolution of the
rotation angle obtained by the model with the experiments will
be made in the Results Section.

3 Materials and methods
3.1 Experimental set up

A crucial decision was to choose glycerol as the solvent, as we
needed high dielectric and thermal properties, low evaporation,
high viscosity and a refractive index close to that of crystals to
avoid high light scattering. The initial step of the experiment
was to mix given amounts of salt and solvent in our test tube, a
cylindrical quartz cuvette with an inner diameter of 20 mm, and
then heat from the bottom of the mixture to ensure complete
dissolution at a constant temperature. The absence of optical
activity was verified once the maximum temperature was
reached. Once the salt has dissolved and only the homogeneous
phase is present and the temperature is constant, we turned off

This journal is © the Owner Societies 2023
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Fig. 3 Free-energy landscapes in the formation of b (a) and L (b) enantiomers as a function of the reaction coordinates y_and yp. In equilibrium (Az = 0,
4;s = 0), the formation of both enantiomers from the achiral compound A takes place through the same intermediate A’. Energy barriers are represented
by the continuous blue lines. Outside equilibrium (Az > 0, 4;s > 0), the energy released in the system contributes to increase the barrier of enantiomer L,
denoted by the dashed red line, by an amount AE, = T4;st (with 4;st the entropy change per salt mole). The intermediate state is now A*. Increasing the
barrier reduces the rate of L-enantiomer formation, thus breaking the symmetry.

the heater and let the system cool down. We started measuring
the optical activity and the temperature of the system until a
steady state was reached and no considerable changes in
optical activity were recorded. The height at which the mea-
surements were taken varied depending on the initial salt/
solvent ratio and the cooling conditions to avoid high scatter-
ing or low optical activity. In the enhanced cooling cases and
for wg/wg = 0.36 in natural cooling, the measurement height was
h = H/3, where H is the height of the test tube. For the
remaining natural cooling cases, the height was # = H/4.

The polarimeter used is a home-built Mueller matrix polari-
meter that incorporates four photoelastic modulators which
allowed us to determine with high sensitivity the time-varying
enantiomeric excess of the NaClO; solution. The instrument,
described in detail in ref. 22, was operated in transmission
using a 405 nm laser diode (5 W) as the light source. As the
photoelastic modulators operate at high frequency (~50 kHz),
this instrument can measure the 16 Mueller matrix elements of
the sample simultaneously and at fast acquisition rates. In our
experiments, a Mueller matrix was measured every ~1 s during
the several hours that each of the experiments lasted. An outline
of our experimental setup is shown in Fig. 4. The power supply
provides power to the laser and the polarisation state generator
(beam generator) and polarisation state analyser (sensor) so that
there is fine control of the polarisation transformation of the

This journal is © the Owner Societies 2023

light after passing through the solution in the test tube. Data is
transferred to and stored in a computer. To manually measure
the average temperature of the solution, a thermocouple is used
which is placed over the laser beam to avoid interference.

The solution was contained in a cylindrical fused quartz cell
with a path length of 20 mm. When the salt was completely
dissolved a clear solution was observed and the measured
Mueller matrix was the 4 x 4 identity matrix, indicating that
there was no optical rotation or any other optical effect. How-
ever, as the salt began to precipitate the solution became
progressively hazy, until at some point Tyndall scattering
became evident. Scattering could also be identified from the
Mueller matrix measured by the appearance of depolarisation,
as the scattered photons tend to randomise their polarisation.

The measured Mueller matrices were analysed using the
differential formalism,* which is well suited for the study of
polarized light transmitted in turbid media. This method
assumes that the polarisation properties of the medium have
a uniform distribution along the optical path. The Mueller
differential formalism can be introduced through the equation

dM
— =mM, 3
P (3)
where the so-called differential matrix m relates the Mueller
matrix of the homogeneous anisotropic medium to its spatial

Phys. Chem. Chem. Phys., 2023, 25, 9238-9248 | 9241
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Fig. 4 Experimental set up. Devices and equipment: power supply, laser, laser and polarization state generator (beam generator), thermocouple, test
tube, heater, polarization state analyzer and detector (sensor), and computer.

derivative along the direction of light propagation (z). A
generally depolarizing Mueller matrix, satisfying eqn (3) is
M = ¢™ = ¢" where d is the optical pathlength and L = InM
the accumulated differential Mueller matrix. The optical rota-
tion of this depolarizing medium is then determined as:

_ 180(112 — lzl)

o) =22 (@)

where [;; are the elements of 1. Apart from optical rotation and
depolarization, no other polarimetric effect (e.g. linear birefrin-
gence) were observed in the samples.

3.2 Theory
The model we propose describes the kinetics and energetics of
enantiomeric crystal formation process which involves

the solvent (glycerol) whose concentration remains practically
constant, the dissolved salt and the solid salt in 1- and
p-configurations.

3.2.1 Mesoscopic nonequilibrium thermodynamics of the
chiral symmetry-breaking. In the first stage of the process, the
dissolved salt forms small nuclei that are the precursors of the .
and p nuclei of solid salt. This process takes place along
reaction coordinates, (see Fig. 3).

Let p(yL,yp,I,t) be the probability density of finding a salt
molecule in state y;, or yp, at position r and time ¢ Salt
molecules in liquid state correspond to y;, = yp = 0, molecules
in solid phase in r-configuration to y;, = 1, while salt molecules
in solid phase in p-configuration to yp = 1.

9242 | Phys. Chem. Chem. Phys., 2023, 25, 9238-9248

The continuity equation accounting for the evolution in time
of the probability is
ap _ 8JL BJD
ot B 8'YL a"/D

vJ (5)

with J;, and Jp, the probability currents along y;, and yp describ-
ing the emergence of the solid phase salt molecules with
configurations © and p. On the other hand, the irreversible
entropy change of the phase change process d;s,1, considering
local equilibrium along y;, and yp, is

1
diSph = ,?J J JuSp drdypdy. (6)
LY Ipdr

Taking the derivative with respect to time in eqn (6), using the
continuity equation (eqn (5)) and integrating by parts, we
obtain the entropy production rate®* corresponding to the
phase change (nuclei emergence)

ou

1 0,
Oph = 7?J J J <J . Vu + JLai'))L + JD%) dr dVDdVL (7)
LY vpdr

The expression of the currents then results from the linear
coupling with the conjugate thermodynamic forces. For the
diffusion current, we obtain

1= (%) )

where D is the diffusion coefficient and p the chemical
potential of the salt molecules written as

u=keTInfp + ¢ + 9)

This journal is © the Owner Societies 2023
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in which fis the activity coefficient, ¢ is the potential along the
coordinates y;, and yp, and ¥ the gravitational potential energy
which depends on position r.

The probability current corresponding to the transformation
of a salt molecule in the liquid state to the solid state of
configuration v is

D, .= Ou
A Al
L= T P,

where D, is the diffusivity along the y-coordinate. A similar
expression is found for the current Ji. By performing a coarse-
graining in y;, and yp of the probability p, one obtains the salt
molar fraction:

(10)

*(r,1) = J;J;pdhdm (1)

3.2.2 Salt phase change. Performing a coarse-graining of
eqn (5) and considering quasi-stationary currents, we obtain
the molar fraction of the salt that remains in liquid state x
evolves in time according to the reaction-diffusion equation

(12)

where y is the coordinate along the axis of the test tube, D the
diffusion coefficient, and 71, and #p the phase change rates from
dissolved salt to solid salt in 1- and b-configurations,
respectively.

The rates 71, and 7, are proportional to the activity difference
between solid and liquid phases or oversaturation forces Az,
and Azp. The L-rate is given by

EyL

i’L = ke_kB_TAZL (13)

where k is a kinetic constant, and E, 1, = E&L + AE, the activation
energy, with Eg,L the activation energy of a quasi-equilibrium
process. The forces depend on the free energy of the salt in
liquid and solid states, as well as on the molar fractions of the
salt in - and p-configurations. The r-oversaturation force is
given by

HA My
AZL — ekpT — ekgT

(14)
where the chemical potentials are u, = uf + kgTlnxf and pp =
UL + kgTIn x.f;, with fand f being activity coefficients account-
ing for the non-ideality of the salt-solvent mixture, and xy, is the
molar fraction of the salt in r-configuration. Similar equations
are valid for the rate and supersaturation force corresponding
to p-configuration.

Since the oversaturation force is responsible for the phase
change, when the molar fraction is less than the saturation
molar fraction, x < x, the force must be zero or undefined. In
that case, the activity coefficient must be zero while for high salt
concentrations f is linear in x. The activity coefficient is thus
given by f = f,0(x — x;), with f;, a constant, which implies that
the oversaturation force behaves as Az;, oc x* and therefore so
do 71, and 7p. This behaviour is typical of an autocatalytic
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process, such as in the crystal formation process.*'> To obtain
fi, we use the Gibbs-Duhem equation

x dpg + xp dpg, + xp dpp =0 (15)

in which xp, is the molar fraction of the salt in p-configuration.
The molar fractions fulfil the relation x + x;, + xp = xo, with x,
the initial molar fraction of the liquid phase.

The solid phase is composed of the small nuclei and the
- and p-crystals. The corresponding reaction-diffusion equa-
tion for the molar fraction of salt conforming the solid L-nuclei
is given by

82XL
0y?

8XL

= - A9+ D

(16)

where # is the rate at which r-nuclei transforms into r-crystals.
An analogous equation holds for the evolution of the molar
fraction xp.

3.2.3 Crystallisation kinetics. Self-assembly of solid nuclei
leads to the formation of 1- and p-crystals which may also
dissolve and precipitate because their density is different from
that of the solvent. Whether precipitation occurs or not
depends on the size of the crystal q;, and on the molar fraction
of salt molecules n;, making up r-crystals. The mass flux of such
molecules isj(f) = —D0on, /0y — kpApcgaLSnL, where the drift term
is due to the buoyancy force,” with k, a precipitation
constant,”® Ap. the difference between the molar density of
the crystal and the solvent, and g the gravity force. The
corresponding balance equation is thus

% — oy 2 (D (17)
The number of molecules forming a r-crystal is Ny, = Non;, with
N, the initial number of salt molecules. An analogous equation
holds for Np,.

To find the crystal formation rate i{”), we will describe the
process in terms of the probability p(1,¢) of finding a crystal of
size [ at time #*” which obeys the conservation law

ap oJ
%= ol (18)
where J is the crystallization current in l-space®”*®
D, 0
J =Lk (19)

ke T 01

with D; a diffusivity in l-space and u = ksTInfp/(f Ip)eq + ¢ the
chemical potential, with ¢ the energy required to form a crystal
of size [ and f© a activity coefficient. This energy consists of
volume and surface contributions and is given by ¢ = —(Au°/
vp)l® + I'?, where v, is the specific volume of the crystal and I
the specific surface energy per unit of area.>” The crystal growth
rate at [ = a,, with a, the nuclei size, has to be equal to the rate
at which crystals emerge, i.e., #° = J(a,). By knowing the amount
of salt x;, necessary to make up r-crystals, and the actual
amount of salt in the r-crystals n;, we can obtain J(a,). Thus,

Phys. Chem. Chem. Phys., 2023, 25, 9238-9248 | 9243


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp05939h

Open Access Article. Published on 07 March 2023. Downloaded on 3/8/2026 1:22:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

by evaluating eqn (19) at [ = a, we obtain the rate of crystal
formation

(0 _ _kiao 09

= A
N T W

(20)
in which the activity difference between the r-crystal and the -
nuclei is 4.z = x> + xp 1y, — aony>/ar, where the first contribution
accounts for crystal emergence from auto-catalysis or agglom-
eration of the nuclei whereas the second results from absorp-
tion of nuclei on the crystals and the third corresponds to the
inverse process in which smaller sizes favour the re-dissolution
of the crystals in the solvent.* The rate of crystal formation #9)
can be computed in a similar way.

By multiplying eqn (18) by / and integrating in /, we obtain
the evolution equation of the average r-crystal size a;*’

day _ Dl (0¢y "
dr ~ kgT \da ) -

(21)

with ¢, = ¢(ar), and ap, = f:@ d/. An analogous evolution equa-
tion can be written for p-crystals. In the presence of convection and
water as a solvent, some extra consideration could be taken
into account to model the kinetics of the crystal growth as shown
in ref. 29.

3.2.4 Heat transfer. The heat that the system exchanges
with the environment which is at constant temperature Tj
causes the temperature varies according to the equation
T

(TS — T) + KW

aT _2U

Co CPE = 7 (22)

where c;, is the specific heat of the mixture at constant pressure,
U the convective heat transfer coefficient, ¢, the total molar
concentration, d the test tube diameter, and x the thermal
conductivity.

3.2.5 Disparity between activation energies, AE,. We con-
sider that the system exchanges heat with the environment but
not mass and analyse the transition from achiral to chiral
compound. The intermediate state of this transition can
increase its free energy by absorbing a part of the dissipated
energy, related to entropy production. The free energy change
of the system AGr during the transition is given by the energy
change of the process (from achiral to chiral) AG) and the free
energy change of the solvent AGS (mainly due to the decrease of
the internal energy as a consequence of the heat exchange with
the environment):

AGy = AGY + AG2 (23)

The free energy change from the achiral to the intermediate
state is:

AGay = AHS; — TASS; + Es (24)

with H® and S§° the standard enthalpy and entropy while the
sub-index A and I correspond to achiral and intermediate state.
The quantity Ey is the absorbed energy coming from the
entropy production. The free energy change from the inter-
mediate to the chiral state is:
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AGrc = AHY ¢ — TASY ¢ — TXp (25)

with the sub-index C referring to the chiral state (enantiomeric
nuclei in this case), while X is the entropy produced in the
transition. The free energy change of the solvent during the
transition is:

AGg = AHS — TASS — T (26)

where X is the entropy produced in the other processes such as
heat exchange, crystal growth, diffusion and precipitation. By
adding these free energy changes, we obtain the free energy
change of the system:

AGr = AGY + AGS + Es — TX (27)

where X = Xp + X5. Comparing this equation with eqn (23), we
obtain the total energy absorbed by the intermediate

Ex =TS (28)

Therefore the increment of the energy of one intermediary is

AE, — T% — fist (29)
This energy change corresponds to the unavailable free energy
of the process that does not affect the final states of the system
but does affect the intermediate states. Once the system relaxes,
this energy is dissipated or stored to maintain the kinetically
trapped states.

3.2.6 Entropy production rates. The energy dissipation rate
(temperature times entropy production rate) of the phase change is
according to non-equilibrium thermodynamics given by***!

Topn(),t) = —(fLAzy, + pAzp) (30)

where we have neglected the contribution of diffusion since it is
much smaller than that of the phase change.

The entropy production rate of the crystal growth process o,
is expressed as a sum of products between fluxes (/) and forces

0 . . .

(§> .»® The resulting expression of the entropy production
rate considering the growing process of both enantiomeric
crystals is

I RAINC/TUD) o0 ou(lp)
Tog(y,t)—fLOJ(lL) ol dlLfJIOJ(lD)WdzD (31)

Analogously, the entropy production rate due to precipitation is
o [On
TO—D(.V7 t) = - [(‘) (8_; + ApcgaL3nL)
(32)
¢ 8?1])
- ](3) (67}’ + ApcaD3g77D)

Finally, the corresponding entropy production in the heat
exchange process is?®

K (OT\?
O-T(y’ t) = ﬁ 0},

Using eqn (30)-(33) we obtain Fig. 5 for one initial and
cooling condition. We observe that heat transfer and nuclei

(33)
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Fig. 5 Energy dissipation rate corresponding to the different irreversible
processes occurring in crystal formation as a function of time.

formation are the most dissipative processes and that the
supersaturation gradient is the main driving force for crystal
formation,**™* as it causes the most dissipation. This conclu-
sion is reached in all the cases studied.

4 Results and discussion

In the experiments, we measured the optical rotation angle of
the solution throughout the process, for two cooling protocols
and different salt concentration values, i.e. for different values
of the over-saturation force which result in different values of
entropy production. The salt-solvent concentration ratio values
considered, in grams of solute per grams of solvent, were:
ws/wg = 0.235, we/we = 0.32, and ws/w, = 0.36, in the case of
natural cooling, when the boundaries of the system are in
contact only with the surrounding air, and wg/w, = 0.235, w,/
wg = 0.30, and ws/w, = 0.36, for enhanced cooling, when the
boundaries are in contact with water which has a higher cooling
rate. These values were chosen so that it is guaranteed that a
fraction of the salt will be in solid phase when the temperature

a) 5 T 0.4
Ws/Wg:O'235
0 (R — WS/Wg:0.32 0.35
Wslwg:O.36
0.3

o[°]

time [s]

View Article Online
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reaches room temperature, since the equilibrium solubility at room
temperature of glycerol (the solvent) is (wy/wg)s = 0.23.%°

We have solved numerically eqn (12), (16), (17), (21) and (22)
by using the finite-difference method in MATLAB. In this way,
we obtain the molar fractions of dissolved salt x, of salt of .- and
p-nuclei x;, and xp, of salt in 1- and p-crystals n;, and np, and the
average size of 1- and p-crystals g, and ap, as well as the
temperature 7. All these quantities are a function of position
and time. We thus define Ny, = Nyn;, and Np = Nynp which are
used to compute the enantiomeric excess and optical rotation
angle, as shown in eqn (1) and (2). The evolution equations of
the molar fractions contain the expression of the free-energy
barrier AE, through the rates. The behaviour of these quantities
is thus affected by dissipation. From eqn (30)-(33), we then
compute the entropy production rate ¢. Plots of temperature
and average crystal size as a function of time, as well as values
of the physico-chemical parameters used are given in the ESL¥

Fig. 6 depicts the evolution over time of the optical rotation
angle obtained from the model and the experiments. Half of the
experiments gave a negative value for the optical rotation angle,
and the other half a positive value, according to ref. 15. This result
confirms the random nature of the mechanism depicted in Fig. 3,
where the energy-absorbing intermediate state cannot be known a
priori, it can only be identified when the excitation has already
taken place. Fig. 6(a) shows that for wy/w, = 0.235 the angle reaches
a maximum value and then decreases because some crystals
precipitate and thus fall out of the measurement range of the
laser beam. For the remaining values of wg/w,, the value of
the angle increases as the crystals grow. We see that the optical
rotation angle takes higher values as wy/w, increases. In Fig. 6(b),
we observe that in the case wyw, = 0.30 the angle reaches a
minimum value due to crystal precipitation. For ws/w, = 0.235, the
angles are one to two orders of magnitude smaller than those
obtained for the other salt-solvent concentration ratios.

In Fig. 7(a and b), we represent the energy dissipation rate
of: (i) heat transfer with the environment due to a temperature

b) 40 0.15
35t
30

10.1

o[]

10.05
WS/W =0.235
wslwg=0.30

[Ty pm— WS/Wg:0.36

<]

5 : ‘ ‘ ‘ o
0 1 2 3 4 5

time [s] %104

Fig. 6 Optical rotation angle as a function of time. (a) Natural cooling with air. (b) Enhanced cooling with air and water. Dotted lines represent
experimental data whereas continuous lines stand for model results. The right y-axes show the results for the salt/solvent ratio ws/wgy = 0.235 whereas

the left y-axes correspond to the cases wg/wgy > 0.235.

This journal is © the Owner Societies 2023

Phys. Chem. Chem. Phys., 2023, 25, 9238-9248 | 9245


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp05939h

Open Access Article. Published on 07 March 2023. Downloaded on 3/8/2026 1:22:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP
a) 102 ‘
w _/w =0.235
s g
o ——-—WS/Wg=O.32
10 —Ww.w =036 |
s g
E 102k
)
'_
1074
1078
0 2 4 6 8 10
time [s] x104
c) 20— : ‘ : B
—w _/w_=0.235
s g
—w _/w _=0.32
s g
15 —w_/w _=0.36
s g
I
o 10 1
X
. ‘/_\
0 ‘ ‘
0 2 4 6 8 10
time [s] x104

View Article Online

Paper
b) 10° 7
ws/wg=0.235
o —w_/w_=0.30
10 s 9
—w_/w_=0.36
s g

ws/wg=0.235
—w _/w_=0.30
s g
—w_/w _=0.36
s g
5 I
0 i ! L .
0 1 2 3 4 5
time [s] x104

Fig. 7 Energy dissipation rate and enantiomeric excess percentage as a function of time for different values of ws/wy: natural cooling (a and c), and

enhanced cooling (b and d).

difference; (ii) solid nuclei formation driven by the over-
saturation force; (iii) crystal growth caused by surface and
volume energy differences. For both cooling protocols, a peak
appears in the early stages, when the supersaturation strength
reaches a maximum value. For ws/w, = 0.235, the maximum
contribution to the peak comes from heat transfer as the
number of nuclei is still low. Fig. 7(a) shows the presence of
two peaks and one minimum whereas in Fig. 7(b) there is only
one peak for each salt/solvent concentration ratio. We also
observe that for enhanced cooling the peaks are slightly higher
than those for natural cooling which is a consequence of the
fact that in the former case, the energy barrier is higher and
consequently the barrier crossing rate diminishes which leads
to an increase of the enantiomer population difference, as
shown in Fig. 7(c and d).

In Fig. 7(c and d), we plot the enantiomeric excess percen-
tage as a function of time. In Fig. 7(c), we observe the occur-
rence of maxima at times similar to those at which the energy
dissipation rate is minimal, reported in Fig. 7(a). Fig. 7(d)
shows that the maxima of the enantiomeric excess disappear
when cooling is enhanced which is a consequence of the lack of
a minimum in the energy dissipation rate in Fig. 7(b). The
minimum values of T¢ are found when the dissipation due to
phase change decreases and heat exchange becomes the most
dissipative process, as can be observed in Fig. 5. Thus, as the
energy barrier of one of the enantiomers increases, the rate
of phase change decreases which promotes a higher enantio-
meric excess. The figure also shows that the enantiomeric
excess increases with wy/w,. This is due to the fact that the
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oversaturation force increases thus leading to a higher energy
dissipation rate, as shown in Fig. 7(a and b). Moreover, for both
cooling protocols, the percentage of enantiomeric excess
reaches a constant value although some crystal growth and
redissolution still occur. The final enantiomeric excess percen-
tage is higher in the case of enhanced cooling, as the energy
dissipation rate is initially higher. Therefore, the early excess of
one of the enantiomers, with a lower redissolution rate, causes
the enantiomeric crystals to persist over time.

In Fig. 8, we show the difference between the activation
energies of the enantiomers in the phase change process. We
observe that at initial times, when the first nuclei are emerging,
the energy difference is substantially high. This is because the
energy dissipated in the system is absorbed by a small number
of enantiomeric intermediates. Note that AE, is not defined at
early times because there is no salt in the solid phase. The
behaviour of this quantity is similar for both cooling condi-
tions, but tends to be slightly higher in the enhanced cooling
case. The most important difference between results for both
cooling conditions is that AE, tends to be higher when the
initial salt fraction is higher. Finally, it is important to note that
AE, takes values lower than 1kgT in most of the process.
Moreover, when AE, < 0.1kgT a racemic mixture is found as
in the case of natural cooling (see Fig. 7).

5 Conclusions

Our model describes the evolution in time of the fraction of
enantiomeric crystals from which we can estimate the optical
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp05939h

Open Access Article. Published on 07 March 2023. Downloaded on 3/8/2026 1:22:45 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
2
10 ———
a) W /w =0.235
s g
—w_/w =0.32
s g
101 _ws/wg=0.36
l—E]C]
X
;m
4 10°
10"
102 10° 10% 10°
time [s]

View Article Online

PCCP
2
10 B "
b) w /w =0235
[ —w_/w_=0.30
s g
101 L _wS/wg=O.36

103
time [s]

102

Fig. 8 Activation energy difference AE, at the phase change process for (a) natural cooling and (b) enhanced cooling.

rotation angle of the system with very good agreement with our
measurements of this quantity as a function of time. It also
allows us to compute the energy dissipated in the process as
well as the enantiomeric excess. We have found that the energy
required to induce the measured enantiomeric excess is exactly
the same as the energy dissipated per solid salt mole computed
from the model. These results show that chiral symmetry
breaking in NaClO; crystal formation is caused by the increase
of the free-energy barrier of one of the enantiomers. The change
in the energy levels of the intermediate state leads to unequal
rates of appearance of the 1- and p-enantiomeric crystals and
thus to an excess of one of the enantiomers.

Our aim has been not only to show how symmetry breaking
occurs, but also why. To do so, we have used a non-equilibrium
thermodynamic formalism that gives us both the kinetics and
the energetics of the process, and not only the kinetics, as it is
usually done from the work of Kondepudi."” The evolution
equations obtained agree with those of the classical nucleation
theory since we have considered the surface and volumetric
energies of the crystals that contribute to the energy barrier that
depends on the size of the crystals. Our evolution equations are
obtained from the entropy production rate and probability
conservation, showing that crystallisation and symmetry break-
ing are dissipative processes.
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