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Abstract

The competition between crystallization and oiling-out is a major concern in the
process design of antisolvent crystallization for poorly water-soluble drugs. Within the
CALPHAD framework, this study demonstrates the extrapolation of the ternary phase diagram
for antisolvent crystallization from the solubility data, resorting to the Jouyban-Acree model
and the Gibbs—Helmbholtz type equation. The ternary phase diagram for DBDCS (a fluorophore
exhibiting aggregation-induced emission) in water-[ 1,4-dioxane] is constructed by calculating
the polymorph solid-liquid equilibria, the metastable liquid-liquid equilibrium, and the spinodal
limit. Our computational results agree with the phase diagram measured through microfluidics.
By analyzing the chemical potential, we show that the solute uphill diffusion relies on the
antisolvent gradient. The energy of disorder upon nucleation is found to be much smaller
compared to the solute energy gain upon antisolvent addition. The characteristics of the parallel
solubility curves of the polymorphs are explained with the analysis of the molecular interactions.
By evaluating the energy of composition fluctuation, we suggest the optimal conditions for
antisolvent crystallization. The insights obtained from this study can be extended to the process
design of antisolvent crystallization for similar systems, and form the basis for further kinetic

analysis of the competition between oiling-out and crystallization.



1 Introduction

Practically water-insoluble (< 0.1 mg/mL) chemicals have been estimated to make up
~70% of the new drugs in development and ~40% of the drugs established.! The need for
improving their bioavailability, though in competition with the stability, has spurred extensive
research into more soluble phases, cocrystals, and dispersed morphologies.” * While the
surface-to-volume ratio* * is an important factor, it is the polymorphism® ’ that substantially
determines the stability, the crystal habit, the solubility, and the dissolution rate. The stable
polymorph is favored by thermodynamics, yet intermediate pathways can be more viable due
to kinetics. Should the supersaturation exceed the thermodynamic instability limit, even

spinodal decomposition can be triggered.

The Liquid Anti-Solvent (LAS) process is a convenient separation technique for

controlling solvent composition and solute supersaturation, with applications such as screening

8-10 11-13

, preparing micro-/nano-particles''"®, and microfluidics'*"’

polymorphs . Liquid-Liquid

Phase Separation (LLPS)'®?' has been observed prior to Anti-Solvent Crystallization (ASC) at

high supersaturations. It is dubbed “oiling-out™*

, given that the intermediate phase is typically
an organic liquid emerging from an aqueous solution where solid crystals are expected. This
phenomenon has attracted theoretical interest, as the highly concentrated amorphous
intermediates are considered to play a pivotal role in non-classical nucleation mechanisms*2¢,
LLPS in ASC is a manifestation of Anti-Solvent Precipitation (ASP), yet with the continuous
(solute-lean) and the dispersed (solute-rich) phase both being metastable compared to the
crystalline phase. Subsequent solidification or crystallization kinetically facilitates the

formation of nano-/micro-powders from the dispersed phase while hindering the formation of

high-quality crystals from the continuous phase.

Strategies to avoid or utilize LLPS in ASC remain largely empirical. External

2729 or ultrasound®® *') or to induce (e.g. by electric

interventions to mitigate (e.g. by seeding
field*> 3 or laser’* **) LLPS have been explored. However, the most pertinent and practicable

methodology is to design procedures based on phase diagrams. In contrast to compilations of
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ternary phase diagrams of metallic systems, a handful of experimentally determined
polythermal ternary phase diagrams'®**3** addressing LLPS in ASC can be found in the

literature. Thermodynamic calculation**’

offers an alternative approach, reducing the number
of experimental measurements needed. The physics and mathematics underlying phase diagram

calculation remain challenging and captivating, one and a half centuries since the pioneering

work of Gibbs*® and decades following those of Meijering®" ** and Cahn>*~°,

The CALPHAD (CALculation of PHAse Diagrams) approach predicts phase equilibria
and stability by extrapolating thermodynamic data from binary subsystems to higher-order
systems.>® A prerequisite is the thermodynamic description of the constituent binary systems.
In the case of ASC, the Vapor-Liquid Equilibrium (VLE) of the cosolvent binary mixture is
usually previously investigated, yet the thermodynamic data on the two solute-solvent binary
subsystems are rarely available. The solubility of poorly water-soluble organic drugs in
aqueous-organic cosolvent mixtures is described by the Jouyban-Acree (J-A) equation®” ™,
which is mathematically derived™ * from a 2-Body and 3-Body (2B3B) interactional mixing
model®. The correlation between the low solubility and the 2B3B parameters allows for the
extraction of the thermodynamic parameters of solute-solvent subsystems from solubility data.
The 2B3B model describes the mixing of liquids; knowing the relative Gibbs energy of the

solute polymorphs allows for predicting the polymorph solubilities. This energy can be assessed

from Differential Scanning Calorimetry (DSC) data.

To address the challenge of LLPS in ASC, this study demonstrates the thermodynamic
calculation of the ternary phase diagram for a poorly water-soluble organic solute in aqueous-
organic cosolvents. The example solute, DBDCS ((2Z,2°Z)-2,2’-(1,4-phenylene)bis(3-(4-
butoxyphenyl) acrylonitrile), Figure 1), has been previously investigated in a microfluidic
system'* 2, It is insoluble in water (the non-solvent) but slightly soluble in 1,4-dioxane (the

“good” solvent). Its fluorescence depends on the molecular arrangement® ¢

, enabling further
in situ characterization of the polymorphism and the phase transitions. Two polymorphs of

DBDCS have been reported®: the y phase (green emission, fluorescence lifetime > 10 ns) and



the B phase (blue emission, fluorescence lifetime < 6 ns). We calculate the chemical potentials,
the phase instability, the spinodal decomposition limit, the metastable Liquid-Liquid
Equilibrium (LLE) binodal, and the polymorph Solid-Liquid Equilibria (SLE), based on a
minimum number of experimental measurements. The input experimental data include the
solute solubility data as a function of solvent composition, the DSC data of the solute
polymorphs up to the melting temperature, and the VLE data of the binary mixture of the
cosolvents. The thermodynamic models are introduced in Section 2; the thermodynamic
parameter optimization is the subject of Section 3; the CALPHAD methodology is described
in Section 4; the in silico phase diagram is presented in Section 5; the computation is validated
with the microfluidic phase diagram in Section 6; finally in Section 7, the crystallization process
design, the solute uphill diffusion, the two-step crystallization, and the molecular interactions
are discussed by analyzing the Gibbs energies on the phase diagram. This methodology can be
extended to the process design of ASC for other poorly water-soluble organic solutes. We hope

that our contribution will serve as the basis for further thermodynamic and kinetic analysis of

the competition between oiling-out and crystallization.

Figure 1. Molecular structure of DBDCS ((2Z,2°Z)-2,2°~(1,4-phenylene)bis(3-(4-

butoxyphenyl) acrylonitrile)). Formula: C3;H3,N,O,; Molecular mass: 476.60.

2 Thermodynamic models

2.1 Two-Body and three-Body interactional mixing model

The 2B3B model®*' describes the excess Gibbs energy of mixing, GEX, by counting

the probabilities of the 2-body and the 3-body binary molecular interactions. Neglecting the



excess volume and the excess entropy, the 2B3B model expresses the excess molar Gibbs

energy of mixing for a binary liquid mixture i-j as®':
GlE]:?(m = xl-xj(.(Zij + al-jxi3 + bl'ij3), (1)

where x; denotes the amount fraction of component 7, and £;;, a;; and b;; are the adjustable

ij»
parameters. The symmetric £2;; is interpreted as the binary interaction energy, similar to that in

the regular solution model, ¢f. Section S.1 of the Supporting Information. The two additional

parameters describe the asymmetry of the binary interaction, a;; being interpreted as related to

the degree of self-clustering of component i in the i-j interaction, and b;; that of component ;.

The 2B3B parameters are optimized for each binary system and held for the
extrapolation to higher-order systems. The excess Gibbs energy in a ternary system i-j-k has
been shown mathematically®' to be the summation of the constituent binary expressions:

EX _ EX EX EX
Gijkm = Gijm + Gigm + Gjm - (2

The excess chemical potential of component i in mixture i-j-k is:

MFX = (1 - xl-)[xj(ﬂij + 4aijxi3) + xk(ﬂik + 4aikxi3)] + (1 - 4xi)
(bijxj4 + bikxk4) - xjxk(.ij + 4aijj3 + 4bjkxk3) . (3)

The 2B3B model has been tested with the VLE data of simple ternary aqueous-organic
liquid mixtures, such as [1,4-dioxane]-ethanol-water, acetone-ethanol-water, and acetonitrile-
ethanol-water, and with the LLE data of water-ethanol-benzene.®' The J-A equation, describing

the SLE in ASC, is derived from the 2B3B model.> ¢

2.2 Jouyban-Acree equation for low solubility in aqueous-organic

cosolvents

The log-linear relation is an attempt to describe the solubility of poorly soluble solutes

in aqueous-organic cosolvent mixtures at constant temperature and pressure®’:

Ins = ¢2Ins; + ¢Jlns, , (4)



with s the solubility in the mixture, s; the solubility in neat solvent i, and ¢! the solute-free

volume fraction of solvent i.

Jouyban and Acree have shown that the deviation of the actual solubility from the log-

linear Equation (4) can be described by a second-order Redlich-Kister type polynomial in

terms of the solvent volume fractions®” *°:

0,40
Ins = $%Ins; + ¢pYlns, + ¢1T¢2

2
PRACET I (5)
n=0

with T the temperature and A4,, the adjustable parameters.

The J-A parameters are optimized for each pair of aqueous-organic cosolvents and have
been reported to be insensitive to the specific organic solutes®®’’. This brings convenience as
the optimized parameters can be used to predict the solubilities of similar poorly soluble solutes
in the same cosolvent system. The solubility prediction with the J-A equation has been validated

69-73

for more than fifty drugs in water-[1,4-dioxane] mixture at various temperatures™ ", as well as

for some other over one hundred water-[organic solvent]-drug systems®’: *% 66:68. 70.72. 7478 'The

79, 80

solubility predictions for proteins and electrolytes®' in cosolvents have also be proposed.

3 Thermodynamic parameter optimization

3.1 From solubility data in solvent mixture

The J-A equation is derived—in its amount-fraction representation, termed as the
“Combined Nearly Ideal Binary Solvent/Redlich-Kister (CNIBS/R-K) expression”® “°—from
the 2B3B model. Acree and Jouyban have correlated the parameters of the CNIBS/R-K

expression to the “interaction energies” of the ternary 2B3B model:

Inxsg = x01 0] 1x2 B,(
NX3g = X{1NX341 + X3 INX3¢; + — x2 — x1

x%3 03
= x{Inxs5; + xJInx3e, + —— ®T (Po + Px? + sz2 + P3x3 ), (6)



P0=BO_B1+ BZ_ B3=.{212+ 4a12 +a23+3a13,

Pl = 231 - 4‘B2 + 6B3 = _12a12 + a23 - 3a13,
PZ = 432 - 1233 = 12a12 + a23 + a13,
P3 = 833 = - 4a12 + 4b12 )

(35, X351, X352 K 1) ,
where the non-solvent is component 1, the good solvent is component 2, and the solute is
component 3, x35 denotes the amount-fraction solubility, x;g; is the amount-fraction solubility
in solvent i, xio indicates the solute-free amount fraction of solvent i, R is the ideal gas constant,
B,, and P, are the adjustable parameters, and .2

ij> ij> and b;; the “interaction energies” in the

2B3B model.

In the present work, we investigate water (component 1)-[1,4-dioxane] (component 2)-
DBDCS (component 3) at T, = 298.15 K. The parameters for 1-2 interaction, 2, = 1.7RT,,
a,, = —0.14RT,,and b,, ~ 0.37RT,, were optimized by fitting the VLE data®* (Section S.2)
of water (1)-[1,4-dioxane] (2) binary system to the binary 2B3B Equation (1). We have
measured the solubility (Section S.3) of the y phase of DBDCS (3) in water (1)-[1,4-dioxane]
(2) mixture at T,.. The unknown parameters in Equation (6) were thus fitted from the solubility

data, giving a,3; = —1.9RT, and a3 = 20RT,.

3.2 From DSC data

The 2B3B model describes the energy of liquid mixing; knowing the Gibbs energy
differences between the solute polymorphs and its metastable liquid allows for the prediction

of the polymorph SLE:
RTInxzs + p5* = G3(s)m(T) = Gawym(T) = —As1.Gsm(T), )

where the left-hand side is the chemical potential of the solute (3) relative to its liquid state,
uEX is given in Equation (3), and G3(s)m — G3(1),m denotes the molar Gibbs energy of the
solute in solid (S) relative to the liquid phase (L), which is the opposite of its molar Gibbs
energy of fusion, Ag_,; G3 1. The assessment of Ag_,;,G3 1, (T') at undercooled temperatures can

be done by integrating the Gibbs-Helmholtz equation,



o(T)\ _ _an

from the melting temperature down to the temperature of interest, where G denotes Gibbs

energy, p is pressure, and H is enthalpy.

With the DSC data® of the polymorphs of DBDCS (3), we used (detail ¢f. Section S.4)
Turnbull’s* formula (S6) to assess Ay_,gGs m(T) ~ 1.1RT, between the two polymorphs, and
Hoffman’s* equation (S7) to assess Ap1.G3m(T) =~ 2.5RT;, between the B phase and the
metastable liquid. Their sum gives A, G3m(T) = 3.6RT;, between the y phase and the

metastable liquid.

3.3 From solubility data in neat solvents

Given that the solubility x5 < 1, substitution of Equation (3) into Equation (7) for

the y SLE in neat solvent i brings®:
_Ay—>LG3,m(T) = RTlnx3si + -Qi3 + as, (x3si « 1)- (9)

With the values of A, _,,G3 i, (T) and a;3 known from previous steps, Equation (9) gave 2,3 ~

3.9RT; and 2,3 = 6.0RT, from the solubilities in neat solvent 1 and 2, respectively.

The exact values of the thermodynamic parameters used in the phase diagram
calculation are listed in Section S.5. The values of b, 3 and b,3 could be extracted by measuring
the saturated concentrations of the solvents in the undercooled liquid solute (3). Such self-
clustering of the solute (3) is only apparent at its high concentrations, as b3 and b,3 are

empirically fitted to the third-power of x3. They are not important in our simulation.

4 CALPHAD method

The CALPHAD method extrapolates binary interaction functions and parameters into
higher-order systems, usually without optimization of higher-order terms unless experimentally

proven necessary.”® Liquid and disordered solid systems are most commonly described by



regular solution type models. The 2B3B model is essentially a third-order regular solution type
model, ¢f. Section S.1. The 2B3B model may not be superior than other higher-order regular
solution type models, but its correlation with the J-A model allows for the optimization of the
thermodynamic parameters from the low solubility. With the parameters optimized in the
previous steps, we assessed the chemical potential of each component, the Gibbs energy of the

mixture, and their derivatives in terms of composition.

Knowing the Gibbs energies as a function of composition allows for the calculation of
phase equilibria and stability. Gibbs® established the necessary and sufficient conditions of
phase equilibria: the chemical potential of each component (along with the temperature and
pressure) being equal in each phase, as defined in Section S.6. In this study, the LLPS limit is
defined by the equilibrium between two ternary liquid mixtures, c¢f. Equation (S8). These are
the double tangent point pairs of the G-x (Gibbs energy, G, as a function of composition in
amount fraction, x) surface. The polymorph solubilities are defined by the equilibria between
the polymorphs of DBDCS (3) and the ternary solution, ¢f: Equation (7). This is the intersection
of the energy level of the polymorph with the chemical potential of the solute in the solution.
Gibbs®* * further demonstrated the necessary and sufficient conditions of internal
thermodynamic stability of a homogeneous multicomponent system: the chemical potential of
each component increasing with its amount of substance, ¢f. Section S.7. The spinodal
decomposition limit is defined by the Hessian determinant of the molar Gibbs energy, |H(G,)|,
being zero, ¢f. Equation (S10). This is where the G-x surface changes its concave-convexity.
A C++ Newton-Raphson iterative algorithm was used to calculate the numerical solutions of

the spinodal limit, the metastable LLE, and the polymorph SLE.



5 Computational results

5.1 Ternary phase diagram of water-[1,4-dioxane]-DBDCS at 298.15 K

5.1.1 A generic shape

The Gibbs energy of mixing for water (1)-[1,4-dioxane] (2)-DBDCS (3) ternary system
at 1 atm and 298.15 K is shown in Figure 2. The calculated spinodal curves (in red), metastable
LLE binodal curves (cyan), and SLE curves (only discernable in Figure 2B) of the 3 phase
(blue) and the y phase (green) are plotted. The phase diagram is partitioned into the spinodal

decomposition region, the LLPS region, the crystallization region, and the dissolution region.

A DBDCS (3) B £ (%)
. 0 A G 100 80 60 40 20 0
—Spinodal mix ~m 700; L A A A 700
LLE (kJ:mol™") Spinodal decomposition
——LLE tie-line 4 1004 . o 100
S )
—SLE ) inodal \-1:6\'\

\{
101 2 L10
C

LLPS

Dissolution F0.001

‘ 01 -dioxane (2)

Figure 2. Assessment of the molar Gibbs energy of mixing, Ap,ixGm, relative to the liquid
reference states, for the ternary mixture of water (1)-[1,4-dioxane] (2)-DBDCS (3) at

298.15 K. A: ApixGm plotted on the Gibbs triangle in terms of amount fraction composition



x; B: detailed view of the low concentration part, plotted in terms of the solute mass
concentration, p5, against the solute-free solvent volume fractions, ¢ and ¢?; C: side view
of the G-x surface; D: oblique bottom view of the G-x surface. The phase diagram is
partitioned into the spinodal decomposition region, the LLPS region, the crystallization

region, and the dissolution region. RT, =~ 2.5k] - mol™1.

Figure 2 represents a generic shape of the ternary phase diagram for ASC of poorly
water-soluble organic solutes. It is characterized by a simple band-like** structure, with all the
curves meandering through the Gibbs triangle and intersecting the solute-solvent binary edges.
The majority of the G-x surface is on a saddle. The full miscibility of water (1)-[1,4-dioxane]
(2) is shown by Ap,ix Gy, being convex on the entire 1-2 edge. The limited solubility of DBDCS
(3) in 1,4-dioxane (2) is the result of the concavity on the 2-3 edge. The insolubility is even
more pronounced in water (1), as evidenced by a higher peak on the 1-3 edge. Detailed
descriptions of three binary subsystems can be found in Section S.8. To demonstrate the LLE
pairs, a set of exemplary tie-lines are plotted in black. They are the double tangent points of the
G-x surface, as seen in Figure 2D. On the solute-rich side, the LLE curve squishes close to
vertex 3, indicating that the oiling-out is not the pure liquid solute but with solvent
contaminants, which can be purified after its crystallization. This is reflected by the fact that
crystals obtained through oiling-out are often contaminated by impurities. On the solvent-rich
side, the LLE and the SLE curves stretch above the 1-2 edge, exhibiting parallelism on the

logarithmic scale, as seen in Figure 2B.

It is noteworthy that the 1-3 concavity (height ~1.6RT,) is higher than the 2-3
concavity (height ~0.4RT,), despite the binary interaction energy 2,5 (~3RT,) being smaller
than 2,5 (~5RT,). This discrepancy can be attributed to the asymmetry in the molecular
interactions, with a;3 (~20RT,) being significantly larger than a,3 (~ — 2RT,), which still
yields a higher peak on the 1-3 edge and makes water (1) the antisolvent. Water is infamous for

exhibiting concentration dependent hydrogen-bonding network structures.*®
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5.1.2 Instability and spinodal curves

In Figure 2, the red spinodal curves indicate where the G-x surface changes from
concave-convex to full convex. This is defined by the Hessian determinant of the molar Gibbs
energy, |H(G,,)|, as plotted in Figure 3. The Hessian matrix H(Gy,) describes the local
concave-convexity of a surface: the surface is convex in the direction with a positive eigenvalue
and concave in the direction with a negative eigenvalue, cf. Section S.7. Between the two
spinodal curves, the G-x surface is concave-convex with |H(G,,)| < 0. Along a concave
direction of the G-x surface, an infinitesimal composition fluctuation (¢f. Equation (S13)) will
result in a reduction of the Gibbs energy, leading to amplification and spread of spinodal
decomposition. Outside the two red curves, the G-x surface is strictly convex with |H(G,)| >
0. There, an infinitesimal composition fluctuation in any direction causes an increase in the

Gibbs energy, and therefore a phase transition needs to initiate through a nucleation event.

A B DBDCS (3) [H(G,)l
——Spinodal, [H]=0  °, (10%J2-mol2)
LLE 62
—SLE 46
B 30
15

o

W
(o g \Uo
R

0 0.2 ;
1,4-dioxane (2) Water (1) X5

. 1
1,4-dioxane (2)

Figure 3. Assessment of the Hessian determinant, |H(G,,)|, of the molar Gibbs energy of
water (1)-[1,4-dioxane] (2)-DBDCS (3) at 298.15 K, plotted in terms of amount fraction
composition x. A: side view; B: top view. The spinodal decomposition limit (red curves) is
the intersection of |[H(G,,)| with zero. A homogenous mixture is instable between the two

spinodal curves, where |H(G,)| < 0.

Figure 3 shows that the liquid mixture is highly stable near the vertices of dioxane (2)
where x, > ~0.85 and of DBDCS (3) where x3 > ~0.95, indicated by the two peaks of
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|[H(G,,)|. However, away of those regions, |H(G,,)| abruptly drops to negative values close to
zero for the majority part of the triangle, rendering the system instable. Within a relatively large
triangle close to the vertex of water (1) where x; > ~0.6, |H(G,)| undergoes another

significant descent, signifying the extreme instability.

LAS processes are performed in the solvent rich part. There, x; on the spinodal curve
is minuscule within the range of x, < ~0.4. It ascends drastically around x, =~ 0.5 (¢J ~
80%), reaching a plateau of x5 ~ 0.2. (~700 g - L™1). The presence of the abrupt rise persists
even when nullifying the a;; and b;; terms of the 2B3B model. It depends mainly on the value
of the binary interaction energy (2,, between the two solvents. A value of 2,, < 1.5RT, would
eliminate the bend, while a value of 2, > 2RT, would lead to a miscibility gap between the
two solvents and a fall of the ternary spinodal curve. The actual value of £2,, is ~1.7RT,,
indicating a weak repulsion between water (1)-[1,4-dioxane] (2) that is just slightly over-
powered by the entropy of mixing. This rise of the spinodal curve at x, = 0.5 is a reminder of
the close-to-instability nature of water (1)-[1,4-dioxane] (2) mixture and might be specific to

this pair of cosolvents.

5.1.3 Chemical potentials and phase equilibria

The chemical potential of each component relative to the liquid state is plotted in
Figure 4, with the same tie-lines from Figure 2. The tie-lines are horizontal on each of the u-
x (chemical potential, i, as a function of amount fraction, x) surfaces, indicating that each
component in every double tangent pair possesses equal chemical potential. The polymorph
SLE are determined by the intersections of the chemical potentials of the crystals (~ — 2.5RT;
for the y phase and ~ — 3.6RT; for the (3 phase, relative to the liquid state) on the u3-x surface,

as shown in Figure 4C.
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Figure 4. Assessment of the chemical potential u for each component of water (1)-[1,4-
dioxane] (2)-DBDCS (3) at 298.15 K, plotted in terms of amount fraction composition x. A,
B, C are side views of y, Uy, and ps, respectively, and D, E, F the top views. The Ayl

denotes the chemical potential of component i relative to the liquid state. A set of LLE tie-
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lines are plotted on the u-x surfaces. The polymorph SLE are the intersections of the chemical

potentials of the polymorphs on the us-x surface. RT, ~ 2.5k] - mol~1.

The undulations of u at elevated concentrations are the result of the interplay among
the interactions of the three subsystems. In Figure 4A, the very low affinity between water (1)
and DBDCS (3) gives an uplift on the ui-x surface with the maximum locates close to the
middle of the 1-3 edge where x; = 0.59 with y; = 2.7RT,. The 1-3 system in this work is
significantly asymmetric, characterized by a large a,3 = 20RT, but b;3 = 0; otherwise, the
hump would have moved closer to vertex 3. In Figure 4B, the relatively weaker interaction
between 1,4-dioxane (2) and DBDCS (3) brings a lower hump on the u»-x surface near the 2-3
edge. Since the 2-3 system is more symmetric, the top of the u»-x hump sits close to vertex 3 at
x5 = 0.11 with p, = 1.6RT,. The maxima of the ui-x and the u»-x surfaces correspond the two
ends of the spinodal curve on the solute-rich side, where the concave-convexity of the G-x
surface changes. In Figure 4C, the strong 1-3 repulsion leads to a high summit on the u3-x
surface on the 1-3 edge at x3 = 0.006 with yu3 = 17RT,, and the relatively low 2-3 repulsion
results in a small hump on the 2-3 edge at x3 = 0.23 with y; = 1.3RT,. The maxima of the us-

x surface coincide with the two ends of the spinodal curve in the solvent-rich part.

These u-x maps are essential for understanding systems involved in mass exchange.
We focus on the behavior of the solute. It is the entropy dominated sheer precipice of us3-x that
determines the antisolvent focusing effect (Section 7.2), the solute energy gain upon antisolvent
addition (Section 7.3), and the characteristics of the solubility curves (Section 7.4). The
undulations dominated by molecular interactions govern spinodal decomposition. The first
derivatives of the u-x determine the direction and magnitude of diffusion fluxes. Accessing u

for all components forms the foundation for further multicomponent diffusion simulations.

6 Microfluidic phase diagram

Microfluidics enables in situ observation and precise control of mixing conditions

while utilizing a minimal amount of solute. We used a coaxial microfluidic mixer'* ** to
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measure the phase diagram for the ASC of water (1)-[1,4-dioxane] (2)-DBDCS (3), the results
plotted in Figure 5. The microfluidic phase diagram exhibits satisfactory agreement with the
thermodynamic calculations: interdiffusion without phase transition were observed mainly in
the dissolution region, crystallization in the crystallization region, and amorphous precipitation
in the LLPS region. Note that the crystals were only recorded in the upper-right region of the
crystallization region, slightly away from the good solvent (2). The calculation of the
polymorph solubilities suggests that the points above the 3 SLE have higher probabilities to be
the B phase, and those below to be the y phase. On the left side of the crystallization region, the
mixing easily goes into LLPS, as the distance between the LLE and SLE curves decreases
exponentially with the fraction of the 1,4-dioxane (2). The points of amorphous precipitation
below the LLE are transient observations depended on the mixing conditions away from

equilibrium, which will be addressed in Section 7.2.
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Figure 5. Microfluidic phase diagram of DBDCS (3) in water (1)-[1,4-dioxane] (2) at

298.15 K, plotted in terms of the solute mass concentration, p5, against the solute-free solvent
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volume fractions, ¢2 and ¢?. The curves are the thermodynamic predictions. The color-coded
discrete points represent the types of observation, plotted on the average composition of the
mixture: cyan for amorphous precipitation, yellow for crystallization, and green for
interdiffusion without phase transition. Crystallization and amorphous precipitation were
distinguished through in situ birefringence. The transient phase transitions were followed for

typically less than 10 seconds along the microfluidic channel after the mixing nozzle.

7 Discussion

7.1 Crystallization process design from the Hessian surface

The energy gain of a composition fluctuation §x can be evaluated, through the second-
order Taylor expansion of the Gibbs energy, as 6x' - H(Gy,) - 6X (cf. Section S.7). In the
spinodal decomposition region, if |H(G,,)| approaches zero, the composition fluctuation barely
reduces energy, and thus spinodal decomposition be more difficult.’® In reverse, outside the
spinodal decomposition region, the smaller the |[H(G,,)|, the lower resistance of the system to
perturbations. The |H(G,)| of water (1)-[1,4-dioxane] (2)-DBDCS (3) at 298.15K is
presented in Figure 6 as the color map. It indicates that nucleation from the supersaturated

solute in the “good” solvent is not easy.
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Figure 6. Optimal conditions, indicated by the yellow oval, for the antisolvent crystallization
of water (1)-[1,4-dioxane] (2)-DBDCS (3) at 298.15 K, plotted on the phase diagram in terms
of the solute mass concentration, p3, against the solute-free solvent volume fractions, ¢ and
¢?. The Hessian determinant, |[H(Gp,)|, of the Gibbs energy is presented as the color map.

The resistance to perturbations is assessed to be orders of magnitudes smaller within the

yellow oval compared to the rest of the crystallization region.

To promote crystallization, Figure 6 suggests the optimal conditions for ASC to be
within the yellow oval, where the energy gain of an infinitesimal composition fluctuation is
evaluated to be orders of magnitudes smaller compared to the rest of the crystallization region,
providing a much more favorable environment for nucleation. Considering the dissolution upon
antisolvent addition and the level of supersaturation, the practical conditions should be about
the lower-left corner of the yellow oval. Furthermore, the polymorph SLE predict that

conditions above the p SLE have higher probabilities to produce the § phase.
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To avoid oiling-out, the composition needs to stay below the LLPS limit. However, on
the one hand, in the range of ¢9 < ~60% (x, < ~0.25), the offset between the LLE and SLE
is assessed to be smaller than 1 g/L, such that LLPS will be difficult to avoid. On the other
hand, real mixing is under dynamic mass exchange, not the homogeneous conditions of Figure
6. Even with the compositions before and after the mixing precisely chosen between the SLE
and the metastable LLE curves, the diffusion trajectories can still enter the LLPS region. This

is where the simulation of multicomponent diffusion becomes important.

To promote LLPS, the process design should be near the neat antisolvent (1), as both
the LLE curve itself and the distance between the LLE and SLE curves decrease exponentially
with ¢2. However, the spinodal decomposition limits on both water-rich and dioxane-rich sides
require extremely high supersaturation ratios. Therefore, the most likely condition for
observing spinodal decomposition is suggested to be in the intermediate range around ¢9 ~

60% (x, =~ 0.24), as indicated by the minimum of the spinodal limit.

7.2 Antisolvent focusing seen from the chemical potential surface

It has been observed® in the microfluidic ASC that the solute is concentrated, towards
the volume with a higher fraction of the “good” solvent, by the incoming antisolvent diffusion,
leading to a focused precipitation. We have coined this phenomenon “antisolvent focusing”. In
Figure 7, u; is plotted as a color map on the phase diagram. Three hypothetical diffusion
couples, L-H1 (meaning two solutions of compositions L. and H1 in contact), L-H2, and L-H3
are given. These three diffusion couples have the same solute concentration gradient but
different antisolvent gradients. In L-H1, solute molecules will diffuse “down” from H1 (high
p3) to L (low p3). Conversely, in L-H3, the solute migration direction is “up” from L (low p;
but high p3) to H3 (high p; but low u3). This is because energy, not concentration, gradient is
the driving force for molecular migration. The limit of the antisolvent focusing effect is the us-
x contours, to which L-H2 is parallel. In L-H2, the solute molecular tends to be stagnant. It is

noteworthy to emphasize the generality of the antisolvent focusing effect: first, this is not in the
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domain of phase instability, and second, the three diffusion couples can be positioned together

anywhere below the spinodal curve without altering the conclusion.
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Figure 7. Diffusion directions of DBDCS (3) in hypothetical diffusion couples plotted on the
phase diagram of water (1)-[1,4-dioxane] (2)- DBDCS (3) at 298.15 K in terms of the solute
mass concentration, ps, against the solute-free solvent volume fractions, ¢ and ¢?. The
color map represents Apixi3, the chemical potential of DBDCS (3) relative to the liquid state.
Three example diffusion couples, L-H1 (meaning two solutions of compositions L and H1 in
contact), L-H2, and L-H3, are presented. The migration directions of DBDCS (3) molecules
are indicated by the arrows. The contours of u3-x give the limit of the antisolvent gradient for
the focusing effect, as in L-H2. The solubility curves also follow the contours of u3-x at the

specific polymorph energy levels.

Figure 7 reveals that the antisolvent focusing effect depends on the scale and the
magnitude of the gradient of antisolvent. During the solvent mixing, as soon as the composition

gradient becomes parallel to the u3-x contours, the antisolvent focusing effect will diminish,

19



unless a phase transition has already been triggered under the high supersaturation. This is why
the rates of antisolvent addition and agitation affect the particle size and why the Ouzo-effect®’
is a common occurrence in LAS processes. The antisolvent focusing is responsible for the

transient precipitations observed below the LLE in Figure 5.

7.3 Phase transitions seen from the chemical potential surface

7.3.1 Oiling-out: two-step crystallization

Diffusional phase transitions reduce the Gibbs energy of the system through
composition, structure, and energy fluctuations. In the case of spinodal decomposition,
thermodynamic forces amplify and spread composition fluctuations towards separation thanks
to the concave directions of the G-x surface. The composition of the fluctuation will
continuously evolve over the Gibbs triangle, until some equilibrium be established. The first

equilibrium outside the spinodal decomposition region is the metastable LLE binodal.

But for a phase transition to initiate from a homogeneous phase outside the spinodal
region, the nucleation theory considers a fluctuation large in degree but small in extent, which
may survive if the decrease in its volume Gibbs energy compensates the increase in its surface
energy. Despite the most stable crystalline phase, the nucleation of intermediate phases can be
faster. If the parent solution is in the LLPS region, droplet nuclei can continue growing until

the metastable LLE is established.

Following LLPS in ASC, crystals can nucleate from both the solute-rich droplets and
the solvent-rich continuous phase. Experiments show that the crystals obtained after oiling-out
are typically small and less pure.'” * To obtain high quality crystals, nucleation from the
continuous phase is preferred. However, nucleation from the nearly pure liquid solute is a much
smaller composition fluctuation compared to that from the solvent-rich phase. Further, the
interfacial energy between the solute liquid and the solute crystal is expected to be smaller
compare to that between the solvent-rich phase and the crystal. For such kinetic factors, crystal

nucleation from the dispersed phase is more efficient than from the continuous phase. Once
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some droplets have crystallized, they act as seeds, attracting solute molecules from the
supersaturated continuous phase, thereby further hindering the slow crystallization of bigger,
high-quality gems from the solution. To wit, in a metastable homogenous mixture between the
spinodal limit and the LLPS limit, droplets are favored over crystals; following the droplet
precipitation, crystals from the droplets are favored over those from the solution. This is a two-

step crystallization through LLPS.

7.3.2 Two-step nucleation

The two-step nucleation, birth of a crystal through an amorphous cluster, has been
proposed to be more efficient than the classical nucleation and has been observed under extreme
conditions.”® This is a giant fluctuation in both composition and energy. The liquid solute is
less stable compared to the crystals, rendering this reaction path unlikely. We see that the
energy cost of the two-step nucleation with respect of the classical nucleation corresponds to
the Gibbs energy of fusion. In the case of DBDCS (3), the energy difference between its
metastable liquid and crystals is ~2.5RT, for the y phase and ~3.6RT, for the B phase at
298.15 K. Whereas Figure 4C shows that, upon the addition of water (1), the local w3 rises up
to ~41 k]/mol = 17RT,. The energy required to form the liquid nucleus is much smaller
compared to what is provided by the antisolvent process. This makes the formation of
metastable phases much easier compared to that from a homogenous solution. As a result,

oiling-out is a common occurrence in LAS processes.

Nevertheless, if the overall composition of the mixture is below the metastable LLE,
an amorphous cluster is not self-sustainable, given that its energy level is higher than that of
the parent phase. It is unable to continue growing unless it first transforms into a more stable
phase. This makes the two-step nucleation closely related to but different from the
aforementioned two-step crystallization, where droplets are allowed to continuously grow and

rest on the metastable LLE.
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7.3.3 Polymorphism

Since SLE is defined by the specific polymorph coexisting with the solution, different
polymorphs will intersect the us-x surface (Figure 4C) at specific energy levels, with the
solubilities following the contours of u3-x (Figure 7). The chemical potential of a diluted
component is dominated by the configuration entropy, plunging down a nearly vertical
precipice towards negative infinity. This leads to the solubilities of different polymorphs
appearing parallel curves close to linear on the logarithmic scale. A greater energy of
dissolution requires more entropy of mixing to compensate, resulting in a lower solubility. The
solubility of the stable crystal is the lowest. Conversely, to produce a metastable form, both the

concentration and energy levels in the parent phase must exceed the specific SLE.

7.4 Molecular interactions seen from the chemical potential surfaces

A closer examination of Figure 4 reveals that the vertical precipices of entropy at dilute
concentrations are not straight but bending. An inward bend can be seen on the precipice of p; -
x near the 2-3 edge in Figure 4A, reaching up to x; = 0.2. A more pronounced bending of u,-
x near the 1-3 edge is present in Figure 4B, extending further into the Gibbs triangle to x, =
0.4. In both cases, the curvature starts from the edge of infinite dilution and dissipates on the
plateau of the u-x surface at higher concentrations. The boundaries of the bending follow the

spinodal curves.

Such deviation from ideal entropy at diluted concentration is the manifestation of the
interaction between the other components. At infinite dilution of 7, the excess chemical potential

of i in mixture i-j-k (Equation (3)) becomes:

MFX = x](‘QU + bijxj?’) + xk(.Qik + bikxk?’) — xjxk('ij + 4ajkxj3 + 4bjkxk3)
= X]Al] + xkAik - xjxkAjk , (10)

where x; + x; ~ 1, and A;; represents the i-j interaction in a general way. Equation (10)

shows that ,ufx at diluted concentration is mainly a linear combination of the i-j and the i-k

interactions, subtracted by a non-linear term of j-k interaction. The addition of component i into
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a mixture of j-k reduces the probability of the j-k interactions but introduces the i-j and the i-k
interactions. The curvature of the bending on y; at diluted concentration reflects the magnitude

of Ajy, and its position depends on the asymmetry of Ajy,.

Equation (10) provides the thermodynamic explanation for the characteristics of
parallel solubility curves of the solute polymorphs. Since the interaction energy between
cosolvents is weak, Figure 7 illustrates that u3 at low concentrations does exhibit a high degree
of linearity on the logarithmic scale, with only a slight upward curvature. Equation (10) shows
that the slope of this linearity is given by the difference in the solvent-solute affinities, and the
deviation from linearity is the manifestation of the antisolvent-solvent interaction. This relation
underlies the log-linear relation of solubility, the parallelism of solubilities of polymorphs, and
the insensitivity of the parameters of the J-A model to the nature of the organic solutes. It is
this interpretation of the molecular interactions underlying the shape of the solubility curve that

allows for the extrapolation of the Gibbs energies and the phase diagram.
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Conclusions

To address the competition between oiling-out and crystallization, we have
demonstrated that the ternary phase diagram for oiling-out in antisolvent crystallization of a
poorly water-soluble solute can be constructed based on a minimum number of experimental
measurements. The inputs for the thermodynamic calculations include: the solubility data, the
polymorph DSC data, and the cosolvent VLE data. The Jouyban-Acree model and the Gibbs—
Helmbholtz type equation were used to extract the thermodynamic parameters for the solvent-
solute subsystems. With the example system of water-[1,4-dioxane]-DBDCS, we have
calculated the spinodal limit, the metastable LLE, and the polymorph SLE at 298.15 K, using
a 2-body and 3-body mixing model. Our in silico results exhibit satisfactory agreement (Figure

5) with the microfluidic phase diagram.

By analyzing the energy associated with composition fluctuations, we suggest the
optimal conditions for antisolvent crystallization to be slightly away from the good solvent
(Figure 6). To promote LLPS, the process design needs to be near the neat antisolvent. The

most favorable condition for observing spinodal decomposition is in the intermediate range.

By evaluating the solute chemical potential on the phase diagram (Figure 7), we show
that a significantly large antisolvent gradient is able of driving and accumulating the solute
molecules towards the volume with more good solvent. This antisolvent focusing effect
depends on the scale and the magnitude of antisolvent gradient. The energy of disorder upon
nucleation is much smaller compared to the solute energy gain upon antisolvent addition. This

makes the oiling-out a common occurrence in antisolvent crystallization.

In a metastable solution between the spinodal and the LLPS limits, droplets are favored
over crystals; following LLPS, crystals from the droplets are favored over those from the
solution. This is a two-step crystallization through LLPS. But from a parent phase below the

metastable LLE, an amorphous nucleus is unable to continue growing unless it first transforms
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into a more stable phase. This makes the two-step nucleation closely related to but different

from the aforementioned two-step crystallization.

The solubilities of different polymorphs, including the metastable liquid phase, exhibit
parallel close-to-linear curves on the logarithmic scale: the slope of the linearity is given by the
difference in the two solvent-solute affinities, and the curvature is the manifestation of the
antisolvent-solvent interaction. This thermodynamic explanation underlies the log-linear
relation of solubility, the parallelism of the polymorph solubilities, and the insensitivity of the

parameters of the J-A model to the nature of the organic solutes.

Based on the above, we suggest that the first factor to be considered in the process
design of antisolvent crystallization is the difference in the affinities between the solute and the
two solvents, i.e., the solubility ratio, which dominates the thermodynamic behavior of the
solute in antisolvent crystallization. The second factor is the antisolvent-solvent ratio, which
dominates the competition between oiling-out and crystallization. The third factor is the rates

of antisolvent addition and agitation, which manipulates the solute uphill diffusion.

In the framework of CALPHAD, this study provides a comprehensive thermodynamic
description of the oiling-out in liquid antisolvent crystallization for water-[1,4-dioxane]-
DBDCS. The methodology can be extended to the process design of antisolvent crystallization
for other poorly water-soluble organic solutes. However, there are still challenges. Simulation
of multicomponent diffusion and crystal growth can be done based on the assessment of the
chemical potentials of all components over the Gibbs triangle. The prediction of the polymorph
SLE can be tested with in situ techniques, such as fluorescence lifetime imaging and X-ray
diffraction. For more complex (such as highly soluble, cocrystal, macromolecular, and
electrolytic) systems, more sophisticated models and computations may be necessary. In the
case of temperature-controlled or supercritical processes, calculations must incorporate
temperature or pressure as independent variables. We hope that our contribution can catalyze
further thermodynamic and kinetic studies on the competition between oiling-out and
crystallization.
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Experimental

Materials

DBDCS was synthesized as described in the previous paper®. Ultrapure water used in
the microfluidic experiment was obtained using a Milli-Q filtration system, and 1,4-dioxane

from CARLO ERBA. The choice of 1,4-dioxane is for its density being close to water.

Microfluidics

The measurement of the microfluidic phase diagram was performed using a coaxial
microfluidic mixer. Two capillaries were coaxially aligned: a cylindrical Polymicro flexible
fused silica capillary (7SP020090 from Molex, inner diameter 20 um, outer diameter 90 um)
inside a cylindrical borosilicate tube (CV2033 from Vitrocom, inner diameter 200 um, outer
diameter 330 pm). The capillary holder was made from ABS using an HP Designjet 3D printer.
The solution of DBDCS in 1,4-dioxane was injected through the small capillary in the center
into a peripheral flow of a cosolvent mixture. The fraction of water in the peripheral flow was
systematically varied from 0 to 100 vol%. The flow rates of the two flows were independently
controlled: the central flow with a Pico Plus Elite syringe pump (from Harvard Apparatus) and
the peripheral flow with a PHD2000 syringe pump (from Harvard Apparatus). The central-
peripheral flow ratio was systematically changed. The central flow rate was in the range
between 100 nL/min to 1000 nL/min, and the peripheral flow rate in the range between 1

pL/min to 10 pL/min.

Optical Microscopy

The phase transitions were observed using a home-modified two-turret inverted
microscope (TE2000-U from Nikon). The objective used was a CFI S Plan Fluor ELWD (from
Nikon, WD 8.2—6.9 mm, magnification 20x, NA = 0.45, infinite corrected, correction ring range
0-2.6 mm). A parfocal length extender ring of 5 mm thickness was added to match the

appropriate focusing distance at the sample plane. Image acquisition was performed using an
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Retiga RI CCD camera (from Qimaging, pixel size 6.45 pm), controlled through a uManager

open-source software.

Birefringence

The birefringence of the phase transitions in the microfluidic system was examined
using crossed polarizers on the optical microscope. The illumination source was a tungsten
halogen bulb (EVA64623HLX from Osram, 12 V, 40/CS, 1/SKU, 100 W). Above and below
the sample, a pair of polarizer-analyzer were crossed at 90 degrees to create a dark background.
The polarizer was a standard multi-coated glass polarizer (C-SP 754097 from Nikon). The
analyzer was cut from a TECHSPEC visible linear polarizing laminated film (from Edmund
Optics). The amorphous precipitates remain dark on the dark background, whereas the crystals

appear bright due to the birefringence.
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Abbreviations

2B3B 2-Body and 3-Body interactional mixing model

ASC Anti-Solvent Crystallization

ASP Anti-Solvent Precipitation

CALPHAD CALculation of PHAse Diagrams

CNIBS/R-K | Combined Nearly Ideal Binary Solvent/Redlich-Kister expression
DBDCS (2Z,2°7)-2,2’-(1,4-phenylene)bis(3-(4-butoxyphenyl) acrylonitrile)
DSC Differential Scanning Calorimetry

G-x Gibbs energy, G, as a function of composition in amount fraction, x
J-A Jouyban-Acree Equation

LAS Liquid Anti-Solvent

LLE Liquid-Liquid Equilibrium

LLPS Liquid-Liquid Phase Separation

SLE Solid-Liquid Equilibrium

VLE Vapor-Liquid Equilibrium

U-x Chemical potential, u, as a function of amount fraction, x
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Nomenclatures

Notation | Definition Unit
ap; Adj-ustable'parjclmeter related to the fraction of component i in J-mol’!
] i-j interaction in the 2B3B model
Ajj Binary i-j interaction J-mol™!
A, nth-order adjustable parameter in the J-A equation K
by Adj.ustable.pargmeter related to the fraction of component j in I-mol”!
] i-j interaction in the 2B3B model
B, nth-order adjustable parameter in the CNIBS/R-K expression | J-mol
G Gibbs energy J
H Enthalpy J
p Pressure Pa
p nth-o@.er adjustable parameter in Acree’s correlation of I -mol”!
n solubility to the 2B3B parameters
R Ideal gas constant, ~8.314 J-mol"-K! J-mol™-K"!
s Solubility Various units
S; Solubility in solvent i Various units
T Temperature K
x Amount fraction 1
U Chemical potential J-mol”!
p Mass concentration kg'm™
[0) Volume fraction 1
02 Symmetric adjustable parameter in the 2B3B model J-mol!
Super- and sub-scripts
0 Property at infinite dilute solute concentration
EX Excess function, deviation from ideal mixture
i Property of component i
ij Property of mixture i-j
ijk Property of mixture i-j-k
is Property of component i at solubility
isj Property of component i at solubility in solvent j
i(a) Property of component i in phase o
L Property of liquid phase
m Molar property
mix Property associated with a mixing process
r Property at room temperature
S Property of solid phase
aop | Property at equilibrium between phase a and phase 3
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a-p | Property associated with phase transition a — f3

o Property of phase a

Mathematical notations

H( ) Hessian matrix of
X Vector of variables
8 Small change
A Change, reaction

(8/0), Partial differentiation while holding variable p

| ] Determinant of a square matrix

Transpose of a matrix

Dot product
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S.1 Regular solution type model

The regular solution type model are commonly used in CALPHAD for liquid mixtures.'
In binary systems, these models regard the excess Gibbs energy as the enthalpy of mixing, for

example, in the form of a Redlich-Kister type polynomial:

N
n
6Bl = e = 3135 . a3y = )", D
n=0

where ij)_(m denotes the excess molar Gibbs energy of the i-j mixture, H Sxm the molar enthalpy

of mixing, x; represents the amount fraction of component 7, N is the order of the polynomial,

and (2, the adjustable parameters.

The 2B3B model is essentially a third-order regular solution type model, as its enthalpic

term can be rearranged into a Redlich-Kister type polynomial:

3
n
xin(.Qij + aijxi3 + bijxj3) = xixj Z 'Qn(xj - xi) ) (SZ)

n=0

where (;;, a;; and b;; are the adjustable parameters of the 2B3B model (cf. Section 2.1), and

—803 = a;; — b;; ,

40, +120; = 3by,

—20, - 40, —603= —3b; ,
Qo+0, +0, +05= bij + 0y -

The 2B3B model may not be superior than other higher-order regular solution type models, but
the derived J-A model allows for the optimization of thermodynamic parameters from the low

solubility.

The simplest regular solution model has only the symmetric zeroth-order parameter in
the enthalpic term. The parameter ), is interpreted to be the binary “interaction energy”. The
higher the positive interaction energy, the stronger the repulsion between the two components,
and vice versa the attraction. Figure S1 illustrates that the G-x (molar Gibbs energy, G, as a

function of amount fraction composition, x) curve for a hypothetical binary solution with 2, <
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2RT is convex, the system being stable for the whole composition range. A miscibility gap
starts to appear when (2, > 2RT. An interaction energy of 2, > 5RT is large enough to result

in minuscule mutual miscibility.

The Gibbs energy of the binary subsystems of water (1)-[1,4-dioxane] (2)-DBDCS (3)
are plotted in Figure S1, labeled as “1-27, “2-3”, and “1-3”, to compare with the regular
solutions. The height of water (1) -DBDCS (3) system is close to that of a regular solution with
o = 9.5RT but exhibits apparent asymmetry. The system of [1,4-dioxane] (2)-DBDCS (3) is
quite symmetric and close to a regular solution with 2, = 4.5RT. The system of water (1)-[1,4-
dioxane] (2) is convex but close to separation as it is just below the threshold of thermodynamic

instability: 2, = 2RT.
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A G, (kJ-mol™)

Figure S1. Molar Gibbs energy of mixing, A,ixGm, of some theoretical zeroth-order regular
binary solutions at 298.15 K, plotted against the amount-fraction composition x, with the
interaction energy (2, labeled in RT next to the curves. The A, ix Gy, for the binary subsystems
of water (1)-[1,4-dioxane] (2)-DBDCS (3) at 298.15 K are plotted for comparison, labeled as

“1-27,2-3”, and “1-3”. RT, =~ 2.5k] - mol™L.
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S.2  VLE of water-[1,4-dioxane] system
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Figure S2. VLE of water (1)-[1,4-dioxane] (2) binary system in term of amount-fraction
composition x at 298.15 K, data measured by Vierk® (square) and Goates® (triangle), fitted to
the 2B3B model. The partial pressures are presented as activities, a. The total pressures are

plotted as the molar Gibbs energy of mixing, ApixGy2m- RTy = 2.5K] - mol 1.
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S.3  Solubility of DBDCS in water-[1,4-dioxane]

The solubility of the y phase of DBDCS (3) in water (1)-[1,4-dioxane] (2) mixture was
measured at 298.15 K' as a function of solvent composition. Ultrapure water obtained through
a Milli-Q filtration system was used as the antisolvent, and 1,4-dioxane from CARLO ERBA as
the “good” solvent. DBDCS (3) is fluorescent in crystal but not in solution. The good solvent
was incrementally added and fully agitated into a saturated solution in contact with undissolved
DBDCS (3) until the complete dissolution was indicated by the fluorescence. The fluorescence
was excited using the 4W 365nm tube of a VL-4.LC UV lamp (from VILBER LOURMAT). The
quantities of the three components were measured by weighing on an Xroyal 205 SM-DR
analytic balance (from Precisa). The mass fraction solubility, wss, was recorded. Subsequently,
the antisolvent was added in small amounts into the mixture and fully agitated until the
precipitate was detected by the fluorescence. The processes of dissolution and precipitation
were repeated in the range of w3 > 2x107° and ¢9 > 0.7, below which w3 was too small to
be weighed. After that, the amount-concentration solubility, ¢35, was determined by absorption
spectroscopy using a Cary 4000 UV-Vis spectrophotometer (from Agilent), with the molar
extinction coefficient of DBDCS (3) measured to be 26287 + 119 L/(mol - cm) at 354 nm.
Finally, the solubility in neat water (1), X351, was even below the detection limit of the
spectrophotometer. It was extrapolated using the J-A Equation (5) with Jouyban’s* adjustable
parameters for water (1)-[1,4-diosane] (2) systems: Ag = 22069 K, 4; = 1173.1K, A, =
1997.4 K. The solubility data were converted to the amount-fraction solubility, x5, as plotted

in Figure S3 and listed in Table S1.

T The digits in the temperature do not indicate the precision.
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Figure S3. Amount-fraction solubility x3; of DBDCS (3) in the mixture of water (1)-[1,4-
dioxane] (2) at 298.15 K. The same data are plotted twice against the top and bottom abscissa:
the top abscissa is the solute-free amount fraction of 1,4-dioxane (2), x2, for fitting with the
CNIBS/R-K Equation (6); the bottom abscissa is the solute-free volume fraction, ¢9, for

fitting with the Acree-Jouyban Equation (5).
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Table S1.* Solubility data of DBDCS (3) in water (1)-[1,4-dioxane] (2) at 298.15 K, as a

function of the solute-free volume fraction of 1,4-dioxane (2), ¢3.

9 I 0.916259216 | 0.842431275 | 0.831882398 | 0.818106607
Wse | 0.00789063 | 0.00587209 | 0.00442982 | 0.00285311 | 0.00187558
xss | 0.001456632 | 0.000823851 | 0.000512514 | 0.000322055 | 0.000205158
0 10796884019 | 0.788288668 | 0.749431892 | 0.739125625 | 0.724717933
Wse | 000132982 | 0.00090138 | 0.00068778 | 0.00050741 | 0.00038425
xss | 0.000138818 | 9.23852E-05 | 6.51279E-05 | 4.70966E-05 | 3.47032E-05
0 [ 0711153883 | 0702421288
Wse | 000029373 | 0.00022338
Xss | 2.58705E-05 | 1.93651E-05
69 | 0.574463713 | 0.473290719 | 0.592943323 | 0.487316982 | 0.389159419
cso/[mol/1]| 2.55545E-05 | 7.34774E-06 | 0.00007 | 1.76894E-05 | 1.86404E-06
xss | 827961E-07 | 2.07785E-07 | 2.33051E-06 | 5.09162E-07 | 4.77325E-08
9 0.29146736 | 0.19387463 0
css/[mol/1]| 1.06517E-06 | 6.84749E-07
Xss | 2.46179E-08 | 1.44464E-08 i29'7337197 69531123

1 The solubility was measured in mass fraction solubility, wss, in the range of ¢J > 0.7, by weighing,
and in amount-concentration solubility, cs, in the range of ¢2 < 0.7, by absorption spectroscopy. The
solubility in neat water (1) was below the detection limit and was extrapolated using the Jouyban-Acree
equation. The solubility data were converted to the amount-fraction solubility, x35.
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S.4 Gibbs energy of metastable phase

If phase a of a pure substance transforms into phase 3 upon heating, at the equilibrium
temperature Tq.,g, the molar Gibbs energy of the phase transition Aq_,gGy (Tou—>[3) is zero. The
enthalpy of transition, Ay_,gHp, (Tw_,s), can be measured. The molar entropy of transition at
Teop 1s:

BosgHim (Toop)
Taog

AggSm(TsoL) = (S3)

If the heat capacities of the two phases are known from T, to T, accurate Aq_,gHp, (T) and

Ay-pSm(T) can be calculated:

T
Do pHin (T) = Do gHin (Toop) + frwg DgspCm (TdT

r (S4)
DospSm (T) = DgspSin (Taop) + fTaHB AgqopCm(T)dInT

where Ag_,gcm (T) = cgm(T) — cqm(T) is the difference in the molar heat capacities of the

two phases. The energy of the metastable phase relative to the stable one is therefore:
A(x—»[%Gm(T) = Aa—»[%Hm(T) - TAaaBSm(T) . (S5)

In the absence of such data, Aq_gGr (T) can be assessed resorting to the integral form
of the Gibbs-Helmholtz Equation (8). In the study on the driving force of homogeneous

nucleation in supercooled metal droplets, Turnbull® got:

AT

AS—>LGm(T) ~ AS—>LHm(TS<—>L) T.
SeoL
= AS—»LSm(TSHL)AT ’ (56)
where Ag_,G, (T) is the molar Gibbs energy of fusion, S stands for solid, L for liquid, Ts.,p,
denotes the melting temperature, and AT = Tg.,;, — T is the supercooling. This is the definite
integral of the Gibbs-Helmholtz equation, from Tg.,;, to T, assuming temperature independent

Ag_1.Sm and Ag_,; Hyy, i.e. Ag_,,.cy = 0. This simplest formula has been widely used.
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Nevertheless, under large supercooling, the temperature dependence of Ag_,; S, and
Ag_,1. Hpy, is more pronounced®. Assuming an linear temperature dependence of Ag_,; Hy, (T), i.e.

temperature independent nonzero Ag_,;.c,, Hoffman’ obtained:

Ag_yp Hyy (Tse, ) TAT
As .G (T) = ——
TS<—>L

_ As 1. Sm(Tso )TAT
TS<—>L .

(§7)

Hoffman’s equation is more accurate between Tg,;, and the glass transition temperature of the

metastable liquid for materials with large Ag_,j ¢, such as water® and o-terphenyl® '°.

The Gibbs energy of DBDCS in different states as functions of temperature are
schematically illustrated in Figure S4. From the DSC data'' of the polymorphs of DBDCS, we

used Turnbull’s formula (S6) to assess A,_,gGmy, (T) = 1.1RT,, between the two polymorphs,
and Hoffman’s equation (S7) to assess Ag_,; Gy (T) ~ 2.5RT;, between the B phase and the
metastable liquid. Their sum gives A,,;Gn(T) = 3.6RT;, between the y phase and the

metastable liquid.
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Figure S4. Schematic illustration of the molar Gibbs energy, Gy,, of DBDCS in different
states as functions of temperature, T. The y phase of DBDCS is at equilibrium with the {3
phase at 383.05 K. The 8 phase is at equilibrium with the liquid phase, L, at 446.85 K. The

DSC data!! of the latent heat are marked at the corresponding positions.
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S.S

Thermodynamic parameters

Table S2.° Thermodynamic parameters for the phase diagram calculation of water (1)-[1,4-

dioxane] (2)-DBDCS (3) ternary system at 298.15 K.

Parameter 4, a, by, Parameter a3 ay3
Model 2B3B eq. (3) Model J-A eq. (6)
Data VLEZ% a4 Data SLE: x5
Fit /[J-mol'] | 4153+61 -1031£196 877134 Fit /[J-mol '] | 500981108 | -4752+874
/[RT] 1.675 -0.416 0.354 /[RT;] 20.209 -1.917
Model 2B3B eq. (3) Use /[J-mol']{50098.20063| -4752.16073
Data VLE?: a, /[RT:] {20.20938646(-1.917000042
b Amol] | 4447448 [ 2564143 [ 11484195 | Parameter 0,5 0,5
/[RT] 1.794 -0.103 0.463 Model J-A eq. (9)
Model 2B3Beq. (1) Data SLE: x34, SLE: x34,
Data VLE% AnixGiam Use /[I-mol '] [9726.658501| 14763.77726
| /[J'mol'] | 4080+130 -297+£313 1492+324 /[RT] 13.923689836| 5.955640652
Fit /[RT}] 1.646 -0.120 0.602 Parameter bis b,s
Model 2B3B eq. (3) Model Regular solution eq. (S1)
Data VLE’: a, Data
Fit /[J-mol '] | 4388+17 -160+64 659+64 Use /[J-mol ] 0 0
/[RT}] 1.770 -0.065 0.266 /[RT}] 0 0
Model 2B3B eq. (3) Parameter Ap1.G3m (Ty)
Data VLE?: a, Model Hoffman’s eq. (57)
pig Imol']| 4443220 | 209477 55772 Data DSC!!
/[RT}] 1.792 -0.084 0225 | [/ymol] 6180.009501
Model 2B3B eq. (1) /[RT}] 2.492987747
Data VLE*: AnixGiam Parameter Ay1Gym(Ty)
C | mol']| 4378413 | (14638 | 744238 Model ﬂ‘éﬁ‘;ﬁi chll'. g%
/[RT}] 1.766 -0.059 0.300 Data pscH!
Use /[J-mol '] 4314.730992(-349.9321233 |912.7824617 Use /[J-mol ] 8999.397426
/[RT] |1.740542874/-0.141161028|0.368212297 /[RT] 3.630316023

% The values used in the calculations are labeled as “Use”. The number of digits is not an indication of
the precision but for the consistency of the numerical computation. The parameters are extracted from
the data of three sets of independent experiments, as separated in the table: (2,,, a,,, and b,, from the
VLE data of water (1)-[1,4-dioxane] (2); a3, @y3, £213, and 2,5 from the solubility data; A,_,;,G3 m(T)
and Ag_,,G3 m(T) from the DSC data. The 1-2 parameters were determined as the average of the fittings
of six sets of VLE data from two independent measurements: activity a, as the partial pressure of water
(1), a, as the partial pressure of 1,4-dioxane (2), and Ap,ixG1, m taking into account of both partial
pressures. The uncertainties of the adjustable parameters were provided by the fitting software, using the
dispersion of the experimental points relative to the model as an estimation of the measurement error.
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S.6 Phase equilibria

Gibbs'? established that the necessary and sufficient conditions for a system of n
components to be at thermodynamic equilibrium in ¢ homogeneous phases, “uninfluenced by

gravity, electricity, distortion of the solid masses, or capillary tensions”:

T,=Tp=-=T,,
pazpﬁz"'=p<p )

Hi(@) = Hap) = =" = Ha(e) -

Ha(a) = H2(p) = " = Ha(p) » (s8)

Hn(a) = Hn(p) = =" = Hn(ep)

where T, and p, denote the temperature and pressure of phase a, and ;) is the chemical

potential of component 7 in phase a.

For the equilibrium between two ternary phases, every root of Equation (S8) defines a
pair of mutually saturated solutions. The G-x (Gibbs energy, G, as a function of composition in
amount fraction, x) surface of the system is touched by a double tangent plane at the
compositions of each pair of the coexisting phases. The parent phase prior to the separation sits
on the tie-line that connects the double tangent pair, with the equilibrium phase proportions
governed by the lever rule. The collection of the conjugated tangent pairs on one isothermal
section constitutes the binodal curves at the given p and T. The ensemble of the binodal curves

over T forms the binodal surfaces on a polythermal ternary phase diagram.
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S.7 Energy of composition fluctuation

Gibbs'? demonstrated that the necessary and sufficient conditions of the internal
thermodynamic stability of a homogeneous multicomponent system be that the chemical
potential of each component increases with its amount of substance'®. The local curvature of a
function f(x) is described by its Hessian matrix, VT - V£ (x). It is strictly convex if VT - V£ (x)
is positive definite, strictly concave if VT - Vf(x) is negative definite, and concave-convex
(saddle) if VT - V£ (x) is indefinite. The Hessian matrix of the molar Gibbs energy in terms of

composition is:

[ a!nsz a!rLsz a!nZGm ]
0x,2 0x,0x, T 0x10Xp_q
a!nsz a!nsz a!nZGm
H(Gn) =V" V6, (X) =| 9x,0%, 0x,2 " 0x,0x,_1 | (59)
a!nsz a!nZGm a!nZGm
[0x,_10%;  0Xp_10Xx;  9x,_4”

where x; denotes the amount fraction of component i, n is the number of components, and the

partial derivative d,,,/0x; = (0/ axi)p,T,xj,jii,n with any n — 1 of the n components being

independent variables and an arbitrary component n being constrained by }}; x; = 1. The limit
of the instability of a homogeneous mixture (with composition fluctuations) is the Hessian

determinant of the molar Gibbs energy being zero'?.
[H(Gm)| = 0. (510)

The Gibbs energy change associated with an infinitesimal composition fluctuation can
be evaluated through the curvature of the G-x surface. In a homogeneous multicomponent
mixture of composition x, the energy of an infinitesimal composition fluctuation 6X is

expressed by the Taylor expansion of the Gibbs energy, G, (X):

Gy (X + 6X) = G, (X) + VG, (x)Tox + %5XTH(Gm(X))5X + -, (511)
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where VG, (X) is the gradient of the molar Gibbs energy of the mixture in terms of composition
x. Say 6x is compensated by its vicinities that sum up to —dx due to mass conservation, the

energy of the compensating vicinities is:
1
G (X — 8%) = Gy (X) — VG, (X)X + deTH(Gm(x))& SRR (512)

Therefore, the total energy change of system caused by such a fluctuation is:
8Gm = 6xTH(Gp (%)) 6% . (S13)

Along the concave directions the G-x, an infinitesimal composition fluctuation leads to
reduced G, resulting in spontaneous amplification and spread of spinodal decomposition.
Therefore, the homogeneous mixture is anywhere instable in the concave and the concave-
convex domains of the G-x surface. In the convex domain, infinitesimal composition
fluctuations along every direction increases G, , the system being resistant to small
perturbations in the absence of a second phase. In the convex domain, even though more stable
states may exist, the mixture itself may stay metastable for a significant duration due to the
kinetic hindrance in the redistribution of matter. For a phase transition to initiate below the
instability limit, Gibbs had considered a fluctuation large in degree but small in extent, which

led to the classical nucleation theory.

The direction of a fluctuation can be random. The “volume” of a linear transformation
is its determinant, the product of the eigenvalues, each of which acts as a scaling factor that
stretches or squishes an eigen dimension. In the case where H(Gm (x)) is positive definite and
the direction of the composition fluctuation is random, we can use the Hessian determinant
|H(G,,)| as an indicator for the average energy gain associated with the fluctuation and thus for

the resistance of the homogeneous system to perturbations.
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S.8 Binary subsystems of water-[1,4-dioxane]-DBDCS

The three binary edges of the ternary phase diagram of water (1)-[1,4-dioxane] (2)-
DBDCS (3) at 298.15 K are presented in Figure S5. The full miscibility of the binary system

water (1)-[1,4-dioxane] (2) is demonstrated by the convex ApixGi,m and the positive

A?ApmixGizm/ dxl-2 throughout the entire composition range. Both u; and u, monotonically
increase with their respective amount fractions. The molecular interaction is asymmetric. The
intersection of the two u-x curves coincides with the minimum of A, Gq, ny at x, = 0.379.
The system is close to separation within the intermediate composition range of ~0.4 < x, <
~0.7, indicated by the positive yet close-to-zero d2A iy Gia.m/ dxl-2 and dy; /dx;. Positive but
close-to-zero d?AixGm/ dxl-2 means that an infinitesimal fluctuation in composition scarcely
increases the energy of the system; and positive but close-to-zero du;/dx; indicates that the
chemical potential increases slightly with its amount fraction. Under the same concentration
gradient, the thermodynamic driving force of diffusion will be much smaller in the range of
~0.4 < x, < ~0.7 compared to the regions outside of it but still downhill towards

homogeneity.

Figure S5B and C show that the poorly soluble solute-solvent binary systems are more
complex than the fully miscible solvents. The G-x curve changes its convexity simultaneously
as the u-x curves change their monotonicity, as shown by that the d?A Gy /dx;? and the two
du;/dx; share the same intercepts with zero: x; ~ 0.589 and x; = 0.006 for water (1)-
DBDCS (3) in Figure S5B, and x, =~ 0.114 and x5 = 0.228 for [1,4-dioxane] (2)-DBDCS (3)
in Figure S5C. These are the spinodal limits in the binary systems. Between the spinodal limits
is the spinodal decomposition region, shown in cinnamon background, where

A% ApixGm/dx;? < 0 (instability) and du; /dx; < 0 (uphill diffusion).

The tie-lines of the metastable LLE touch the A, Gy, at: x; = 0.097 and x5 = 9.5E —
11 for water (1)-DBDCS (3) in Figure S5B, and x, = 0.008 and x3 = 0.045 for [1,4-dioxane]

(2)-DBDCS (3) in Figure S5C. Between the spinodal decomposition limit and the LLE binodal
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is the LLPS region, shown in green background color. The intersections of p; with the DBDCS
(3) polymorphs (—2.5RT, for the y phase and —3.6RT, for the [ phase, relative to the liquid
state,) give the y SLE at x3 = 0.001 and the 3 SLE at x; = 0.004 in [1,4-dioxane] (2), and
both SLE practically zero in water (1). Between the metastable LLE and the SLE is the
crystallization region, indicated by the cyan background. On the solvent-rich right side, the
crystallization region is defined between the solubilities of the solute liquid and the solute
crystal in the solvent; on the solute-rich left side, it reflects the saturated concentration of the
solvent in the metastable liquid solute. The crystallization domain of DBDCS (3) in water (1),

on the right of Figure S5B, is too minuscule to be seen.
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Figure S5. Gibbs energies of mixing, relative to the liquid reference states, of binary
subsystems of water (1)-[1,4-dioxane] (2)-DBDCS (3) at 298.15 K, plotted against amount
fraction composition x. A: 1-2; B: 1-3; C: 2-3. The black curves represent properties of the

mixtures, blue for partial properties of water (1), red for dioxane (2), and yellow for DBDCS
(3). The ApixGijm represents the molar Gibbs energy of mixing of i-j, ApixG;jm" is the
second derivative of the Gibbs energy in terms of composition, and A, 1; is the chemical
potential of component i. The compositions of the maxima, the inflection points (spinodal
decomposition limits), and the double tangent points (LLE) of A4 G;; m are labeled at the
corresponding positions. The background colors indicate: white for miscible region, cyan for
crystallization region, green for LLPS region, and cinnamon for spinodal decomposition
region. The solubilities and the dissolution regions are too low to be visible. RT, = 2.5K] -

mol~1.
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The phase diagram of antisolvent crystallization of DBDCS in water-[1,4-dioxane] was
measured in a coaxial microfluidic device, as shown in Figure SR1. The central jet is DBDCS
dissolved in 1,4-dioxane. It is injected into a peripheral flow of a mixture of water and 1,4-
dioxane. The transient phase transitions were followed for typically less than 10 seconds along
the microfluidic channel after the mixing nozzle. Crystallization and precipitation were
observed under different conditions. The phase diagram was explored by systematically
changing the flow rates and the fraction of the antisolvent. The crystals and the amorphous

precipitates were discerned by their birefringence under crossed polarizers.
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Figure SR1. Microfluidic observation of antisolvent crystallization and precipitation of
DBDCS in water-[1,4-dioxane] cosolvent mixture. A: the coaxially aligned capillaries, with
the central jet being DBDCS in 1,4-dioxane and the peripheral flow a mixture of water and

1,4-dioxane; B: butterfly-shaped crystals of DBDCS flowing along the capillary center; C:

nanoparticles of DBDCS flowing along the capillary center; D: birefringence image under



crossed polarizers showing the non-birefringent nanoparticles flowing along the capillary

center against the background of the birefringent crystals; E: SEM image of the nanoparticles.



