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Metastable states such as gels and glasses that are commonly seen in nanopatrticle suspensions have found
application in a wide range of products including toothpaste, hand cream, paints, and car tires. The equilibrium
and metastable state behavior of nanoparticle suspensions are often described by simple fluid models where
particles are treated as having hard cores and interacting with short-range attractions. Here we explore similar
models to describe the presence of metastable states of small-molecule solutions. We have recently shown
that the equilibrium solubilities of small hydrogen-bonding molecules and nanoparticles fall onto a
corresponding-states solubility curve suggesting that with similar average strengths of attraction these molecules
have similar solubilities. This observation implies that metastable states in small-molecule solutions may be
found under conditions similar to those where metastable states are observed in nanoparticle and colloidal
suspensions. Here we seek confirmation of this concept by exploring the existence of metastable states in
solutions of small molecules.

I. Introduction applied to a variety of experimental colloidal and nanopatrticle
rsystems where the assumption is made that the pair potential

Metastable states occur when systems are trapped in IocaCan be considered in the pseudo-one-component limit as a

free energy minima for sufficiently long periods of time that otential of mean forcd%-1
they can be observédSome practical uses of these states P } o )
include glasses and gels. Often these states are achieved with Making a connection between the predicted and measured
colloidal particles and can be seen in such diverse products asSClubilities requires the states of the solutions to be compared
toothpaste, hand cream, paints, and car tires. Two types ofat the same strength of attraction relative to the average thermal
metastable states are of interest here. The first are the liquid®nergy of the systenkT, wherek is Boltzmann constantantl
states often reported for protein and nanoparticle suspensionds the absolute temperature of the system. The second virial
where a liquid-liquid phase separation (LLPS) is achieved by coefficient of the nanopartlcle_or splute, an integral measure of
guenching a suspension rapidly below its solubility point. The strength and range Qf attraction, is often .taken as a surrogate
second type of metastable state is a gel composed of a spacefor well depth? While this approach fails for long-range
filling network in which the particles exhibit extremely sluggish ~ attractions, calculations show that as the range of interaction
self-diffusion. Typically a glass is thought of as being a becomes a small fra_cfuon of the_ part_lcle diameter, the so_lublllty
metastable state where particle motion is very sluggish but the @t @ given second virial coefficient is a very weak function of
trapping mechanism is dominated by volume exclusion with the range of attractiofr.® Thus for systems that have short-
the prototypica| example being that of hard_sphere g|assesl Ge|S,ra.nge attractions the magnitude of the second virial coefficient
on the other hand, occur in systems where the particles correlates solubilities well. Systems that experience short-range
experience attractions of sufficient magnitude that localization attractions are predicted to have a metastable ligligdid phase
is the result of bond formation. Both of these states are Separation that occurs at strengths of attraction that are larger
commonly observed in colloidal suspensions. Here we explore than those required to produce crystals or at a lower temperature
their existence in small-molecule solutions. than the crystallization temperatii¥&: 1! These metastable
Over a decade ago a flurry of activity established that systems liquid—liquid phase transitions are observed and the resulting
containing hard spheres with short-range interactions do notSupersaturated phases are sometimes remarkably resistant to
show thermodynamically stable liquid stafe$! Extensive nucleation of the stable crystal phase. Detailed measurements
calculations for a variety of short-range pair potentials demon- Of rates of nucleation indicate that the rate of nucleation passes
strate that only two thermodynamically stable states (fluid and through a maximum near the metastable state of ligligpliid
crystalline) exist when the range of the attractive pair potential coexistencé?13
is a small fraction of the hard-core siZze® Developed for hard- In agreement with model predictions for particles interacting
core Yukawa and square-well fluids, these models have beenwith short-range attractions, a great deal of experimental data
have accumulated showing that the solubilities for many proteins
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ficient is the corresponding-states variable for solubility. very similar to those of nanoparticles and proteins when
However, the corresponding-states model also predicts that thecompared at the sanm®;, we began to look for evidence of
critical point of the metastable liquidiquid phase transition metastable states in small-molecule solutions.

would also occur at the same volume fraction and second virial ~ Metastable liquig-liquid phase transitions in small-molecule
coefficient. This is rarely observed and can be understood if solutions are not often reported but are known to exist. In the
the systems being investigated interact with noncentrosymmetricpharmaceutical industry, these metastable states are long-lived
and valence-limited pair potentiad%:2! Interestingly, these  and are detrimental to crystallization operatiéfi$? Reports
variations in the pair potential do not disrupt the corresponding- of molecular gels are much rarer but there are examples from
states collapse of solubility when plotted as a function of second the molecular glass literature where the glass transition can be
virial coefficient suggesting the metastable ligtidjuid phase tracked as the fraction of solvent is increased from 2&f8.
transition is more sensitive to details of the pair potential than  The use ofD; as a scale for the strength of intermolecular
is the solubility. As a result, deviations from this corresponding- interactions provides us with a tool to compare locations of
states model for the critical point provide insights about the liquid—liquid phase transitions and gel boundaries in molecular
anisotropic and valence limitations of the pair potentials while and colloidal systems. Here we develop more complete state

deviations from the corresponding-states collapse of solubility
data may prove to be useful in the range of the pair potential.

While the second virial coefficient is a surrogate for the
strength of attraction for particles interacting with short-range
attractions, a priori prediction of the second virial coefficient
remains difficult as this parameter is sensitive to continuous
phase composition and solution temperafdrés a result,

diagrams of small molecules whel® is used as a surrogate
for strength of attraction and search for metastable states of
small-molecule solutions of the hydrogen-bonding molecules
ibuprofen, glycine, citric acid, and trehalose. We motivate our
correlations by starting with spherically symmetric interaction
energies where studies of anisotropy suggest that the correlation
betweenB, and solubility are weakly impacted by anisotro-

experimental measures of the strength of attraction are required?y-*>**In the case of ibuprofen in ethanol/water mixtures, rapid
to link continuous phase composition to protein and nanoparticle quenching results in metastable liguilijuid phase transitions,

solubility.

while glycine in aqueous solutions crystallizes upon cooling,

In the study of metastable states there is equal interest with 28dU€0US citric acid solutions first separate into liquid phases,

the second type of metastable state, the gel. Gels are states whe
long-range diffusion of the solute is greatly suppressed resulting
in materials with elasticity and long stress relaxation times. Gels

are observed in many colloidal systems at sufficiently large
strengths of attraction and volume fractidAdviode coupling
theory (MCT) and its extensio?&26 that link equilibrium

microstructure to structural arrest based on particle localization

followed by formation of crystals, and aqueous trehalose

solutions display liquigtgel phase transition phenomenon.
Below we describe our observations and link these observations
to metastable states in colloidal systems.

II. Experimental Section

Materials. Ibuprofen (Fluka,>99.0%) was dissolved into

by cages of nearest neighbors and by bond formation are usednixtures of deionized water (18 &cm, E-pure, Barnstead)
widely to describe gel formation. Alternative approaches capture and ethanol (AAPER Alcohol, Absolute 200 Proof). Glycine

the link of the onset of sluggish behavior or the gel point to the
approach of the solute self-diffusivity to a uniformly small
value?”28 Experimentally, for a limited series of systems, the
gel line has been characterized relative to the solubility and
liguid—liquid phase transition boundari&s?®

The models used to describe metastable ligliguid phase

(Fluka,>99.0%), citric acid monohydrate (Sigma, 99H501%,
A.C.S. Reagent), ammk(+)-trehalose dihydrate (Fluka,99.0%)
were dissolved in deionized water. Hen egg white lysozyme
(Sigma, 3« recrystallized) was dissolved in sodium acetate
buffer (0.1 M, pH 4.5) made by dissolving the appropriate
amount of sodium acetate (Fluka, A.C.S. Reagent, Anhydrous)

transitions and gel formation are essentially independent of in a mixture of deionized water and acetic acid (Fisher Scientific,
particle size and application of these models relies on the A.C.S. Reagent) in the presence of sodium chloride (Fluka,
assumption that the experimental systems are in the pseudoA.C.S. Reagent). All chemicals are used without further
one-component limit. Recently, this led us to expand the region purification. Detailed solution compositions and experimental

of application of the corresponding-states model for solubility
to small molecule& In particular we showed that the solubilities
of small molecules-glycine,L-histidine,L-phenylalanine, parac-
etamol, and ibuprofenoccur at the same volume fraction as

conditions are summarized in Table 1.

Measurement of Liquid—Liquid Phase Boundary with a
Turbidity Meter. The experiments were carried out in a batch
system. Prepared solutions were introduced into a 25-mL

observed for proteins and other nanoparticles when comparedacketed crystallizer (UFO Lab Glass) equipped with magnetic
at the same value of an integral measure of the strength ofstirrer to ensure uniform mixing. The stirring speed was set at
attraction. In our studies, rather than the second virial coefficient 300 rpm for all experiments. The solutions were heated to a

B,, we chose the pair contribution of the scaled long-time self-
diffusivity D,—a quantity that is easily measured for small

temperature where the solutions appeared to be clear, and were
held for 15 min to ensure thermo-equilibrium. They were then

molecules and nanoparticles by using pulsed-field gradient cooled down at a constant rate of 0.20 deg/min with a water

spin—echo nuclear magnetic resonance (PGSE NFAR).the
dilute limit, this term is a hydrodynamically weighted measure
of the strength of interaction. In the low volume fractiaf,
limit, the self-diffusivity of a solute molecule can be written
asi?=35 Dg Do(1 + Da¢) such that by measuring the
concentration dependence Bf one can extracD, from the
knowledge of molecular volume. For a wide range of solute

circulator (Julabo FP50). Solutions were monitored in situ by a
fiber optic colorimeter (Brinkmann Instrument PC920), and the
turbidity of the solutions was recorded with a LABVIEW
software module. The cloud-point temperature of each solution,
i.e., the onset of LLPS, was taken as the temperature at which
the turbidity of the solutions increased sharply.

Measurement of Self-Diffusivity with Pulsed-Field Gradi-

molecules, temperatures, and solvent compositions, we foundent Nuclear Magnetic ResonanceThe long-time self-diffu-

that solubility correlates well witlD,. After establishing that

sivities of various molecules in different solvents were measured

the equilibrium properties of these small organic molecules are by using'H pulsed-field gradient spirecho (PGSE) NMR (time
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TABLE 1: Solvent Compositions and Temperatures Used for the Self-Diffusivity Measurement of the Five Different Solutes
Used in This Study?

D, at different molecular
solute solvent compositions (temperature$@) temperatures diameter (nm)

glycine H0 (5, 25, 40, 70) —5.39,—-3.91,-3.24,-2.35 0.48
citric acid HO (10, 15, 20, 30) —2.80,—2.70,—2.73,—2.63 0.65
ibuprofen 40/60 wt % EtOH/KD (15, 20, 25) —24.27,—22.40,—16.89 0.76

50/50 wt % EtOH/HO (10, 15, 20, 25) —5.66,—5.08,—4.64,—4.22

60/40 wt % EtOH/HO (10, 15, 20, 25) —4.05,-3.67,—3.39,—3.01

70/30 wt % EtOH/HO (15, 20, 25, 30) —2.76,—2.21,-2.13-2.10
trehalose KO (10, 20, 30, 40) —4.77,—4.20,—4.01,-3.86 0.80
hen egg white lysozyme 0.1M NaAc, pH 4.5, and 3 wt/vol % NacCl (20, 25, 30) —8.68,—5.94,—5.05 3.02

0.1M NaAc, pH 4.5, and 5 wt/vol % NaCl (25, 30, 35) —14.95,—-12.88,—11.54

aValues ofD;, are obtained from PGSE NMR experiments. The sizes of the molecules are estimated as described in the text.

scale: 1500 ms) with a 600 MHz spectrometer (Varian Unity 0 T T T
Inova 600). The sample solution was injected to a spherical
bulb microcell (Wilmad Glass, 5 mm), and then inserted into a
NMR tube (Wilmad Glass, 5 mm) filled with f (Sigma,
Standard 99.98- 0.01 atom % D). This setup offers several
advantages: (i) strong magnetic signals from the protonated
molecules in the solvent (due to the useldf probe) can be
greatly reduced and (ii) material consumption can be minimized.
Prior to each set of experiments at different temperatures, the
NMR probe was calibrated by using reported self-diffusion
coefficients of water at respective temperature4t

Ill. Results and Discussion /KT

Solution Phase Behavior.All molecules studied here are  Figure 1. Plots ofD; as a function ok/kT for different .

small organic molecules except for lysozyme, and they share
many common characteristics such as the capacity to form
hydrogen bonds. Solutions of each of these molecules, however

show drastically different phase b_ehavior. In what is proba_bly form of the pair distribution functiorQ(r) and the mobility
the most common method by which small hydrogen-bonding functionsAq, Awz, Br1, andBy that are well-defined polynomi-

molecules phase separate, crystals are formed when aqueougsas49 |y the dilute limit, the pair correlation functiog(r) is
glycine solutions saturated at 4Q@ are quenched to a variety written as®®

of temperatures ranging from 0 to 6. We have been unable

to observe LLPS in glycine solutions. In contrast, in a detailed g(r) = exp[—u(r)/KT] 2)
study using process analytical techniques (PAT), Groen and

Roberts reported that upon quenching a concentrated solutionif we approximate the pair interaction potential between the
of citric acid, LLPS, is first observed but crystals form particles as a square-well form with

subsequently? A third type of behavior is reported here for

wherer is the normalized (by the radius of parti@g center-
to-center spacing between the particles experiencing a pair
potentialu(r), and the perturbation of the MaxwelBoltzmann

ibuprofen. Ibuprofen solutions made up in pure ethanol and o r<2
ethanol/water mixtures separate into two liquid phases upon ur)={—e 2<r<24 3)
cooling. Crystallization from these liquid phases is exceedingly 0 r=2

sluggish. Displaying a different type of metastable response,

the protein hen egg white lysozyme (HEWL) exhibits relatively wheree andZ are the well depth and well width, i.e., the strength
rapid crystallization, LLPS, and gelation depending on the and range of interaction, respectively. Using the expressions of
specific continuous phase composition and temperatufe. Q(r), A11, A1z, Bi1, and By reported in the literaturéh*® we
further extreme of gelation can be found in agueous trehalosefind from eqgs 1, 2, and 3 that

solutions that gel if quenched to a temperature that is sufficiently

low with a cryostat248The temperatures to which the solutions D,= f°° Qdr+ (e - 1) fz’l Qdr=

must be quenched to produce the gel or glassy state may be so 0 2

low that the solvent may also be immobile. We include this —2.10+ (6T - 1) j;ﬂ Qdr (4)
example to indicate what happens as we extrapolate our
observations. where

Molecular Self-Diffusion. For identical spherical particles
that can be treated as diffusing in a continuous phaseDthe
can be expressed &:3° Q= [(—3 +A;+2B)) +

A,—B,;—A,+B dA dA

D, = [ (=3+ Ay +2B)g(nrdr + ( R s T drlz)Q(r)]rz (5)

wl Ay — A, — B+ B dA dA
fz = 12 = 12 %( dll — dlz)] X For hard spheres or in the high temperature liraslkT = 0),
r r r ) D, takes on a value 0f 2.10. In Figure 1 we have shown lines
Q(ryg(ryrodr (1) indicating the dependence 6%, on temperature predicted by
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1 T T T temperature and solvent composition, suggesting that experi-
——10°C mental conditions and solvent composition can be used as design
09 r 15 tools to tune particle interaction for the desired type of phase
—&—20 . .
——25 behavior. Nevertheless, the observed changeB,irtover a
08 ) range of strengths of attraction where we anticipate the
e o7l ] molecular solubility will change dramatically for the range of
o’ temperatures and solvent compositions investigated.
06 | 1 The values ofD, for ibuprofen at the metastable liquid
) F o - \
S 3 liquid phase boundary are estimated by first measubagt
05| b =405 ) several elevated temperatures, followed by extrapolating to the
z X cloud-point temperatures. Due to lack of knowledge of tem-
0.4 L . L N perature dependence of strength and range of interactions, the
0 0.04 0.08 0.12 0.16

extrapolation is empirically done by linearly fitting the plots of

Vol Fracti . .
olume Fraction () D, as a function of inverse temperature. The value®pbf

Figure 2. Scaled long-time self-diffusivities of ibuprofen in EtOH/ ; iculidiuid phase bound-
H20 (60/40 wt/wt %) as a function of solute volume fraction at 10, 15, lysozyme solutions at the metastable liquiyuid p

20, and 25°C. The absolute concentration of ibuprofen is converted to ary and of aqueous trehalose solutions at the gel transition

particle volume fraction as described in the text. ValueB.ofre given temperatures were obtained in a similar way. Experimentgl
by the slopes of the best linear fits. cloud-point temperatures of lysozyme solutions and gel transi-

tion temperatures of trehalose solutions were determined by
eq 4 assuming thatand/ are independent of temperature. The Muschol and Rosenbergéand Cummins et af3 respectively.

integral in the right-hand side of eq 4 give values—3.1345, Generalized State DiagramsBy measuring thé, of the
—0.2004,—0.2358, and-0.2564 ford = 1.1, 1.2,1.3,and 1.4,  solutes in solutions of interest, we are able to construct a
respectively. generalized phase diagram showlDgas a function of particle

The long-time self-diffusivities of ibuprofen in mixtures of  volume fractionp whereD; is taken as a measure of the strength
ethanol and water were measured at different temperatures, an@f attraction in the place of dimensionless temperature (Figure
the values oD, were obtained from the slopes of the best linear 6). The detailed procedure to construct a generalized phase
fits of the scaled self-diffusivities plotted as a function of particle diagram based o, was described in our previous stu#y.
volume fraction (Figure 2). Similarly, the self-diffusivities and The molecules are treated as hard spheres interacting with each
values ofD, of glycine, citric acid, HEWL, and trehalose in  other in solution through a centrosymmetric square-well po-
different solvents at different temperatures were determined. tential. The equilibrium solubility and nonequilibrium liquid
When temperature decreases, the solute particles will spend diquid phase boundaries are calculated by equating the osmotic
longer time to close together resulting in increasingly negative pressures and chemical potentials of the respective phases of
values ofD, if they experience an attractive potential of mean the solution’® We estimate the molecular volumes and particle
force. We see such behavior in all the solutions under study sizes as described in our other wéPkThe particle size is
(Figure 3). On the other hand, at the same experimental calculated assuming the molecule is spherical in shape, yielding
temperature, values d, vary with the solvent composition  molecular diameters shown in Table 1.

(Figure 3b), implying that the composition of solvent is an As a guide to where gelation is expected to occur, we apply
important factor in determining the potential of mean force such analytical mode coupling models that were recently developed
that solvent composition can be used as a design tool for for systems with attractions in the low volume fraction liAit26
controlling phase transitions. The extent of attraction for these By assuming that density fluctuations are not important in
molecules is unknown. However, we expect the range of the determining the location of the gel line, Bergenholtz et al.

attraction to be a small fraction of molecular diaméfeas a derived a analytical solution for the location of the gel boundary
demonstration of how one can uSe measurements to estimate for spherical particles interacting with square-well attraction of
the strength of attraction, we first rearrange eq 4 to rangel based on mode coupling theory (MC%):
D,+ 2.10 12
nl=2520 )= € ©) o — 1) -1 =142 (7)
2 kT 7
S, Qr

By converting the well deptl/kT to D, using eq 4, we are

where the values of/k could be obtained from independent able to plot the MCT gel line in Figure 6b (fdr= 1.1).
measures ofD, at different temperatures, if the range of The phase diagram depicted in Figure 6 captures essential
attraction is given. Note that if the experimentally obtaifgd features seen in a variety of theoretical and modeling stddfes.
values were less negative than the hard sphere valu#0, eq These models assume the following: (i) the solute particles are
6 becomes physically meaningless. In such cases, we will takespherical in shape, (ii) these particles have impenetrable hard
that those systems behave as hard spheres. cores, and (iii) they interact via the centrosymmetric square-

Attempts to determine/k from linear regression of several well potential. The phase diagram shown in Figure 6 well
D, determined at different temperatures as shown in eq 6 resultdescribes the solubility boundary for a variety of molecules.
in very poor fits to the experimental data. This result suggests Note that forl = 1.1, the critical point is predicted to fall below
a significant temperature dependence of strength and/or rangehe solubility curve, i.e., LLPS is expected to occubatvalues
of interaction, i.e., if we choose to assume that the solutes that are more negative than those characterizing the solubility.
interact with short-ranged, centrosymmetric square-well attrac- In addition, the gel boundary intersects the spinodal for LLPS
tions, e andA are temperature dependent. For example, in the at concentrations above the critical point for LLPS. A feature
case of ibuprofen, if we extract values gk from individual in common with many models for solubility is that over a
D, measurements at a certain temperature by assumiisg relatively narrow range of change @y (or €/kT), the solubility
constant (Table 2), we find a the strong dependence af changes dramaticalRWhile the solubility curve is insensitive
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Figure 3. D, of various solute molecules in different solutions at different temperatures: (a) glycine in water; (b) citric acid in water; (c) ibuprofen
in different solvent compositions of EtOH#8; (d) hen egg white lysozyme in 0.1 M NaAc buffer (pH 4.5) in the presence of different concentrations
of NaCl; (e) trehalose in water; and (f) an APl in EtOHOH(54.2/45.8 wt %). Note that (&)e) present experimental data obtained in this work
and (f) presents data extracted from literature as described in th® text.

TABLE 2: Values of e€/k Extracted from Eq 6 for Ibuprofen
in Different Solvents

can alter the volume fraction and the strength of attraction at
the critical pointt®=2! Seat® and Kern and Frenk¥l pointed

solute solvent composition tempQ) elk (K) out that strongly directional interactions induced by “patchy”
ibuprofen  40/60 wt % EtOH/bO 15 1472.7 sites on the particle surface could alter the universality of the
20 1472.6 critical temperature, and further indicated that the critical
25 1404.1 temperature would be lower as the patches become smaller.
50/50 wt % EtOH/HO 10 937.9 Zaccarelli and co-wroket& 20 studied the phase diagrams of
%8 ggg:i patchy particles using numerical simulation, and found that the
25 840.9 liquid—liquid coexistence region shrinks as the maximum
60/40 wt % EtOH/HO 10 776.5 number of bonded particle interactions decreases. Despite
15 731.3 changes in the location of the critical point, the solubility
%g ggg-g boundary is only weakly dependent on anisotr&p®n the other

hand, Katsonis et & illustrated that non-monotonic potentials
to 4, our calculations (not shown here) indicate that the value with varying strength of interaction can result in deviation from
for D, at the critical point does vary withranging from—4.17 the law of corresponding-states solubility behavior.
forA=1.1t0—-3.30 ati = 1.4. Our purpose here is not to characterize the anisotropy or lack
Recent theoretical and modeling studies suggest that for short-of valence in the interaction energies of the molecules studied.
range attractions, anisotropy in the pair interaction potentials Instead our goal is to demonstrate that small molecules display
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Figure 4. Solution of ibuprofen (200 g/kg solvent) in a mixture of 10 100 1000 10*
EtOH and HO (50/50 wt/wt %) at 20C: (a) opaque solution, when Ibuprofen Concentration (g/kg solvent)
the stirrer is on, and (b) two distinct homogeneous liquid layers, when Figure 5. Cloud-point temperatures of solutions of ibuprofen in
the stirrer is off. The arrow indicates the liquitiquid interface. different mixtures of ethanol and water.

metastable sates that are similar to those seen in the colloidalcrystals into the two liquid phases that were separated carefully
and nanoparticle domain and that these metastable states occusing a pipet and found the crystals dissolved in the upper layer
at similar strengths of attractions as seen in the nanoparticlewhile they grew in the lower layer, which confirmed the
cases. However, these studies will be important as we considemetastability of this liquid phase with respect to crystallization.
the range of behaviors observed in our experimental systems.The phase separation here is complicated by the ability of the
Discussion on the Presence and Absence of Metastable water and ethanol to partition at the point of phase separation.
States.Aqueous solutions of the amino acid glycine produce Our studies show that the less dense phase is rich in ethanol
crystals upon cooling, without going through any other types and ibuprofen. Up to the point of phase separation, however,
of phase transitions. To be more accurate, in a very broadthe solutions are macroscopically homogeneous. As a result,
literature on the crystallization of glycine and in our hands, no up to the phase transition, we treat the ibuprofen as a pseudo-
other types of phase transitions are observed when glycineone-component system.
solutions are either concentrated or quenched in temperature to  Of particular interest is that although the location of the
D, values well below where we would expect the LLPS critical point for the phase separation for the ibuprofen appears
following the predictions of square-well fluid models. At the to shift toward lower volume fraction with increasing water
same time the solubility of glycine is well described by the content, when compared inz generalized phase diagram, all
corresponding-states model. This result suggests that nucleatiorsolubilities fall on the corresponding-states curve observed for
is rapid and metastable states cannot be seen. From this wesmall molecules and proteins. The simulations of Katsonis et
conclude that slow nucleation of the crystalline phase must be al 2! suggest that if this correlation is observed, the particles
a prerequisite to long-lived metastable states such as LLPS thainteract with a centrosymmetric pair potential indicating that
we would be able to characterize and analyze. the observed changes in the location of the LLPS with water
On quenching a concentrated aqueous citric acid solution concentration are unlikely to be associated with noncentrosym-
undergoes a metastable LLPS. The liquid states are short-livedmetric pair potentials but instead may reflect changes in the

and are quickly overwhelmed by crystal nucleattéSuch two- effective valency of the ibuprofen crystals as the water content
liquid formation has been evidenced in the literature as a resultis increased.

of molecular cluster formation in the supersaturated solufidns. Ibuprofen is an aromatic compound witiphenylring, para-
Citric acid displays a very high solubility in water, showiDg substituted with a propionic acid group and an isobutyl group.

values that are reaching the hard sphere limit as the strength ofThe molecular structure makes ibuprofen far from being a good
attractione approaches zero such tiiag has weak temperature  idealization of a hard-core spherical particle interacting with a

variation (Figure 3b). centrosymmetric pair potential. Moreover, the interactions
The solutions of ibuprofen/ethanol/water present clear evi- between ibuprofen particles are predominated by hydrogen
dence of changes in interaction potential as the ethamater bonding, which is highly directional and also inevitably

ratio is altered. We observe liquidiquid phase transitions on  influenced by the solvent molecules ethanol and water, both
cooling in pure ethanol and in etharalater mixtures. In pure  capable of forming hydrogen bonds as well. The experimental
water, crystals form upon quenching. In pure ethanol solutions data presented in Figure 5 show that the critical point of the
as the temperature is quenched, a ligtliquid phase transition liquid—liquid coexistence curve shifts toward lower ibuprofen
occurs. In ethanol/water mixtures, the critical point of the concentrations as the water content in the solvent increases. We
metastable liquietliquid phase boundary moves to lower hypothesize the following explanation for this observation: a
concentrations as the water content is increased. To verify whatwater molecule can form four hydrogen bonds with its neigh-
type of phase transition induced the cloudiness of the solution, bors, while hydrogen bonding between ethanol molecules is not
we stopped the active stirring of the solution. The opaque as effective as in water due to the fact that only the hydrogen
solution gradually separated into two distinct homogeneous atom of the OH group in each ethanol molecule carries sufficient
liquid layers (Figure 4), implying that the cloudiness was caused positive charge. Only two hydrogen bonds are formed between
by the onset of LLPS but not by crystal nucleation. ethanol molecules where the oxygen atom is acting as both a
The cloud-point temperatures of ibuprofen solutions were proton donor and a proton accept®FEurthermore, the hydrogen
taken as the temperatures at which the solutions suddenly turnedonds formed by water molecules are stronger than those formed
opaque. At a given temperature, the amount of ibuprofen neededby ethanol molecules. Thus water molecules are more likely to
to cloud the solution differs by orders of magnitude as the interact with ibuprofen molecules through hydrogen bonding.
ethanol content is varied (Figure 5). We dropped ibuprofen As the water content in the solvent increases, the sekdévent
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Figure 6. Generalized phase diagram for a variety of moleculeB4rspace. Various symbols are experimental (a) solubility data, and (b) data
corresponding to metastable states. (a) The closed upper triangles, circles, diamonds, lower triangles, and squares are solubility daa, of ibuprof
glycine, trehalose, citric acid, and lysozyme from literattfi®:5%6! (b) The open circles stand for conditions where glycine crystals form in
aqueous solution. The open upper, lower, and right-angle triangles correspond to LLPS data of ibuprofen in ethanol/water mixtures with ethanol
content of 40, 50, and 60 wt %, respectively. The open diamonds represent the glass transition point for aqueous trehalose solutions. The upper and
lower half-filled squares correspond to LLPS data of lysozyme solutions in the presence of 3 and 5 wt/vol % NaCl, respeEtigadpen squares

are gelation data of lysozyme taken from literatéirend expressed intD,. The cross-square corresponds to LLPS data of aqueous citric acid
solution*” The open crosses present LLPS data of an API extracted from literature as described in ¥h&hextolid, short-dashed, and long-

dashed lines are the model setiliquid, liquid—liquid, and MCT gel boundaries for ranges of interactiors 1.1. Experimental conditions are

specified in Table 1.

interactions become stronger, reducing the available interactionformation of three-dimensional structural networks, i.e.,
sites between solute particles and resulting in a decrease inorganogel$>-8 The wide diversity of the structures of LMOGs
maximum number of bonded interactions between ibuprofen that directly concern how they pack in the assemblies plays an
molecules. The result would be a shift of critical point to lower important role on the gelation properties. Two anthracene
concentrations and lower temperatures or dimensionlessderivatives, one has two longish hydrocarbon tails attached white
temperature$-2° the other has short tails, were found to behave differently. The
Similar stable LLPS have been observed in a variety of small- former always gels while the latter will gel or crystalliZe>®
molecule solutiond®-4°In a well-defined set of measurements The long tails that may be detrimental to assembly efficiency
where the solubility and spinodal of an active pharmaceutical and efficacy are thought to slow down crystal nucleation and
ingredient (API) has been characterized, Veesler and co-thus assist gelation. The LMOG literature is replete with
worker$7~40 observed crystals nucleated at the dense liquid molecules that form gels at mass concentrations of a few percent.
drops and the dilute phase boundary. This compound is not These materials tend to form ribbons and other extended,
available to us. To make comparisons with the results reported pseudo-one-dimensional structures which fill space and result
by Veesler and co-worke?; 40 we assume that this compound in gelation. We anticipate that these materials will show very
satisfies the corresponding-states solubility curve, and using annegativeD, values indicative of strong attractions. The studies
effective particle diameter of 1.06 nm calculated by assuming on the two anthracene molecules indicate that suppressing the
the crystal density as 1.6 g/énwe extract theD, dependence  ability of the system to crystallize is important to seeing gelation
on temperature from the dependence of solubility on temperatureat such low solute volume fractions.
(solubility data of Form | are used), shown in Figure 3f. The generalized phase diagram depicted in Figure 6 demon-
Knowing D as a function of temperature we then are able to strates that the solubilities of all the molecules of interest fall
plot the experimentally measured location of LLPS as a function into a narrow range ab,, implying that the equilibrium phase
of volume fraction using the procedure as mentioned above behavior is rather similar for a variety of molecules when
(Figure 6b). compared on the same basis. One can also see that the
The values oD, of trehalose (Figure 3e) are very close to metastable states such as LLPS and gels in small-molecule
those of hard spheres echoing the tremendous solubility of solutions occur at strengths of attraction in a similar range as
trehalose in watet* In determining values ob, for aqueous those seen in nanoparticle suspensions. However, the metastable
trehalose solutions at the gel/glass line, we are only able to phase transitions occur in a more unpredictable way suggesting
measureD; at elevated temperatures far from glass transition that details in interaction potential such as limited valence and
temperatures. Thus we are extrapolating a large temperatureanisotropic interactions play an important role in nonequilibrium
range that may not be physically reasonable but may provide aphase behavior.
rough guide on the location of the gel/glass line of trehalose Rate of Nucleation. A variety of phase behavior can be
solutions (Figure 6b, open diamonds) on the generalized phasepbserved in small-molecule solutions: (i) Solutes like glycine
diagram. That trehalose solutions bypass all other solution stateshat crystallize easily without displaying LLPS (in these systems
and gel upon deep quench may be an indicator of sluggishthe complete absence of a metastable LLPS may arise due to

nucleation. As shown in Figure 6b, the extrapolatiorDtoat an enhanced crystal nucleation rate at conditions close to the
the gel (or glass) point yields; values similar to those expected  critical state)i? (i) solutes like citric acid and Veesler's API
for short-range interactions. that go through LLPS followed by the onset of nucleation; and

There have been a variety of studies on Low Molecular (iii) solutes like ibuprofen that undergo LLPS (here crystal
Weight Organic Gelators (LMOGS) in the literature that induce nucleation is sufficiently slow that the metastable liquids can
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easily be observed). Often, the resulting phases are long-lived  (3) Hagen, M. H. J.; Frenkel, DI. Chem. Phys1994 101, 4093~

; it ; o fi 4097.
a_nd Ire3|stant to crystalh_zatlon. §0Iute_s intype (rl]l) flt_the_?selves (4) Vega, L.: De Miguel, E.: Rull, L. F.: Jackson, G.. McLure, |. &,
nicely between types (i) and (iii), pointing to the significance chem, phys1991, 96, 2296-2305.
of kinetic effects-either rapid formation of the liquid phases (5) Heyes, D. M.; Aston, P. J. Chem. Phys1992 97, 5738-5748.
or slow crystal nucleation. These kinetic phenomena have seen  (6) Lomba, E.; Almarza, N. GI. Chem. Phys1994 100, 8367-8372.

limited study. (iv) In the extreme case of sluggish nucleation 184271)5%6‘9&‘”’ D-L.; Gunton, J. 1. Chem. Phys2005 122, 184515.1

and limited number of bonds, gels are observed for solutes such (g Liu, H.; Garde, S.; Kumar, S. Chem. Phy<2005 123 174505.+
as trehalose. Similarly, LMOGs are designed in a way that they 174505.4.

cannot crystallize nor phase separate, suggesting that they forniggég)?GRgg%ﬂti%%m' D.; Zamora, P. C.; Zukoski, C.FRys. Re. Lett.

avery ”_mited number of bonds anq thus form _gféls. o (10) Lomakin, A.; Asherie, N.; Benedek, G. B. Chem. Phys1996
The differences in rates of nucleation for solutions containing 104, 1646-1656.
solutes that fall into class (i) may be interpreted through the 83 \'jalf(i,lsy C-';Déegth’ fl-({:hyst-h Cg‘en;bgfia 617012 255&4232-
: . . ekilov, P. G.Cryst. Grow es , — .
theory pf sequential yet supenmposed Qensny an_d structure (13) Pan, W.: Kolomeisky, A. B.; Vekilov, P. G. Chem. Phys2005
fluctuations proposed by Vekilo\. The density fluctuation may 122 174905.1174905.7.
result in dense liquid phase whose lifetime and relative  (14) Kulkarni, A. M.; Dixit, N. M.; Zukoski, C. F.Faraday Discuss.
il i Ui 002 123, 37-50.
.metas.tabm.tg de?er.]d on thﬁ. st.tem itself. '[)Te dertlsehllqufldlphasez (15) Rosenbaum, D.; Kulkarni, A. M.; Ramakrishnan, S.; Zukoski, C.
in citric acid solutions, which is metastable to both the low- £ j Chem. Phys1999 111, 9882-9890.
density phase and crystals, displays a short-lived beh&ior. (16) Sear, R. PJ. Chem. Phys1999 111, 4800-4806.
ibuprofen solutions, the metastability of the liquid phases with 88 ;ern, N.I;I_Flrzenléell,OI DJ. cgev EhyszogaLn'a 9882—28:39_8 »
H _li _ accarelll, £.; bulayrev, S. V.; Nave, E. L.; Moreno, A. J.; Salka-
r,eSpeCt to crystals is eXtremely long-lived. The phase Separate({/oivod, I.; Sciortino, F.; Tartaglia, PPhys. Re. Lett.2005 94, 218301.1
liquid phases have remained homogeneous now for about 1 yeap18301.4.
at room temperature. The arrest of crystal nucleation in  (19) Zaccarelli, E.; Saika-Voivod, I.; Moreno, A. J.; Nave, E. L

i i Buldyrev, S. V.; Sciortino, F.; Tartaglia, B. Phys. Condens. Matte200§
ibuprofen solutions could also be due to the change of the 18 92373 52382,

. . . o "
.SOIUt'On medium such as V!SCOSW G.el and glass transitions (20) Bianchi, E.; Largo, J.; Tartaglia, P.; Zaccarelli, E.; Sciortino, F.
in agueous trehalose solutions with different water contents arepPhys. Re. Lett. 2006 97, 168301.+168301.4.

observed without undergoing any other phase transitiotis. (21) Katsonis, P.; Brandon, S.; Vekilov, P. &.Phys. Chem. B006

. . . 110, 17638-17644.
Note that in the above case studies of ibuprofen and trehalose (22) Russel, W. B.; Saville, D. A.: Schowalter, W. Reolloidal

solutions, the rate of nucleation is not accelerated even whenpispersions Cambridge University Press: New York, 1989.
gel formation or LLPS are observed, i.e., we are working with (23) Bengtzelius, U.; Gae, W.; Sjtdander, A.J. Phys. C Solid State

; ; hys.1984 17, 5915-5934.
systems that nucleate in a sluggish manner. For these systems, (24) Gitze, W.: Sjdander, A.Rep. Prog. Phys1992 55, 241—-376.

it is straigh_tforward to quench to COIjlditiOﬂ_S _Where SOI_Ute (25) Bergenholtz, J.; Fuchs, M.; Voigtmann, JT Phys. Condens. Matter
molecules display strong attractions while avoiding nucleation. 200q 12, 6575-6583.
(26) Schweizer, K. S.; Saltzman, EJJ.Chem. Phy2003 119, 1181~
1196.
IV. Conclusion (27) Foffi, G.; De Michele, C.; Sciortino, F.; Tartaglia, Phys. Re.
) ) Lett. 2005 94, 078301.1-078301.4.

In this work we explored the existence of metastable phase (28) Kaufman, L. J.; Weitz, D. AJ. Chem. Phy2006 125, 074716.%+

transitions such as liquidliquid phase separation and gel 074716.11.

formation in small-molecule solutions. Our results are aided by lgézag)llilargel'l’jglw'; de Kruif, C. G.; Vrij, Al Colloid Interface Sci.

our ability to compare states of solutions at similar values of  (30) He, G.; Tan, R. B. H.; Kenis, P. J. A.; Zukoski, C. F.Phys.
the strength of intermolecular attraction as characterized,by ~ Chem. B2007 111, 12494-12499.

As a result we can develop generalized phase diagrams, which gg ngfﬁe\fé} Sé:oé‘gegﬁig"ﬁ‘/lgenc-the;fg’%?ﬁ 1%2?39‘336-
allow comparison of both small-molecule and nanoparticle  (33) patchelor, G. KJ. Fluid Mech.1983 131 155-175.

solutions. Our studies show that while the equilibrium behavior  (34) Cichocki, B.; Felderhof, B. UJ. Chem. Phys1988 89, 3705~
of the solutes is similar, i.e., they have similar solubilities at 3709.

similar D, values, the metastable states seen on quenching below, 4%5) Cichocki, B.; Felderhof, B. UJ. Chem. Phys199Q 93, 4427~

the solubility boundary are variable. Several explanations drawn ~(36) Bonnett, P. E.; Carpenter, K. J.; Dawson, S.; Davey, Rhm.
largely from studies motivated by colloidal and nanoparticle Commun2003 6, 698-699.

systems are seen to potentially capture the observed trendsDe(372)0c\)/§e75'Sg;§§§ﬁe"e' L. Garcia, E.; Hoff, COrg. Process Res.
. . . .. . . V. y .
These include anisotropic and valence-limited interactions. ™" 3g)"| afferrae, L.; Hoff, C.; Veesler, SJ. Cryst. Growth2004 269,

However, much more work is required to understand how these 550-557.
models can be linked to the observed states. Our studies also (39) Deneau, E.; Steele, @rg. Process Res. 2e2003 9, 943-950.

; fani ; ; (40) Veesler, S.; Revalor, E.; Bottini, O.; Hoff, @rg. Process Res.
point to the limited understanding we have of the nucleation of Dey. 2006 10, 841845,

equilibrium states in nanoparticle and small-molecule solutions. ~ (41) Magazus.; Maisano, G.; Migliardo, P.; Tettamanti, E.; Villari, V.
Mol. Phys.1999 96, 381-397.
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