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ABSTRACT: In this work, we identified a single critical supersaturation, the level of supersaturation above which nucleation will
occur instantaneously, for each of a range of compounds: the amino acids glycindiatidine, the pharmaceutical paracetamol,

the inorganic compound silicotungstic acid (STA), and the protein hen egg white lysozyme (HEWL). Using an evaporation-based
microdroplet crystallization platform, we measured the time required to visually detect the first crystal. Crystals were observed to
form at increasingly higher levels of supersaturation as the rate of evaporation was increased or as the initial solute concentration
was reduced. Through extrapolation of all data of each compound to a nucleation time of zero, we identified a single point of high
concentration, the critical supersaturation, which we found to be independent of the rate of solvent evaporation. Using the classical
nucleation theory and thermodynamics, we correlated this critical supersaturation with surface tension between the nuclei and the
surrounding media, and equilibrium solubility of the solute. This analysis suggests that, at conditions where supersaturation is generated
very slowly, all compounds behave in a similar way such that the rate of nucleation at critical supersaturation is a constant fraction
of the diffusion-limited rate of nucleation.

I. Introduction width of the metastable zone is found to depend on the method
or path by which supersaturation is achieved, suggesting that
rates of both heat and mass transfer are always important in
determining the rate at which crystals form.

In this paper, we explore the effects of the rate of increasing
supersaturation on the induction time and the MZW. In

Active pharmaceutical ingredients (APIs) are usually purified
through crystallization processes in solutiohhese molecules
are “difficult” to crystallize due to their complex molecular
structures, often requiring high levels of supersaturation and

long induction times for crystals to be observed. These SyStemsaccordance with earlier studisi! we found that the MZW

?eli(r)\r%/pl:((:azlIzscer)dlst?(lzlfesg}l(i)zz \tlr?gse;yrr?cf)lzzngrﬁgi d(getgﬁ:a:ar_increased with the rate of increase in supersaturation. However,
d . YSte o P€Mwe also found that if we started with increasingly larger initial
ature ramping, evaporation of solvent, and addition of anti-

Lo . concentrations of solute, the MZW became less dependent on
solvent. Control of crystallization in any of these processes is

S . ; the rate of increasing supersaturation, resulting in a critical value
often limited by inadequate knowledge of crystal nucleation and g sup 9

rowth kinetics. Many experimental and theoretical research of supersaturation, where this dependence is lost and the
9 : y expert . ) induction time approaches zero. We refer to this supersaturation
efforts were geared toward increasing the understanding of

crystallization Kineticg-7 level as the critical supersaturation. We report that a broad class

'As the rate of nucleation is often difficult to m re directl of materials including an API display similar dependence of
s (nerate ot nucieation IS ofte cultto measure direcltly, e inguction time on the rate of increase in supersaturation and
alternative techniques are employed to obtain this kinetic

; . : . s ; initial solute concentration. We explain this dependence in terms
information® Measurement of the induction time, the time one b P

must wait to observe crystals after the solution has reachedOf moIecuIar_ properties throggh the solute solubility and the
supersaturation, is the main approach used. The induction timesurface tension of the sc_;lld/hqwd mterfa(_:e. . .
is often consider,ed to be inversely proportion.al to the nucleation In section Il, we descr_lbe the_evapo_ratlo_n technique u;ed n

- o - our studies to characterize the induction time as a function of
rate and is extremely sensitive to the magnitude of supersatu-

. - . initial solute concentration and rate of evaporation. In section
ration. Measurement of the metgstable zone width .(MZW) IS 11, we provide our results establishing the presence of a critical
another method used to acquire useful information about

. ) ) supersaturation and its dependence on material properties. Then
crystallization processes. MZW is the region between the b P prop

solubility boundary (supersaturation 1) and the metastable in section 1V, the classical nucleation theory is used to link the
>OIUDIIty oundary (sup urati ). . . critical supersaturation to solubility and crystal surface tension.
limit below which crystals do not form within a reasonable time

period. For supersaturation levels above the metastable limit, Finally, in section V we draw conclusions.
crystals form rapidly. Several studies have estimated the width
of the metastable zone experimentally, such that the rate at which
the solution is quenched is instantaneous relative to the kinetics Evaporation-Based Crystallization Platform. To rapidly generate

of the physical processes resulting in crystal formatidh The kinetic data, we take advantage of an evaporation-based crystallization
platform? that allows for the evaporation of solvent from a crystallizing
droplet to the outside environment at a regulated rate through a channel

Il. Experimental Section
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czukoski@uiuc.edu. of predefined geometry and dimensions (Figure 1). Gradual evaporation
t University of lllinois at Urbana-Champaign. of the solvent drives the solution of the droplet to a condition conducive
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Five-microliter droplets of solution were pipetted onto silanized glass
slips (Hampton Research), and the glass slips were inverted and sealed
on top of the evaporation compartment of the platform using high-
vacuum grease (Dow Corning). The platforms were then left in a
temperature- and humidity-controlled environment. To determine the
nucleation time for each experiment, the droplets were checked for
crystal formation regularly (time intervals range from 0.5 to 2 h) using
an optical microscope (Leica MZ12.5). The limit of observation for
this microscope is about/m. Given known rapid crystal growth rates
from literature!*~” we can neglect the time between the actual
nucleation of a crystal and the crystal reaching this minimum observable
(b) al i size (vide infra). After setting up the experiments, if no crystals were
ass slip seen at, saym hours, but crystals were apparentnabours, then the

' nucleation time was taken as n)/2. Typical numbers of crystals
— Solution droplet observed in our experiments range from 1 to 4. The experiments were
carried out under different combinations of temperature and relative
1S humidity (RH). Three replicates of each experiment were performed.
E | Compartment
n 7 . [ll. Results and Discussion
T Microchannel
/ The crystallization behavior of several compounds in aqueous
P1 7 ,"I‘ d solution was explored. We started our studies by determining
T the nucleation time as a function of initial concentration of the
L=7mm solutes (glycine, -histidine, paracetamol, STA, and HEWL) and
D=8 mm P2 the precipitating agents (LiCl and NaCl for STA and HEWL,

_ _ ) o respectively) at different evaporation rates (Figures 2 and 3).
Figure 1. (a) A typical array of evaporation-based crystallization  Note that the concentrations of solute and the precipitating agent
compartments in a polypropylene platform made by micro-machining; yhere present) increase with time as the evaporation progresses
(b) Schematic diagram of an individual crystallization compartment. = . te of ti ithin th f tudi '
Typical dimensions for channel diametér 0.6 to 1.5 mm. orany given rate of évaporalion within the range of our studies,

we observed a linear relationship between the nucleation time

drop. Arrays of 10 of these crystallization compartments are micro- and the initial solute concentration. Each line in Figures 2 and

machined in a polypropylene block to allow for multiple experiments 3 represents a different evaporation rate of water. The experi-
to be performed simultaneously (Figure 1). ments were highly reproducible with the resulting nucleation
The rate of droplet evaporation can be related to the channel {jmes being mostly within a standard deviation of about 10%.

i iti th h . . . L
geometry and ambient conditions throiy Figure 2 shows experimental results of glycine crystallization.

P—P A line can be drawn through the induction times determined at

_ D 2\ A ) . X .

E_R_T PInP_ P T 1) a given rate of evaporation and extrapolated to an induction
1

time of zero where the line intersects with the horizontal axis,

wherekE is the flow rate of evaporating solvent out of the chamier, suggesting that a SOII‘!tlon .WIH crystallize Spontan.erSIy Wlthom
is the diffusivity of solvent vapor in ailR is the gas constant, is the any water evaporation if prepared at that initial glycine
absolute temperatur®, is the total pressure while; is the saturated ~ concentration. If lines are drawn through induction times for
vapor pressure of solvent, aRdis the partial pressure of solvent vapor  different initial glycine concentration for each rate of evapora-
in the laboratory environment. The activity coefficient of the solvent tion, we observe that each extrapolated line intersects the
in the droplet isy, while Ac and L are the cross-sectional area and horizontal axis at the same glycine concentration.of 225.5
length of the evaporation channel, respectively. Typical dimensions of g/L (T = 21°C, Figure 2b). At this temperature, the solubility

the platforms used in this study are shown in Figure 1. . . 18 "
The abovementioned crystallization platform offers several advan- of glycinece is 202 g/L;® indicating that the critical supersatu-

tages. First, each set of experiments takes less than a week and oftef@tion & (= cJce) is 1.12. Similar results are obtained from
less than 3 days; hence, many experiments can be performed in a shor€rystallization experiments with the amino acidhistidine, the
period of time. Second, the evaporation method allows for precise pharmaceutical paracetamol, the inorganic compound STA, and
regulation of the rate of solvent evaporation by altering the dimensions the protein HEWL (Figure 3). For each of these compounds,
of the evaporation channel, thus providing an opportunity to systemati- 5| extrapolated lines intersect at a certain single concentration

cally study the effects of different rates of solvent evaporation (and . . : : .
thus the rate of increase in supersaturation) on nucleation. In addition for an induction time of zero, leading to different valuesSpf

this method requires only minimal amounts of material because of the fOF €@ch compound (Table 1).
small sample volumes (BL) required for each experiment. The definition of critical supersaturation suggests that, if a
Solvent evaporation rates in our studies ranged from 29 tqé#6  solution is prepared with the solute concentration at its critical
h. Prior to the experiments, we validated eq 1 by measuring the drying sypersaturation, nucleation will occur in a very short period of
times of several solution droplets of known volume. These experimental e e have verified this implication by crystallizing glycine,
dry!ng times are in good agreement (wnhﬁ_’ﬁ%) with the calc_ulated STA d HEWL droplets at initial solut tration iust
drying times using eq 1. Thus, eq 1 describes the evaporation process »an - ropiets a _an |n.| lal solute concentration Jus
adequately. atS.. Nucleation occurred quickly in all three cases, and crystals
Experimental Methods. Glycine (Fluka, >99.5%), L-histidine could be seen within 20 min, a time period during which
(Fluka, >99.5%), and paracetamdN{acetyl-4-aminophenol, Sigma,  evaporation of solvent is insignificant. To further test this
98%) were dissolved in DI water (18 ®¥cm, E-pure, Barnstead).  hypothesis, another set of crystallization experiments was
Silicotungstic acid (STA, Sigma) was dissolved in DI water in the conducted, in which droplets of glycine solution (184 g/L) were

presence of LiCl. Hen egg white lysozyme (HEWL, Seikagaku, six . . -
times recrystallized) was dissolved in sodium acetate buffer (0.1 M, introduced into the platform under constant experimental

pH = 4.50) in the presence of NaCl. All chemicals were used without conditions (2I°C, 22% RH, and rate of evaporatien131ug/
further purification. The solutions were filtered through pr syringe ). Then evaporation channels of the platform were sealed at
filters (Nalgene) before being introduced to the crystallization platform. different time points, giving different supersaturated states of
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(a) can be determined if the initial solute concentratigrand the
120 T ' . Y T T rate of solvent evaporatidaare known. From this information,

N, 18°C and 52% relative humidity we can determine the supersaturation in the solution droplet at
=100 | AN - th. We observe that fairly high supersaturations are reached when
% ‘-{‘ '\[l] Normalized Rate the initial concentration is low and the rate of evaporation is
E sofFN1T A °ff:’_r":;‘7‘:" . fast. Figure 4 shows that the supersaturation at different
'; S N TN G- 0246 nucleation timesY(t,) increases with an increasing rate of
S sof- f T \‘-\ v eredi evaporationE and with a decreasing,. These results are in
s Soz A N N, acode accordance with numerous studies showing that the MZW
2 oo NOSUNL - A—0434 . . . .

S 40 j \%\\, -@- 0114 increases with an increase in the rate of supersaturftid©ur
z Ly N [Eroese results specifically indicate that the width of the metastable zone
20 | N also decreases as the initial solute concentration increases and
becomes independent of rate of evaporationSawhen t,
0 . .

160 170 180 190 200 210 220
Initial Concentration (g/l)

approaches zero.

IV. Origins of the Critical Supersaturation

b
( zso — To the best of our knowledge, this is the first report of a
R 21°C and 50% relative humidity limiting point for the width of the metastable zone for nucleation
,:140 i "-{) | of crystals from solution at certain temperature. We observe
120 } . ) ] this phenomenon for a wide range of materials, from a large
P N Normalized Rate . . . .
Eol . of Evaporation | inorganic salt, to a protgln,_and to se_veral organic mol_ecules.
- N, _5—_32332 This critical supersaturation is not a spinodal point, as evidenced
§ 80 f~o . };\_ T804 by the following: First, when we quenched an aqueous glycine
‘§ 60 i N : ] solution to a supersaturation level that is much higher than the
S - . critical supersaturation, no liquigiquid separation was ob-
2 40 = ’ - served. Second, under the experimental conditions useg=(pH
2 ] 4.5 in 0.1 M NaAc buffer and 4.06% (w/v) NacCl), the critical
supersaturation point determined at a lysozyme concentration
0 of 34.7 mg/mL & ~ 10) is well above the spinodal region
150 16°| 1.;’.°|(1:3° 190 230 m;l 220 230 reported in the literatur®.
nitial Concentration (g/l) The value of the critical supersaturati§g which here varies
(c) over a range of £10 depending on the crystallizing compound,
ol 1 v v has a chemical specificity. When one measures an induction/
R 367C and 19% relative humidity nucleation time, one is actually measuring the sum of the time
Twep. 1, . required to form a stable cluster and the time it takes for that
o |1~ . cluster to grow into a crystal of observable size. From the
£ N RN Normalized Rate literature, we know that the rates of crystal growth in our
(= PA T R of Evaporation . — i ;
- SN —e—1.000 experiments are rapitf; 17 thus the time required for the crystal
-] N 43 0.826 to grow to the observable size is insignificant in comparison
® sl Jo #-0669 | . . .
o9 3 ---0.528 with the time required to nucleate a stable cluster. We are
g interested in understanding how the rate of nucleati& aries
2.1 for different solutes and initiate our analysis with the classical
nucleation theory, which relates the nucleation rat® the
N supersaturation and surface tensiph*2°

180 200 220 240 260
Initial Concentration (g/l)

J= ASexp(%) 2)

Figure 2. Nucleation time as a function of initial solute concentration

of aqueous glycine solution for different evaporation rates at three \yhere the preexponential factdr sometimes referred to as the

different combinations of temperature and relative humidity (RH): (a) 4; PURTI ; ; ; ;
18 °C and 52% RH; (b) 22C and 50% RH; and (c) 36C and 19% d}ﬁtl;]smn “mlte? ra:g gfﬂ:]utc.leecljtlc;ln, Ig practically independent
é) € supersaturatio, at Is aefined as

RH. In some cases, the error bars are smaller than the size of the dat
points. Normalized rate of evaporation 0446 ug/h.

_C
S= 3)
VeCe

the solution droplets: (1) ¥ S< & (& = 1.12 in this case as
determined previously); (25 = &; and (3)S > S. For the . .
droplets with supersaturation 1.12 (experiment 1), no crystal In eq 3,y andye. are the activity coefficients of the solvent
formation was observed even after 24 h: however, for the molecules in the solution with solute concentratiomnd ce
droplets with supersaturation 1.12 (experiments 2 and 3), (Solubility), respectively. The preexponential factdrcan be
crystals formed in less than 2 h. These results indicateShat mterprgted as thg diffusion-limited rate of nucleation and is a
indeed represents a natural limiting point for nucleation in coMplicated function of molecular properti€s2°The thermo-
solutions that are slowly increased in concentration at a certain dynamic paramete is given by 20
temperature.

Through a mass balance, the time-dependent concentration
prior to crystal nucleation (i.e., fdr< t,, the nucleation time)

_ 1em?o®

3(kkT)° )
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Figure 3. Nucleation time vs initial solute concentration of four compounds for different rates of evaporation under different combinations of
temperature and RH: (a}histidine, 18°C and 50% RH; (b) paracetamol, 2C and 16% RH; (c) silicotungstic acid (STA), 2C and 18% RH.

The LiCl concentrations range from 0.6 to 1.5M; and (d) hen egg white lysozyme (HEWLE 2hd 24% RH. The NaCl concentrations range

from 1.09 to 3.28% (w/v). The ratios of the solute and salt concentrations, which stay inherently constant throughout each experiment, are specified
in panels ¢ and d.

Table 1. Average Extrapolated Critical Concentration and Critical 10 . r . r
Supersaturation for Different Compounds Crystallizing under e Co= 163 al
. .e a L = -
Various Conditions e 9 il cg= 188 g“
extrapolated critical w 8F -~#--Co=202gll -
solubility  critical conc supersaturation c
compound Ce(Q/L) C(@l) S =ycldyee™ Coce S r 1
glycine (36C) 256.2 263.8 1.03 S e} 4
glycine (27C) 202.0 226.2 1.12 %
glycine (18C) 191.4 218.2 1.14 » °f 1
STA (21°C) 1056.0 1995.8 1.89 o 41 i
L-histidine (18C) 36.2 115.1 3.18 s
paracetamol () 13.2 50.8 3.85 » 3t -
HEWL (21°C) 3.4 34.7 10.22 ) 0= - —_0
aGlycine (in water), STA (2 M LiCl, water),-histidine (water), F e - .
paracetamol (water), and HEWL (4.06% (w/v) NaCl, 0.1M acetate buffer, 1 y . - .
pH = 4.50). Activity coefficients for water in solutions with critical and 0 0.05 0.1 0.15 0.2 0.25
saturated concentrations of soluteandye, respectively, are approximately Normalized Evaporation Rate

equal.

Figure 4. Supersaturation at nucleation tin%,) as a function of
evaporation rate for different initial glycine concentratiods= 21

. 3 .
where v is the molecular volume=f 7d3/6 for a spherical °C, RH = 50%). Normalized rate of evaporation 0446 ug/h.

nucleus with diameted), o is the surface tensiork is the
Boltzmann constant, and is the absolute temperature. When
the solute concentration is set at its critical vayea critical
rate of nucleatiord; can be defined. Thus, rearranging eq 2 in
terms of& yields:

The fraction of the limiting rate of nucleatiorl(A) that
occurs a§; can be estimated using eq 5 as long as the parameter
B can be evaluated. This requires knowledge of the surface
tension between the nuclei and the surrounding media, for which
purpose one can exploit correlations between surface tension

3 2 _
In°§ + In(AVJ) In"§ —B=0 (5) and solubility. The surface tensianbetween the nuclei and
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Table 2. Calculated Values of Surface Tensions and Thermodynamic ParametersB from Solubility ce, Solid Density ne;, Molecular Sized,
and Equilibrium Activity Coefficient . Using Christoffersen’s Correlation?*

solubility solid density molecular activity surface tension
compound ce (g/L) ner (Q/L) sized (nm) coefficientye o (mJ/n?) B
glycine (36C) 256.2 1160 0.53 0.91 7.75 0.61
glycine (2xC) 202.0 1160 0.53 0.93 8.37 0.89
glycine (18C) 191.4 1160 0.53 0.93 8.53 0.98
STA (21°C) 1056.0 6620 1.20 0.40 2.47 3.09
L-histidine (18C) 36.2 1440 0.70 0.97 9.79 7.59
paracetamol (2C) 13.2 1290 0.72 0.98 11.63 14.44
HEWL (21°C) 3.4 1240 3.40 0.58 0.72 39.64

the surrounding mother solution is strongly correlated to their
solubility ce..?124 Nielsen and SeneP! introduced a common
linear relationship between and Inge) for 32 electrolytes in
aqueous solution. Bennema andh8el??2 and Mersmani?
independently extended this analysis on electrolytes by applying
regular solution theory and classical thermodynamics, respec-
tively. Moreover, Christoffersen et &l.re-derived the relation

critical supersaturation as a function of solid/liquid surface
tension and reveals a remarkable agreement between experiment
and the model (eq 5, with IA(J;) = 5.15). Note that in this
case the surface tension is calculated from physical properties
that are totally independent from nucleation data, suggesting
that from knowledge of solubility and crystal density, one can
estimate the surface tension, and from this value, the critical

based on surface nucleation using fewer assumptions than thesupersaturation. Several studies have shown that the classical

previous studied!—23
Following the analysis of Christoffersen et #l.we link
solubility and crystal surface tension as

O'd2 _ 1 In( r’|cr)
Vel

KT = ©)
where od?/KT is the dimensionless surface tension amdis
the density of crystal. Values for the density of crystajsof
the respective materials are obtained either from the Material
Safety Data Sheet (MSDS) for glycingshistidine, and par-
acetamol, or from the literature for STA and HEVRA:26Values
for the solubility of each of the compoundsare obtained from
various literature sourcé8:252729 Values for the respective
molecular sizesl are either estimated from unit cell parameters
for glycine,L-histidine, and paracetam#t,3? or obtained from
the literature for STA and HEWE>33Values for the respective
activity coefficientsy. are obtained from the literature for
glycine3* and are estimated from an approach introduced by
Lewis and Randaif for the other compounds. Table 2 lists the
calculated surface tensions and values Bffor all five
compounds used in this study.

With the value oB estimated, we rearrange eq 5 to determine
a value of 5.15 for In&/J.) from the slope of a plot off-In3S.)

nucleation theory captures the energy barrier for nucleation well
but has difficulties predicting the absolute magnitude of the
nucleation rate, often being off by many orders of magni-

tude3429That the critical supersaturation as determined in the
experiments carried out here occurs at some fixed fraction of
the fastest possible rate of nucleation is truly intriguing.

Several features of the data are worthy of comment. First,
the data in Figure 6 indicate that as the solubility of the material
in question decreases, the critical supersaturation increases.
Indeed, those materials with the highest solubilities have the
lowest surface tensions and thus the lowest valu&s &econd,
the correlation developed here is demonstrated for a variety of
compounds that crystallize into a variety of point groups with
a variety of crystal packing. Thus, we anticipate that the
existence of the critical supersaturation is a general phenomenon
for small and large molecules, suggesting that nucleation occurs
in similar ways for each of them. Finally, when in the limit of
low surface tensions approaches unity.

In sum, the critical supersaturation described here is deter-
mined by increasing the solute concentration extremely slowly.
Under these conditions, our theoretical analysis presented here
based on the classical nucleation theory suggests that all
compounds behave in a similar way such that the rate of

1 r T T T
as a function (_)f_ (IP&) as shown ir_1 Figure 5. That the nu_cleation 010} o Experimentals HEwLY |
rate at the critical supersaturation is the same fraction of the n 0 c
diffusion-limited rate of nucleatiom (JJA = 0.0058) for all S Model S,
the compounds investigated is surprising. Figure 6 shows the ® 8 i
27 i
30 [ . . . . r 5 s} |
y =5.1473x R 2 s} i
25 R2-09812 L+~ HEWL s 1 |
o n L * Paracetamol
_ 2} = i s 3} L-Histidine 4
0’ 52 STA '
£ 15} P |=In(AIJc) . 1 “él ine (3 -
nI: Paracetamol® ,*’ 0 , Slycing (3x) .
~ 10} - 0 0.3 0.6 0.9 1.2 1.5
sl - L-Histidine ] ot 'IKT
ST’A,' Figure 6. Comparison of experimental data and model predictions
o |#*Glycine (3x) i for critical supersaturation as a function of dimensionless surface
6 1 ) . ; ; p tension,od?kT. Experimental conditions are glycine (18, 21, and 36

3
(|nzsc)

Figure 5. Plot of B-n® &) versus (I3 &) for different compounds.
From eq 5, it follows that the slope of this plot equalsAlid().

°C, in water), STA (21°C, LiCl, water), L-histidine (18°C, water),
paracetamol (22C, water), and HEWL (2EC, NaCl, 0.1M acetate
buffer, pH= 4.50). The calculated curve is obtained by settingMn(

Jo) = 5.15. In most cases, the error bars are smaller than the size of
the data points.
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nucleation at this point is a constant fraction of the diffusion-
limited rate of nucleation.

V. Conclusion

In this paper, we have systematically studied the crystalliza-
tion of several chemical compounds (glycinehistidine,
paracetamol, STA, and HEWL) using an evaporation-based
crystallization platform that enables precise control over solvent
evaporatiort? We observed a linear relationship between
nucleation time and initial solute concentration at different rates
of evaporation. Also, we have identified a certain supersaturation

above which spontaneous nucleation occurs instantaneously, the

critical supersaturationfor each of these compounds.
We have correlated this critical supersaturation to solubility

of the solute and surface tension between the nuclei and the

surrounding media through well-established concepts of the
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