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A B S T R A C T

Comparison between the solubility of L-Isoleucine as measured using gravimetric and dissolution methods re-
veals significant differences which is consistent with the presence of solute aggregation in solution. Calculation
of the critical aggregation concentration confirms this analysis revealing this concentration to lie between the
two measured solubility values suggesting the existence of a stability zone roughly defined by the temperature/
concentration range of 40 °C/33 g/L to 75 °C/42 g/L in which a mixture of free and aggregated molecules under
the slurried conditions appear to exist. Dynamic light scattering result reveals that the aggregate size lies within
the range of 40–170 nm. The potential impact of relying on the measurement of solubility using gravimetric data
based on solution isolation of the slurried state for such systems is highlighted through a comparison of the
values of representative crystallization parameters such as metastable zone width (MSZW) and nucleation ki-
netics as determined using solubilities derived from both methodologies. Reduction in solution pH in the ag-
gregated molecular state is consistent with the aggregates being formed from neutral species suggesting, in turn,
that this compound might crystallize via a 2-step nucleation process. This research suggests that caution should
be exercised when using solubility data derived from gravimetric measurements particularly for amphiphilic
molecules where solute ordering in solution might be expected.

1. Introduction

Solubility is the maximum amount of a given compound that can be
freely dissolved in a solution when at equilibrium with its associated
crystalline solid form at a certain temperature and pressure [1,2]. So-
lubility information is very important in designing solution crystal-
lization processes for separation and purification purposes, especially in
the pharmaceutical industry [3,4] where solubility is also a key para-
meter in determining the efficacy of drugs [5,6]. Solubility can be de-
termined using many methods and the gravimetric method [7–10], in
which the concentration of solute in the solution at the desired tem-
perature is determined in the presence of excess solute in the solution, is
widely used. Solubility can also be determined from polythermal crystal
dissolution experiments, as measured as a function of constant solution
heating rate [11–13]. To date, no attempt has been made to compare
the solubility result between the gravimetric method and dissolution
method, where the data directly affects the metastable zone region, and
hence supersaturation calculation, which is crucial for the estimation of
nucleation kinetics in crystallization process. Metastable zone is

evaluated using temperatures derived from both solubility and crys-
tallization data [14,15]. It is always assumed that the saturation tem-
perature determined for solubility is the same regardless of the different
methods used. Researchers have used either solubility data derived
from gravimetric [7,16,17] or dissolution method [11–13] for kinetic
evaluation without necessarily evaluating whether these two methods
will provide different saturation temperatures, where the difference in
saturation temperature reflects the amphiphilic behavior of a particular
solute molecule and/or indicate a degree of solute aggregation within
the solution state.

Generally, the molecules of hydrophobic compounds, when dis-
solved in water, can tend to self-assemble [18] forming aggregates,
since water itself has high cohesive energy [19–22]. Molecular self-
assembly in water can also result in monolayer formation at the water-
air interface [19] with the hydrophobic groups of the molecules tending
to ‘escape’ from the energetically unfavourable aqueous environment
by protruding into the vapour phase above the water surface [23]. For a
colloidal system at a concentration above the critical aggregation
concentration (CAC) or solute ordering, the molecules can tend to self-
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assemble in solution [24], and aggregate together to form spherical
micelles [25] with the hydrophobic group sheltered from the water by a
mantle provided by hydrophilic groups. When the concentration of the
aggregated phase increases, there is a possibility for such micelles to
grow forming, e.g. cylindrical, vesicles, planar bilayer or inverted mi-
celle structures depending on the nature of their inter-molecular
packing [25] geometry and on the physico-chemical properties of the
compound. The CAC can be determined by several methods including
conductivity measurements, surface tension, fluorescence spectroscopy,
foaming, voltammetry, scattering techniques, nuclear magnetic re-
sonance spectroscopy and calorimetry [26].

L-isoleucine, the compound investigated in this study, is known to
be the most hydrophobic amino acid (hydrophobic character of 1.83)
and one which exists as zwitterions in solution [27,28]. The solubility
of L-isoleucine in water has been previously studied by Zumstein &
Rousseau [7], Anuar et al. [9] and Matsuo et al. [29] providing broadly
similar results using the gravimetric method, suggesting that this
method is indeed a reliable method. However, analysis of this material’s
solubility using dissolution method has been found [9] to give lower
solubilities when compared to the solubility calculated using gravi-
metric data. Given the potential impact of inaccurate solubility data on
the design of the crystallization process and its associated nucleation
kinetics determination, further examination of these differences is
clearly needed.

In this paper, the effects of data (temperature and concentration)
extraction from both gravimetric and dissolution solubility methods on
the assessment of the crystallizability and nucleation kinetics of L-iso-
leucine have been analyzed and compared with a view to assessing the
origin of the high solubility determined using gravimetric method.
Comparative analysis of analogous data from both dissolution and
gravimetric experiments have not, to the authors’ knowledge, been
carried out and hence these differences in solubility have been in-
vestigated as a function of temperature, pH and solute concentration.
Additionally, the critical aggregation concentration was also measured
and this, together with dynamic light scattering measurements was
used to quantify and rationalize the resulting analysis. Finally, a com-
parative analysis of the solubility and nucleation kinetics as derived
from these two methods is provided in order to access their impact on
crystallization.

2. Materials and methods

2.1. Material

L-isoleucine, molecular formula C6H13O2N, molecular weight 131.2
and purity greater that 99.0%, was purchased from Merck. Distilled
water was used to make up the solutions. L-isoleucine used in this work
was a form A polymorph. L-isoleucine is a zwitterionic molecules
consists of a carboxyl (COO−) functional group, an amino (NH3+)
functional group and an alkyl side chain. The molecular structure of L-
isoleucine can be found in Supplementary Material, section S1.

2.2. Solubility determination

Solubility data using the gravimetric [7–9] method were taken from
Anuar at el. [9], whilst its determination from dissolution [10] ex-
periments, were carried out in a jacketed reactor with constant stirring
provided by a retreat curve impeller and temperature regulated by a
programmable refrigerated bath. In this, a known amount of L-iso-
leucine was added to 200mL distilled water in the jacketed reactor at
25 °C and heated up to 85 °C for one hour at a rate of 0.7 °C/min. The
experiments were carried out as a function of solute concentration of
21, 23, 25, 30, 35, 40 and 48 g/L. The dissolution process was carried
out as a function of heating rate (0.7, 0.5, 0.25, and 0.1 °C/min) with
the dissolution temperature being taken as that associated with the
dissolution of the last crystal dissolved in the solution. In this work, the

dissolution temperatures were detected by using eye visualization, in
which the temperatures were noted when no more crystals were de-
tected in the solution. The dissolution process was carefully and at-
tentively observed, and each reading was repeated three times, with
standard deviation for dissolution temperature between 0.1 °C and
0.8 °C. The dissolution temperature as a function of heating rate was
extrapolated to zero rate which was taken as the equilibrium solubility
temperature for a given concentration.

A description of the methodology used for gravimetric analysis is
given in Supplementary Material (section S2). A comparison between
the solubility parameters derived by the gravimetric and dissolution
methods is given in Supplementary Material (section S3).

2.3. Critical aggregation concentration determination

The critical aggregation concentration (CAC) was determined
[26,30] using a conductivity meter for concentrations from 20 g/L to
55 g/L and temperatures between 25 °C and 75 °C using the same
jacketed reactor as described in 2.2. In this, a fixed amount of L-iso-
leucine was added to 100mL of distilled water which was equilibrated
for an hour after which the conductivity probe was inserted into the
solution and the conductivity was measured.

2.4. Estimation of aggregate size and shape

Aggregation size measurements were carried out using dynamic
light scattering (Malvern Zetasizer Nano ZS90). The sample was pre-
pared by dissolving a known amount of L-isoleucine into 50mL of
distilled water, and following complete dissolution, the clear solution
was drawn using a syringe and transferred into a clear disposable cell
and analyzed. Each sample measurement was repeated three times and
the aggregate size distribution was measured. The number of molecules
in the aggregate, M was calculated as a function of aggregation size
using Eq. (1) [20]:

=M R
a

4
o

2

(1)

where R is the radius of aggregate and a0 is the polar surface area. For
L-isoleucine, the polar surface area was taken to be 63.3 Å2 [31]. The
estimation of the type of aggregate formed (e.g. spherical micelles,
inverted micelles, vesicles, etc.) was assessed through solution dilution
experiments. In this, a solution (40 g/L at 50 °C) was diluted to a series
of low concentration solutions (38, 36, 34 and 32 g/L) followed by
measurement of the aggregation size of solute in solution.

2.5. Measurements of the species pKa and solution pH with respect to the
presence of aggregates

L-isoleucine exists as a zwitterion molecule in solution, which
means that the total charge on the molecule would be expected to
change as a function of the solution pH depending on the molecular
dissociation constants (pKa) for the ionisable functional groups in the
molecule. In this case, there are three possible L-isoleucine molecular
species in solution, namely [RH+], [RHo] and [RH−]. These represent
cationic, neutral and anionic states, respectively which reflects the total
molecule’s charge they carry in the solution, which is due to inter-
molecular proton transfer.

The values for pKa1, and pKa2 were determined by using a standard
procedure, in which an S curve was generated and the values of [RH+],
[RHo] and [RH−] were determined from the Henderson-Hasselbach
equation [32] (derivation can be found in Supplementary Material,
section S4). The pH of L-isoleucine solutions with a known aggregates
size distribution was also measured using a 100mL L-isoleucine solu-
tion of a known concentration and temperature with the combination of
concentration and temperature selected for this experiment being based
on the measured aggregate size distribution.
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2.6. Determination of the nucleation parameters

The assessment of nucleation parameters was carried out using the
polythermal and isothermal crystallization data from Anuar et al. [9].
In this, the solubility data, calculated from both the gravimetric and
dissolution methodologies were used to calculate the solution super-
saturation (S). The latter was defined as the ratio of the actual solute
concentration (C) with respect to the material’s equilibrium con-
centration, (C*) under the same conditions. Using these data, nuclea-
tion kinetic parameters based on both isothermal and polythermal
analysis methodologies were determined. For the isothermal experi-
ments, the induction time [9] (tind) was taken to be the elapsed time
between the creation of supersaturation and the detection of the solid
phase [33–35] with the rate of nucleation (J) being determined using
classical homogenous nucleation theory [34]. For the polythermal ex-
periments, Nývlt’s empirical approach [13,36,37] was used for analysis
of the MSZW and the nucleation rate. The background theory and de-
tails underpinning methods used is defined in Supplementary Material,
section S5.

3. Results and discussion

3.1. Solubility measurements

Data associated with the solubility determination is summarized in
Fig. 1. Fig. 1(a) shows the dissolution temperatures of L-isoleucine in
water determined at different rates, which shows that the heating rates
applied to the solution does not give significant effect to the dissolution
temperature. This result justifies the choice of heating rate of 0.7 °C/
min in determining other dissolution temperatures for concentrations of
21, 23, 25, 30, 35 g/L in Fig. 1(b). Fig. 1(b) shows the plot of the
crystallization temperature, gravimetric solubility and dissolution so-
lubility obtained from this study, together with the illustration of data
retrieval for MSZW and supersaturation ratio, S=C/C* (detail equa-
tions can be found in Supplementary Material, section S5). The results
show that the gravimetric solubility is substantially higher than dis-
solution solubility. Both data were extensively used by many previous
researchers in describing nucleation kinetics and supersaturations of
crystallization process [7,11–13,16,17] and in this paper, the impact of
using these data, without validity assessment were discussed. The use of
these data for MSZW calculation at infinitesimal slow cooling rate
(≈0 °C/min) and at 0.7 °C/min were shown in Fig. 1(d). The gravi-
metric solubility was determined without the effect of heating rates, but
for the calculation of this data, the MSZW for gravimetric solubility was
determined as the difference between the gravimetric solubility and the
crystallization temperature obtained at the respective rates. The result
in Fig. 1(d) shows that the use of gravimetric solution for MSZW cal-
culation was underestimated as the MSZW calculated from dissolution
solubility (the actual solubility) is always higher. The effect is also
apparent for the calculation of supersaturation ratio, in which its value
will be consistently underestimated, if calculated using gravimetric
solubility. Fig. 1(c) presented in this paper, which was reproduced from
Anuar et al. [9] depicts the change of MSZW with cooling/heating rates
and concentration. The MSZW is highly dependent on the concentration
and rates, and the MSZW used in Fig. 1(d) was obtained from Fig. 1(c).
The MSZW at cooling/heating rate, b ≈ 0 °C/min is the intercepts of
these lines and the y-axis. Fig. 1(e) shows the van’t Hoff plots of this
solubility data in comparison to that expected from ideal solubility
behaviour.

3.1.1. Measurements using gravimetric methods
The solubility measured by the gravimetric method previously re-

ported [9] was found to be close to that produced by Zumstein &
Rousseau [7], whilst assessment of this data by Anuar et al. [9] using
the van’t Hoff equation has revealed the solubility of isoleucine to be
quite low (see Fig. 1(d)). Such a low solubility for L-isoleucine in

aqueous solution is perhaps not surprising given the mostly hydro-
phobic nature of the molecule with only the carboxylate ion being
available for solvent binding. Nonetheless, its solubility was found to be
substantially higher than predicted based upon ideal solubility beha-
viour, consistent with strong solvation intermolecular interactions with
between L-isoleucine solute molecules and the water [38]. The presence
of a change in the slope of the solubility-temperature plot at 45 °C has
previously been interpreted as being due to the presence of a metastable
polymorphic form (Form B) [9] with both polymorphs being en-
antiotropically related.

3.1.2. Measurements using dissolution methods
An example of the experimental dissolution data for 42 g/L solute in

solution sample is shown in Fig. 2(a) to (d). These show the solutions at
25 °C (a); at 51 °C (1 h) (b); at 51 °C (144 h) (c) and at 64 °C (d). From
this it was clear that the expected dissolution temperature [9] based on
the gravimetric data of 51 °C was inaccurate as evidenced by crystals
still being present even after 144 h at this temperature. Variation in the
heating rates used for these measurements was not found to sub-
stantially change the measurement of dissolution temperatures, i.e.
recording an average temperature, Tdiss of 64.10 ± 0.15 °C).

3.2. Comparison between solubility parameters derived from gravimetric
and dissolution methods

Examination of the solubility data shows that the solubility mea-
sured from the dissolution data was lower than that from gravimetric
measurements with both ‘solubility’ lines being found to be sub-
stantially higher than that for the ideal solution behaviour, the latter
indicative of negative deviation from ideality indicating preferential
inter-molecular interactions between L-isoleucine molecules and water
[38]. For example, examination of the solubility data reveals that at
25 °C, the ideal solubility is 4.4× 10−4 g/L in comparison to 34.9 g/L
and 23.31 g/L for the gravimetric and dissolution solubilities, respec-
tively. The low overall ideal solubility reflects the unusually high
melting point of 288 °C [9] for L-isoleucine, whilst the high differential
between ideal and measured solubilities would suggest that the iso-
leucine molecules must be extremely well solvated. This is perhaps
surprising given relatively small hydrophilic surface area for this mo-
lecule.

The higher gravimetrically determined ‘solubility’ would be con-
sistent with the presence of solute aggregation within the solution
phase. Presumably an increase in the solution temperature would break
up these aggregates and hence facilitate the effective full dissolution of
both the crystals and aggregates within the solution. Such a model
would suggest that a more accurate value of the solubility would be
obtained from the dissolution measurements. The solubility of L-iso-
leucine measured by using gravimetric method clearly shows two dis-
tinct regions (I and II) with a point of inflection at about T=45 °C
suggesting the presence of a phase transformation when in the ag-
gregated solution state. However, further work is clearly needed to fully
quantify this effect. The activity coefficient of of this system, as derived
from the van’t Hoff plots of gravimetric solubility and dissolution so-
lubility from Fig. 1(e), shows (see Supplementary Material S3) that the
activity coefficient of L-isoleucine is very low, i.e. within the order of
10−4 to 10−6, reflecting its tendency forming aggregates in water and
its hydrophobic behaviour in solution. A comparison between the two
solubility methods reveals the γa value for dissolution method to be
higher (γ= 1.2× 10−5 to 8.4× 10−4) and further from ideality than
that calculated for gravimetric method.

3.3. Comparison between nucleation kinetic parameters derived from
gravimetric and dissolution methods

The measurement of accurate solubility data is important for the
assessment of metastable zone width (MSZW) and nucleation kinetics.
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In this, solubility is often taken as the dissolution of a compound
[10,39,40]. Given that this work has shown that the concentration of L-
isoleucine as determined using gravimetric methods is higher than that
determined using dissolution methods, it is perhaps informative to
compare the nucleation parameters obtained from solubility data using
these two methods.

Data in Fig. 1(d) (from polythermal crystallization experiment) and
Table 1 (from isothermal crystallization experiment) show a compar-
ison between crystallization parameters derived from the gravimetric
[9] and dissolution solubility experiments, with the former yielding

narrower MSZWs (1.5–3.5 fold) and hence, higher nucleation rates
(deviation between 1.9% and 47%, depending on the cooling rates
used) than the latter. The calculation carried out using Nývlt equation
shows that the order of nucleation, m from dissolution data is about 2–3
folds higher than from gravimetric solubility data, whilst the values for
the nucleation rate constant, k are in the order of between 100 and
1000 folds higher. On the other hand, the use of gravimetric solubility
parameters derived from data from isothermal crystallization experi-
ment of L-isoleucine can be expected to clearly affect the estimations of
nucleation rate, the critical radius and the number of molecules

Fig. 1. (a) Heating rates applied shows almost no effect to the dissolving L-isoleucine in water, (b) Crystallization, gravimetric solubility and dissolution curves of L-
isoleucine, showing that the solubility derived from dissolution measurements is lower than that from gravimetric measurements for a given temperature, (c) the
change of MSZW with rates and concentrations (Reprinted (adapted) with permission from Anuar, N; Wan Daud, W.R.; Roberts, K.J.; Kamarudin, S.K.; Tasirin, S.M.
Crystal Growth & Design. 2009, 9: 2852–2862. Copyright (2009) American Chemical Society.) (d) Comparison between calculated MSZW as determined using
solubility data obtained from gravimetric [9] and dissolution (this work) experiments. The notation, b refers to heating /cooling rate applied to the solution (oC/min),
during the dissolution and crystallization process, and (e) the van’t Hoff plots of the aqueous solubility of L-isoleucine as determined by gravimetric and dissolution
methods together with the ideal solubility.
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corresponds to the critical radius.
Comparison between the calculated values for the nucleation rate,

critical radius and number of molecules associated to the critical radius
for both high and low supersaturations and for starting solution system
of 42 g/L are given in Table 1. This analysis shows that for the lower
supersaturation (S < 1.29), the calculated nucleation rates based on
the gravimetric data are about 2-fold higher than the nucleation rates
calculated using dissolution data. For higher supersaturations
(S > 1.35), the differences are even greater, typically 200–500-fold

higher. Similar discrepancies can be seen in the calculation of the cri-
tical cluster sizes (r*) and number of nuclei per cluster (N*).

3.4. Characterization of aggregates in solution

L-isoleucine has ammonium and carboxylate hydrophilic groups
bonded to the α-carbon, both of which would be expected to have a
good affinity with water in contrast to the four hydrophobic alkyl
groups. Such a molecular structure would be consistent with L-

Tsol = 51°C
After 1 hour

Tsol = 51°C
After 144 hour

Tdiss = 64°C

T= 25°C
After 1 hour

)b()a(

)d()c(

Fig. 2. Visual images of L-isoleucine solution at different temperatures and times, (a) 25 °C after 1 h, (b) 51 °C after 1 h, (c) 51 °C after 144 h highlighting that the
crystals did not fully dissolve at solution saturation temperature, Tsol 51 °C as determined using gravimetric data; (d) at the measured dissolution temperature, Tdiss
64 °C.

Table 1
Calculated values for the nucleation rate, J (from isothermal crystallization experiment) [9], critical radius, r* and number of molecules associated to critical radius,
N*, and for an initial solution concentration of 42 g/L as calculated from dissolution and gravimetric data at low (S < 1.29) and high supersaturation (S > 1.35).

S T(°C) Nucleation rate, J (no./m3.s) Critical radius, r* (Å) Critical number of molecules, N*

Dissolution data Gravimetric data Dissolution data Gravimetric data Dissolution Gravimetric

Low 44.30 2.10× 1035 4.52× 1035 8.32 10.56 11.48 23.45
40.00 3.46× 1035 7.45× 1035 6.82 6.39 6.31 5.20

High 36.80 1.17× 1033 5.97× 1035 12.24 7.19 36.47 7.39
34.60 3.16× 1033 6.58× 1035 11.26 6.44 28.40 5.33
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isoleucine forming aggregates in water (or other solvents) due to its
amphiphilic nature.

3.4.1. Determination of critical aggregation concentration (CAC)
The conductivity for aqueous L-isoleucine solutions as a function of

solute concentration and temperature is shown in Fig. 3(a). The plotted
data reveals a distinct change at the CAC in slope and would be con-
sistent with the presence of molecular aggregates in the solution
[24,41,42]. CAC inflection points can easily be seen at temperatures
above 40 °C. For concentrations above these CAC points it would be
expected that aggregates and free molecules would co-exist, whilst
below the CAC points, the solute would exist only as free molecules
[23] reflecting the fact that the change of slope is caused by the pre-
sence of aggregation. However, at 25 °C, regardless of solution con-
centration (in this case tested for solution between 20 and 35 g/L), no
change of slope was observed, which indicates that aggregates do not
exist at 25 °C. The conductivity measurement for this temperature for
concentrations above 35 g/L could not be measured as this was above
the solubility limit for this material. Fig. 3(a) also shows that the con-
ductivity values at every temperature increases when the concentration
increases even at a concentration above the CAC point, but with a lower
slope. The ionic species contributing to the solution conductivity can be
expected to be from the protonated amino group, NH3+ and deproto-
nated carboxyl group, COO− of L-isoleucine. The slight increase in
conductivity after the CAC is reached would be consistent with the
presence of free single (un-aggregated) molecules in solution [24]. As
the concentration increased, the surface layer would be expected to
become more saturated with the L-isoleucine molecules and the con-
ductivity would no longer be able to increase. The molecules would be
expected to aggregate in order to reduce the surface tension of the so-
lution by shielding the hydrophobic tail the aqueous solution [27]. It is
likely that the aggregates formed in solution would be expected to be
micelles as concluded from the dilution experiments, based on solution
characterization at concentrations which are known to contain ag-
gregates. Upon dilution, the aggregates in the solution disappeared with
only the free molecules being detected in the solution.

Fig. 3(b) shows the CAC data overlaid with the solubility. The re-
sults show that the CAC points lie within the region between the re-
spective solution concentrations derived from the gravimetric and dis-
solution measurements. The data mostly lies within a 3-phase region, in
which aggregates and free molecules appear to co-exist with the solid

crystallographic phase of L-isoleucine, and consistent with the ob-
servation that the L-isoleucine crystals were not found to dissolve at
temperatures, Tsol, as shown in Fig. 2(b) and (c). Such a co-existence
probably reflects the amphiphilic nature of the L-isoleucine molecule
when the free energy gain through the formation of thermodynamical
stable molecular aggregates, which are dispersed in solution is higher
than that resulting from solute solvation in an ideal solution environ-
ment.

3.4.2. Aggregate size determination
The aggregate size as a function of solute concentration and tem-

perature is given in Table 2 revealing evidence, through the d50 data,
for a bimodal size distribution as would be, consistent with the presence
in solution of both free molecules and molecular aggregates. For ex-
ample, at a solution concentration of 46 g/L and a temperature of 69 °C,
only one size was detected, which is 0.70 nm, whereas at the same
concentration but at 63 °C, two sizes were identified, i.e. 0.60 nm and
80 nm. The aggregate sizes determined from Table 2 were also plotted
on Fig. 3(b) to highlight the temperature and concentration range for
which the free molecules and aggregates were found in the solution. As
example, the mean aggregation number, M, calculated using Eq. (1) for
the data taken at 63 °C for a concentration of 46 g/L, aggregation sizes
of 0.60 nm and 80 nm, were found to be 2 and 31767, respectively,
which would be consistent with the presence of a mixture of free mo-
lecules (monomers or dimers) and the aggregates typically containing
about 1000 molecules in the solution state. The errors of the aggregate
size measurement are in the range between 3.4% and 24.5%, respec-
tively. Analysis of aggregate size as a function of reduced concentration
at constant temperature revealed evidence for the type of aggregates
(e.g. spherical micelle, bilayer, inverse spherical micelles) in the solu-
tion. The analysis of the particle size distribution for L-isoleucine so-
lution concentrations of 33 g/L, 38 g/L, 43 g/L and of 48 g/L at tem-
peratures shown in Table 2 is presented in Supplementary Material,
section S6. Examination of the 40 g/L data reveals the presence of two
size distributions within the solution indicating a mixture of free mo-
lecules and aggregates consistent with the CAC value at 50 °C is
36.64 g/L. Similar behaviour has been reported by Ferrer-Tasies et al.
[43] who detected multiple sizes of aggregates in solution consistent
with the presence of mixed micelles. In contrast, and below the CAC at
32 g/L, only the smaller size distribution was detected in the solution,
indicating that only free molecules exist in the solution. Other

Fig. 3. (a) Conductivity of L-isoleucine solutions at different solute concentrations and temperatures revealing evidence for the molecular aggregation in the solution.
(b) Solubility data of L-isoleucine as determined using the gravimetric and dissolution methods. The CAC were also plotted (coloured area region), showing the
boundary between the free molecules and the aggregation region. Symbols used in this graph also refer to the temperatures and concentrations for which the size of
molecules/aggregates were determined in the solution (see Table 2).
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measurements at concentrations 38, 36, 34 and 32 g/L were also found
to display similar results and were consistent with the data shown in
Fig. 3(b). Overall, the data suggests that the aggregates formed at high
concentrations could be easily dissolved into the free molecule forms,
which could indicate the aggregates are formed based on the weak
inter-molecular interactions such as by a simple hydrogen bond net-
work and/or van der Waals interactions. However, clearly further work
is still needed to fully characterize these aggregates in order to fully
characterize this behaviour.

3.4.3. Effect of pH on aggregation
The zwitterionic L-isoleucine is a molecule that easily dissociated

into three species; the neutral [RHo] and the ionized [RH+], and [RH−]
species, which changes with the solution pH9. In this work, the corre-
lation between the pKa1 (acidic solution) and pKa2 (basic solution); and
temperature, T of the solution were found to be linearly related as
described by Eq. (2) and (3); respectively,

= +pk T0.0094 9.8a2 (2)

= +pk T0.0203 3.0a1 (3)

The concentration of these [RHo] species which have both a nega-
tive charge from carboxyl group and a positive charge from the amino
group in its molecule structure is the dominant species at pH 7. The
anionic [RH−] species has a negative charge carboxyl group in its
molecule and is dominant in an alkali environment, whilst the cationic
[RH+] species is dominant in acidic solutions. Previous work [9] has
shown that the species dissociation behavior is temperature-dependent
and that increasing the temperature changes the species equilibria, e.g.
promoting the dissociation of [RH+] to [RHo], and [RHo] to [RH−].
Measurements of the solution pH for the various concentrations, which
were defined by a known aggregate size distribution and shown in
Fig. 4, revealed that lower pH values were recorded for solutions con-
taining both free molecules and aggregates, whilst for solutions con-
taining only free molecules, the pH values were higher. This would be
consistent with a reduction in the concentration of neutral [RH°] spe-
cies as free molecules associated with the aggregation into molecular
clusters. The analysis of species distribution with temperature and
concentration showed that the neutral [RHo] was the dominant species
within the temperature and concentration range examined in this work,
with respect to the ionized cationic [RH+] and anionic [RH−] species.
The graphical representation of these distributions is shown in Fig. 5
highlighting the inter-relationship between the species concentrations,
solute concentration and temperature as calculated from the Hen-
derson-Hasselbach equation. The variation of pH and the pka values
with temperature are given in Table 2. However, it is interesting to note
that the concentration of the [RHo] species for the free molecules in-
creases as a function of solution the concentration and temperature of

the increases. This is consistent with the self-assembly of free molecules
forming aggregates associated with concomitant reduction in their
concentration in solution. On the other hand, the concentration of free
molecules for the [RH+] species in the solution remains higher than
that of the [RH−] species, regardless the change of concentration and
temperature of the solution. In the region where both free molecules
and aggregates co-exist, the amount of aggregated [RH+] species was
always found to be higher than the amount of positively charged free
molecules. The [RH−] species, which usually dissociated from the
[RHo] in alkaline solution, remained, as expected, at low concentration
within the solution albeit with a small reduction in its concentrations as
it moved from the free molecule to the molecular aggregation region.
Reduction in solution pH in the aggregated molecular state is consistent
with the aggregates being formed from the [RHo] neutral species sug-
gesting, that this compound might crystallize via a 2-step nucleation
process. However, this theory has yet to be proven within the vicinity of
investigation carried out in this work and thus we are not able to
confirm with a high degree of certainty that this system deviates the
classical nucleation theory.

3.5. Solute aggregation implications for the nucleation mechanism

Whilst these observations of the aggregation of neutral [RH]° solute
species, as reported here, have been based upon measurements made
under equilibrium conditions, their presence might also be indicative
with a two-step nucleation mechanism [44] given the aggregates seem
to be mostly composed of neutral species. However, this comment

Table 2
Dynamic light scattering data highlighting the sizes of molecular aggregates for various solution concentrations and temperatures. The symbols used in this table are
in reference to the temperatures and concentrations used to determine the size of the aggregates (see also Fig. 3(b)).

Conc. (g/L) Symbol Temp. (°C) pH pka1 pka2 Size at d50 (nm) Aggregation number, M Condition

46 69 69 4.76 1.60 9.15 0.70 2 Free molecules

63 63 4.72 1.72 9.20 0.60 2 Free molecules
+ aggregates80 31,767

43 66 66 4.75 1.66 9.18 0.65 2 Free molecules

55
55 4.87 1.88 9.28 0.60 2 Free molecules

+ aggregates45 10,051
38 57 57 4.77 1.84 9.26 0.68 2 Free molecules

50 50 4.83 1.99 9.33 0.60 2 Free molecules
+ aggregates165 135,135

33 47 47 5.48 2.05 9.36 0.60 2 Free molecules

36 36 5.45 2.27 9.46 0.63 2 Free molecules

25 25 5.47 2.49 9.57 0.63 2 Free molecules

Fig. 4. The change of solution pH with temperature (closed red circles) and
concentration (open black circles) shows two distinct pH ranges consistent with
the region with only free molecules existing at a higher solution pH than that
containing both free molecules and aggregates. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)
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should be treated with caution until detailed structuro-kinetic studies
can be carried out in order to map out the molecular aggregation state
during cooling from the under-saturated solution state through to the
MSZW boundary in order to gain a greater insight to the observed
phenomena.

4. Conclusions

A comparison between solubility data for L-isoleucine obtained
using both gravimetric and dissolution methods revealed significant
differences with the former indicating a higher value. Measurements of
the CAC revealed that this observation was consistent with a degree of
solute aggregation in the slurried state. Analysis using dynamic light
scattering and pH measurements were consistent with the slurried ag-
gregates comprising neutral species in the size range 45–165 nm.
Solutions at higher solute concentrations and temperature were found
to produce lower solution acidity and to promote aggregate formation.
These observations might be consistent with a 2-step nucleation process
for this material, whereby molecular aggregates formed in solution
formed incipient nuclei for subsequent crystallization. However, further
investigation needs to be carried out to confirm this theory. The im-
plication of deriving nucleation kinetics data using solubility derived
from the two solubility methods suggest significant differences in
MSZW and nucleation rates implying that caution might be needed
when using gravimetric solubility data for the characterisation of
crystallization kinetics for systems which display a propensity for solute
aggregation, particularly for amphiphilic molecules. For such case,
dissolution solubility should be treated as an effective solubility, in-
stead of gravimetric solubility.
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