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ABSTRACT 

The purpose is to determine thermodynamic properties in the solid state and in solutions; to establish the curves for both solubility 
and the metastable limits as a function of temperature; and to determine the relationship between the solubility and the 
metastable limits using the acetaminophen (APAP) as a model compound. The enthalpy of fusion was determined using differential 
scanning calorimetry.  APAP solubility at various temperatures was measured using UV spectrophotometry. The APAP solubility in 
water at different temperatures was measured.  The activity coefficients were calculated at varying temperatures using solubility, 
enthalpy of fusion and melting temperature. The polythermal method was used for evaluation of the spontaneous crystallization 
curve of APAP. The melting temperature and enthalpy of fusion of APAP were found to be 168.3°C and 28.48 kJ/mol respectively. 
The standard curve of APAP was found to have a correlation coefficient value of 0.99967. Our results showed that the solubility 
curve, the metastable zone width, and the metastable limit curve could be predicted. The functionality of the solubility curve and 
the metastable limit curve were successfully determined using APAP as a model drug.  

Keywords: Crystallization, pre-nucleation, metastable zone width, acetaminophen (APAP). 

 
INTRODUCTION 

rystallization from solution is a very important 
phenomenon and has been used for various 
applications in pharmaceutical manufacturing1-3. 

The classical nucleation theory involves the existence of a 
critical nucleus, corresponding to the maximum of the 
energy vs. radius curve4. If such a critical nucleus does 
indeed exist, it would be very interesting to obtain 
information on its size and its structure, and compare it to 
the structure of the final solid formed. However, the post-
nucleation events are also important and these will also 
influence the properties of the resulting solid5-6.  
Profound insight has been obtained over recent years by 
studying the crystallization of several different materials7. 
Though continuum theories of nucleation can be used to 
estimate the sizes for the critical nucleus and nucleation 
rates, they do not give detailed insight into the pathways 
leading from the solution to the precipitated solid8-10. 
Such information seems to be more accessible via 
modeling with different methods. Nevertheless, further 
development of continuum theories describing nucleation 
are still important and are being made, although these 
cases are typically treated on a more general level and 
not specifically for the crystallization from solution. This 
holds for classical nucleation theory as well as for 
continuum approaches. The simulation with different 
methods result in the less quantitative data involved in 
the process of formation of solid particles from solution 
compared to the continuum approaches8,10-11. However, 
nucleation from solution is rarely simulated, and it is very 
difficult to do: system sizes for a realistic simulation need 
to be quite large and molecular dynamics simulation 
times would need to be excessively long for a realistic 

description, since nucleation is a rare event12. 
Nevertheless, some reports have appeared that could 
give insight into the molecular level events that could 
lead to nucleation13-14. 

In order to gain a better understanding of how to develop 
particles with desired characteristics, the observation of 
the different stages of crystallization including the pre-
nucleation stage is paramount.  When a homogeneous 
solution reaches the state of supersaturation, clusters of 
molecules begin to form.  Many of these clusters will be 
unstable and will dissolve back into solution.  When a 
cluster, or embryo, reaches a critical size, nucleation and 
crystal growth will occur.  The pre-nucleation stage of 
clustering is not well understood and may have an impact 
on the qualities of the resulting particles15.   

 In a saturated solution, the individual molecules of a 
compound move between the solid phase and the 
solution phase; the rate of dissolution and precipitation 
are equal. The concentration of a solute in a saturated 
solution is dependent on solubility and temperature16.  
Mullin et al17 demonstrated that the stable zone 
representing an unsaturated system is where nucleation 
and crystallization does not occur (Figure 1).  The 
metastable zone between the solubility and the 
metastable curves represents a supersaturated solution in 
which nucleation and crystallization events exist; 
however, this is a kinetics driven process and its rate is 
not predictable17-18.  The labile zone above the metastable 
limit represents a system which is at a level of 
supersaturation where spontaneous nucleation and 
crystallization take place.   
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Figure 1: Solubility and metastable curve predicting the 
labile, stable and metastable limits and metastable zone 
width. 

Once the concentration is high enough to reach the labile 
zone, nucleation and crystal growth occurs 
spontaneously.  The purpose of the present investigation 
is to create a model to predict the metastable limits at a 
given temperature. The prediction of metastable limits 
allows us to further understand the pre-nucleation events 
without encountering spontaneous crystallization. Since 
the field is very wide, this study will be restricted to 
theoretical and modeling approaches to understand 
crystal nucleation and growth from solution, and to focus 
on the development of methods to study the stages of 
nucleation and crystallization reactions. We hypothesize 
that the metastable limit curve exhibits the same 
functionality as the solubility curve and that the 
metastable limit curve may be estimated using a data 
driven model. The purpose of this project is to a) 
determine thermodynamic properties in the solid state 
and in solutions; b) generate curves for both solubility 
and the metastable limit as a function of temperature; 
and c) determining what the relationship is between the 
two curves using APAP as a model compound.  The 
primary goal of this study is to determine the 
supersaturation at a specific temperature that will allow 
for observation of molecular aggregation without 
crystallization, i.e. what level of supersaturation will fall 
just below the metastable limit curve.  The approach 
presented here is to focus on pre-nucleation, the time 
just before crystallization begins, and to use this early 
stage of particle formation to predict the properties of 
the final solid.  This approach will thus become valuable in 
understanding qualitative features of nucleation 
processes on a general as well as on a system-specific 
level.  

MATERIALS AND METHODS 

Modeling principle 

In order to develop the model we have used the following 
concepts.  If the equation of a line is   y1 = mx + b, and it is 
assumed that the functionality of a second line is the 
same and that it runs parallel to the first, then a model 
can be created based on the equation for the first line.  

Given that the slope would be the same at any given 
value for x, the only difference between the two 
equations would be the change in b, the y-intercept.  So 
the model for the second line could be written as y2 = mx 
+ (b + δb).   

Based on abovementioned principle, if the equation for 
solubility is known then a model can be established for a 
parallel curve that exhibits the same functionality.  We 
assume that the above concept will be true for 
metastable limits; the model would include the equation 
for solubility plus the change in the y-intercept.  In this 
case the change in the y-intercept is equal to the 
metastable zone width.  The metastable zone width is the 
change in concentration between the solubility and the 
metastable limit at any given temperature (Figure 1). 

Nucleation 

In an unsaturated solution, the molecules are stable and 
no nucleation occurs18. As soon as supersaturation is 
achieved, the frequency of molecular collisions increases 
and small clusters of molecules begin to form17. Most of 
the time, many of these clusters or embryos are unstable 
and dissolve back into solution.  The formed clusters 
continue to dissolve into solution until an embryo reaches 
a critical size and becomes stable.  This critical size is 
related to the free energy of the volume and free energy 
of the surface. Figure 2 shows the relationship between 
the volumetric energy gain, surface tension cost, and the 
size of the nucleus in homogeneous nucleation. Since the 
ratio of surface area to volume decreases with size, the 
growth in the size of the nucleus overcomes the surface 
energy cost due to the free energy gained by the added 
volume. Thus, the total negative free energy contributes 
to the nucleation process. To determine this critical point, 
we used the equation for free energy shown in Figure 2. 
Gv is the free energy change of the transformation per 
unit of volume and γ is the surface tension.  The 
derivation of free energy with respect to the radius of the 
nucleus allows us to calculate the change in free energy at 
a specific nucleus size. At the critical point where the 
curve direction changes the derivative value becomes 
zero.  Once the nucleation process starts and crystal 
growth begins it will continue until the solutions reaches 
equilibrium solubility.   

Solubility model 

In order to develop the model for metastable limits, the 
understanding of solubility process is very important19.  
The tendency of molecules to mix with each other is 
dependent on temperature, which predicts the extent of 
solubilization20. Solubility phenomena involve the forces 
that resist ideal mixing.  Therefore, for a solid, the ideal 
solubility is equal to ideal mixing minus the resistance of 
the solid.  The resistance of the solid is equal to the total 
energy required to break the crystal structure.   

 

Metastable Zone 

δc 
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Figure 2: Relationship between the volumetric energy 
gain, surface tension cost, and the size of the nucleus in 
homogeneous nucleation. 

As depicted in Figure 3, the total energy required to break 
the crystal lattice is equal to the energy used in heating 
the crystal plus the energy used in melting the crystal 
minus the energy released cooling the melt.  Assuming 
the energy used in heating and the energy released in 
cooling are equal, the total energy required is equal to 
the energy required for melting the crystal, or the 
enthalpy of fusion (Figure 3A).   

 

Figure 3: Solubility phenomenon involves the forces that 
resist ideal mixing (A) and crystalinity and mixing (B, 
courtesy of Rodolfo Pinal, Purdue University, West 
Lafayette, IN). 

The resistance involved in mixing of molecules has to be 
considered in the calculation of real solubility21-22. This is 
the energy required to disrupt the molecules of the 
solvent and was accounted for in the model by the 
activity coefficient, γ. The model now accounts for 
temperature dependence, the enthalpy of fusion to break 
the crystal lattice, and the resistance of the liquid to mix. 
In order to use this model, the enthalpy of fusion and the 
melting temperature are calculated and the activity 
coefficients must remain constant with varying 
temperatures. Keeping the activity coefficient constant at 
varying temperatures allows use of the model for ideal 
solubility in order to extrapolate solubility at a desired 
temperature with a small number of experimental data 
points.   The use of the model for ideal solubility will yield 
two equations for two different temperatures (figure 3B 
and 4).  The utilization of experimental data for the 
solubility at T1 and combination of two equations allows 
calculating the solubility at a desired T2.   

 

Figure 4: Derivation of the equation used to extrapolate 
solubility at desired temperature.  

Differential scanning calorimetry 

We used differential scanning calorimetry (DSC) to 
determine the enthalpy of fusion23. DSC measures the 
difference in the amount of heat required to increase the 
temperature of a sample compared to a reference.  When 
the sample undergoes a phase transition it will require 
more or less heat flow than the reference to maintain the 
same temperature. This is because during phase 
transitions heat is either absorbed or released, depending 
upon the type of transition23. The heat flow is the 
difference in the amount of heat being supplied to the 
sample compared to the reference, i.e. the amount of 
heat absorbed or released during transitions.  The 
enthalpy of fusion was calculated using the weight of the 
sample and the total energy absorbed using area under 
the curve.  The melting point is the temperature at the 
onset of the curve.     

UV-based solubility 

UV spectrophotometry was used for quantitative 
measurement of APAP in solution24.  Light was imaged 
upon a sample cuvette and a reference cuvette. The 

A 

B 
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transmitted light through the cuvette is separated into 
different wavelengths and focused on a detector. The 
peak absorbance of the sample relative to the reference 
was calculated. A standard curve was generated using 
APAP concentration in the range of 0.005 – 0.02 mg/mL.  
The samples of known concentration were analyzed in 
the spectrophotometer and absorbance values were 
recorded. The values were then plotted as Absorbance vs. 
Concentration and a linear regression line was fit to the 
data points.   

For experimental solubility data points, excess APAP 
powder was added to deionized water in a 250mL, 
jacketed beaker with a magnetic stirrer. The temperature 
was kept constant using a thermostatic bath/circulator 
and the APAP powder in the water was allowed to 
equilibrate. The stirrer was turned off and time was 
allowed for the powder to settle.  Samples were then 
carefully taken from the solution; dilutions were made 
and analyzed using UV spectrophotometry. The standard 
curve was used to determine the concentration of the 
diluted APAP samples and these values were used to 
calculate the concentration of the solution in the beaker 
at the constant temperature.  These values were then 
plotted as Concentration vs. Temperature.   

Development of a reliable sampling method was a 
challenge.  Initially, samples were taken using a syringe 
and the solution was then filtered through a 0.2µm nylon 
membrane filter into a collection beaker. A micropipettor 
was used to measure the sample and transfer to a 
volumetric flask for further dilutions.  This method 
seemed to be reliable until higher temperatures were 
reached which showed lower concentration when 
compared to literature values.  The probable reason may 
be precipitation of solute during cooling in the sampling 
process.  To overcome this problem, we have used a 
controlled temperature bath.  An additional water-
jacketed beaker was connected to the thermostatic 
bath/circulator. All sampling equipment was placed into 
the extra beaker to pre-warm before sample collection. 
The second method tried was to use the micropipettor to 
carefully take a sample directly from the solution without 
the use of any filters.  This method was determined to be 
unreliable due to the inconsistency of data, as can be 
seen in the results section.  

For the final set of data, the solution was allowed to 
equilibrate while stirring at constant temperature 
overnight.  The stirrer was stopped and the mixture was 
kept for 4 hours to allow sufficient time for the APAP 
powder to settle before sample collection. The syringe, 
filter, and collection beaker were either warmed in an 
oven (30°C and higher) or cooled in a temperature bath 
(less than 30°C) in order to maintain the same 
temperature as that of the solution. In the cooling bath, 
the syringe and filter were kept dry in a beaker floated in 
the larger jacketed beaker. The samples were collected 
using a syringe and filtered using 0.2µM filter. The 
filtration was repeated to overcome the possible capacity 

of the filter to adsorb solute from the saturated solution, 
as described by Mullin et al17.  For temperatures less than 
30°C, the 3.0 cc sample was filtered and collected for 
further analysis.    For the sample collections at 30°C and 
higher the syringe and filter were placed for 1 hour in an 
oven set to the same temperature as the solution.  The 
micropipettor (with warmed pipette tips for samples 30°C 
and higher) was then used to pipette a measured quantity 
of solution into a volumetric flask and further dilutions 
were made.       

Polythermal method – spontaneous crystallization curve   

A known concentration of APAP and deionized water was 
mixed in a jacketed beaker and heated to a temperature 
at which the solution was unsaturated.  The temperature 
was then decreased at a constant rate and the solution 
was observed for changes.  The temperature at which 
crystallization was first recognized was recorded.  This 
was done using varying rates of temperature decrease, 
stirring speeds, and concentrations.  All of the data points 
for spontaneous crystallization in this paper were visually 
observed; eventually this will be done using UV sensors.     

RESULTS AND DISCUSSION  

DSC studies 

The DSC results are displayed as a graph of Heat Flow vs 
Temperature (Figure 5). The onset of the curve is the 
melting temperature and was found to be 168.3°C 
(441.45 K).  The area under the curve is the enthalpy of 
fusion and was found to be 188.38 J/g (28.48 kJ/mol). In 
agreement with our results other researchers also 
reported the similar enthalpy of fusion of APAP12, 25. 
These values are comparable with the reported values 
(Table 1).   

 
Figure 5: Differential scanning calorimetry thermogram of 
APAP. 

Table 1: The experimental and reported values of 
enthalpy of fusion & melting temperature of APAP 

Parameter 
Literature values 

Experimental 
values Picciochi et 

al12 
Sacchetti et 

al 25 

Tm ( K) 442.1 ± 0.4 441.75 ± 0.2 441.45 

∆Hfus (kJ/mol) 27.2 ± 0.5 28.1 ± 2.2 28.48 
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Standard calibration plot of APAP 

The results of the UV standard curve are shown here in 
the plot of Absorbance vs. Concentration (Figure 6).  With 
a correlation coefficient of 0.99967, the standard curve 
was determined to be acceptable for use in the solubility 
measurements.   

  
Figure 6: Standard calibration plot (Absorbance vs. 
Concentration) of APAP.  

APAP solubility  

Table 2 shows both the literature26-27 and experimental 
values (mg/mL) using three methods for solubility of 
APAP in DI water at different temperatures.  It is difficult 
to find literature values for solubility data for all of the 
temperatures in the range from 10-50oC. The 
experimental values were, in general, found to be lower 

than those reported by Mota26, but the experimental 
values were similar to Granberg and Rasmuson’s27 values 
in the 10 to 30 oC range.  

A plot of Concentration vs. Temperature including 
literature and experimental values is shown in Figure 7. 
The experimental data obtained using the second sample 
collection method (direct pipetting with no filter) were 
not comparable with the reported values and were not 
used for analysis.    

 
Figure 7: The comparison of literature and experimental 
values for APAP solubility at different temperatures. 

Using the mean experimental solubility, enthalpy of 
fusion, and melting temperature, the activity coefficients 
were calculated at varying temperatures.      

Table 2: The literature and experimental solubility values (mg/mL) of APAP in DI water at different temperatures 

Temp (oC) Literature values (mg/ml) Experimental Values (mg/ml) 
Granberg and Rasmuson et al5 Mota et al4 Method 1 Method 2 Method 3 

10 9.44 ± 0.07 -- 6.74 ± 0.23 -- 9.14 ± 0.05 
15 10.97  ± 0.09 -- -- -- -- 
20 12.78 ± 0.05 -- -- -- 12.21 ± 0.03 
25 14.90 ± 0.03 16.66 ± 1.12 13.02 ± 0.08 12.45 ± 0.04 -- 
30 17.39 ± 0.02 20.71 ± 0.68 -- -- 17.14 ± 0.15 
35 -- -- 17.96 ± 0.64 -- 19.67 ± 0.135 
37 -- 27.33± 2.97 -- -- -- 
40 -- 32.37 ± 0.59 20.15 ± 0.46 20.4 ± 0.1 22.90 ± 0.53 
42 -- 37.51 ± 0.081 -- -- -- 
45 -- -- -- 18.64 ± 6.1 27.58 ± 0.16 
50 -- -- -- 22.24 ± 6.05 -- 

 

 
Figure 8: The comparison of solubility and metastable curves of APAP using method 1 ( A) and method 3 (B). 
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Table 3: Activity Coefficients of APAP at different 
temperature 

T°C 
Method 1 Method 3 

lnγ Activity Coefficient lnγ Activity Coefficient 
10 2.8 16.3 2.5 12 
20   2.6 13.6 
25 2.7 15.5   
35 2.8 16.3 2.7 14.9 
40 2.9 17.4 2.7 15.3 
45   2.7 15.1 

 As detailed in Table 3, the activity coefficients were 
constant. This supports the rationale to use the equation 
for ideal solubility to extrapolate data points.   

The graph of Concentration vs. Temperature (Figure 8) 
shows the curves for solubility using method 1 (Figure 8A) 
and 3 (Figure 8B) and the spontaneous crystallization data 
are also included on each plot. An exponential curve was 
fit to each data set and the equations are shown.  The 
curves can be compared using the exponential equations.  
Collectively these plots show the solubility limits and 
metastable limits for the APAP at various concentrations 
and temperatures.  The range of values between the two 
curves represents the metastable zone, and distance from 
the solubility curve to the metastable limit curve 
represents the metastable zone width.     

By rearrangement of the equations shown in Figure 8, the 
following equations are obtained:  

 lnχsol = 0.0368T + ln4.8079  ---------- (1) 

 lnχMSL = 0.0305T + ln8.5358 ---------- (2) 

 lnχsol = 0.0313T + ln6.6108 ---------- (3) 

These equations represent the mole fraction (χ) of APAP 
for the three different data sets: 1) experimentally 
determined solubility using method 1, 2) experimentally 
determined spontaneous solubility of Metastable Limit 
(MSL), and 3) experimentally determined solubility using 
method 3.    

As the super saturation increases there will be a balance 
between the collision frequency and the portion of 
molecules whose kinetic energy is in the range to allow it 
to form a cluster that tips towards nucleation.  For a 
system at higher temperature (increased solubility) the 
density of molecules will be greater and thus, the collision 
frequency increases but so does the kinetic energy of the 
molecules.  For an increasing fraction of the distribution 
the kinetic energy will be “too” high for a cluster to 
persist, until the density increases sufficiently to out 
compete it. When this occurs the molecules will 
successfully collide, forcing the solute to precipitate out 
at the MSL at the higher temperature. 

Our studies elaborate the methodology to evaluate the 
metastable limit curves, and provide advanced 
understanding in physical chemistry concepts that are 
relevant to crystallization.  Furthermore, this experiment 
is focused on the pre-nucleation stage of crystallization, 

which will help to understand the molecular events 
during crystallization. Further work in this area could 
include dissolving the active pharmaceutical ingredient in 
an organic solvent followed by addition of water as an 
anti-solvent in order to reach a high enough 
supersaturation for nano-sized crystals to form. These 
nanoparticles can then be coated and used as parts of 
fast release dosage forms.  Characteristics such as size 
and surface roughness of the particles formed will have 
an effect on the way in which they interact with each 
other, e.g. whether agglomeration occurs.  These 
characteristics may be unpredictable and depend upon 
factors such as the degree of supersaturation as well as 
the specific methods used in the production process.    

Our future studies will be focused on determination of 
spontaneous crystallization limits using UV probes. The 
next step in this study is to test notion that the 
metastable zone width is inversely proportional to 
solubility. A compound with higher solubility will 
experience a higher frequency of collisions at a given 
temperature in a homogeneous solution compared to a 
compound with lower solubility.  If nucleation requires a 
significant number of collisions, the metastable zone 
width may be narrower for the compound that has a 
higher collision frequency. The use of data from a 
Concentration vs. Fraction anti-solvent curve will help to 
predict the formulation of nanoparticles by addition of 
antisolvents by assuming the metastable limit will exhibit 
the same parallel functionality as the solubility curve.   

CONCLUSION 

The functionality of the curves was found to be similar 
and the metastable limit curves were predictable using 
our proposed model.  Our results predict the conditions 
to produce high supersaturation in order to observe 
molecular aggregation spectroscopically and understand 
the process of pre-nucleation. Additional studies need to 
be performed to validate the use of this model and to 
determine the best sampling method for the solubility 
studies.  
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