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Abstract
Supplementary material to the main paper is provided comprising the following;

Derivation of ideal solubility equations and relationship to enthalpy of dissolution and

solvation

Examples of raw turbidometric data collected for the poly-thermal cooling crystallisations
in three solvents, ethanol, acetonitrile and water. An example from 1 concentration per

solvent at a range of cooling rates is provided

A complete table of dissolution and crystallisation temperatures extracted from the
turbidometric data is provided with standard deviations and calculations of equilibrium
dissolution temperature and critical under cooling for each solvent system and

concentration

Plots of solubility and super-solubility curves from extrapolation of the equilibrium
dissolution and crystallisation temperatures as a function of concentration for each

solvent system



1. Assessment of Solution Thermodynamics

To assess the solubility of PABA, the concept of ideality together with the activity model
were applied. The general expression for the solid-liquid equilibrium derived in terms of

activity can be defined as:
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Where 7V is the activity coefficient, ACp is the specific heat capacity and *i and i the molar
fractions in liquid and solid phase respectively, R is the gas constant, AHj, is the enthalpy of
fusion, T is temperature and T}, is the melting temperature of the solid. ¢ stands for a single
component in the solution and L and S for liquid and solid phase of the components
respectively. This expression relates the composition of solute in liquid and solid phases at a
given temperature to thermo-physical properties of the pure solute and activity coefficients in

solution for both phases.

In an ideal solution the activity coefficients will be unity, for a “single solute solution” the

solid phase will contain only one compound and therefore Zi will be also one. In this work

ACP’i was assumed to be very small and this was neglected with Equation 1 reducing to
AH: 11 1
In (x) = ﬂ[— - —l
RAT Ty, (Equation 2)



This equation is known as the Hildebrand equation and is taken as the “ideal solubility

model”.

In a non-ideal solution solubility can be expressed as

AHqu ASqu

In (yx) =-
RT R (Equation 3)

Where x is the solubility in mole fraction and V is the activity coefficient that accounts for the
deviation from ideality due to differences between solvent-solvent and solute-solute
interactions. If the deviation from ideality is accounted for on the right side of the van’t Hoff

expression the solubility can be also expressed as

In (x) __ AHdiss ASdiss

RT R (Equation 4)

Where AH gy and AS iss are the enthalpy and entropy of dissolution respectively. Thus, if the

experimentally determined solubility of a “single solute” solution is plotted in the form Inx

vs 1/T  then this allows calculation of AHdiSSand AS iss at solution saturation from the slope
and intercept of this line respectively. The enthalpy reported in this study refers to the
enthalpic change on dissolving a mole of a substance in an infinite amount of saturated

solution. In an ideal solution ¥ = 1 and therefore Equation 3 becomes

AHfus[l 1 l
ml  (Equation 5)



From the plot in the same coordinate plane of the ideal solubility and the solubility in the
form of the van’t Hoff expression, the difference between the concentration at saturation
(solubility) and that expected for ideality in the same range of temperature (T) will deliver
the dependence of activity coefficient @ onT, by the iterative calculation of ) through

Equation 6.

Xideal

X (Equation 6)

If ¥>1, the activity is higher than the concentration and therefore the “effective
concentration” will be lower than for an ideal solution (or less than ideal) this is also known
as a positive deviation from Raoult’s law. When ¥ <1 the activity is lower than
concentration and therefore the “effective concentration” will be higher than for an ideal
solution (or more than ideal), this is also known as a negative deviation from Raoult’s law.
This information can describe the solvation of a solute in a solvent as for ¥ > 1 a significant
amount more association of the solute molecules would be expected. For ¥ <1 solute-

solvent interactions are favourable relative to solute-solute interactions.

For each solvent

AH,,, = AH . —AH

solv

sub (Equation 7)

AH

Where =" “solv is the heat of solvation and AH gy is the enthalpy of sublimation

AHuh was estimated from the calculated lattice energy Elatt since

Eiqre = AH gy, = 2RT (Equation 8)

A lower enthalpy of solvation will indicate a more favourable solvation (dissolution) process'-
2, Calculation of 4H from the van’t Hoff analysis allows estimation of the enthalpy of

solvation, AH,;, at a harmonic mean temperature of 7, by relating the calculated E;,, to



AH,, using Equations 7 and 8, for example E;,, for the alpha polymorph was found to be

102.6 KJ/mol?.

2. Raw Turbidometric Data from Poly-Thermal Crystallisation Experiments

Figures 1, 2 and 3 present examples of raw turbidometric data collected on the Crystal 16
apparatus for the 6 g/kg concentration aqueous PABA solution at a range of cooling rates;
0.1, 0.3, 0.5, 0.7 and 1.0 °C/min. These plots allow extrapolation of the crystallisation and

dissolution temperatures 7, and Ty;;.
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Figure 1: Turbidity vs temperature plot for crystallisation of PABA from 6 g/kg aqueous solution
at 0.1left and 0.3 °C / min right
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Figure 2: Turbidity vs temperature plot for crystallisation of PABA from 6 g/kg aqueous solution

at 0.5 °C / min left and 0.7°C / min right
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Figure 3: Turbidity vs temperature plot for crystallisation of PABA from 6 g/kg aqueous solution

at 1.0°C / min

60 1 # Temperature [

M Turbidity

120

50

&
o

Temperature / °C
w
o

N
o

0 5000

10000 15000
Data collection point

20000

Turbidty / % Transmittance

Temperature / °C

N
o

60 -

w
o

10

4 Temperature

M Turbidity

5000
Data collection point

10000

- 120

Turbidity / % Transmittance

Figure 4: Turbidity vs temperature plot for crystallisation of PABA from 64.8 g/kg acetonitrile

solution at 0.1 °C / min left and 0.3°C / min right
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Figure 5: Turbidity vs temperature plot for crystallisation of PABA from 64.8 g/kg acetonitrile

solution at 0.5 °C / min left and 0.7°C / min right

60
4+ Temperature

W Turbidity

Temperature / °C
N w
o o

10 -

2000 3000 4000
Data collection point

0 1000

- 120

5000

Turbidity / % Transmittance

Figure 6: Turbidity vs temperature plot for crystallisation of PABA from 64.8 g/kg acetonitrile

solution at 1.0 °C / min
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Figure 7: Turbidity vs temperature plot for crystallisation of PABA from 170 g/kg ethanol

solution at 0.1 °C / min left and 0.3°C / min right
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Figure 8: Turbidity vs temperature plot for crystallisation of PABA from 170 g/kg ethanol

solution at 0.5 °C / min left and 0.7°C / min right
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Figure 9: Turbidity vs temperature plot for crystallisation of PABA from 170 g/kg ethanol

solution at 1.0 °C / min




3. Recorded Crystallisation Parameters from Turbidometric Data

Table 1 highlights the complete list of all measured crystallisation and dissolution
temperatures with standard deviations from repeat measurements in ethanol, acetonitrile and
aqueous solutions. The value of the equilibrium dissolution temperature, 7, is also provided
for each concentration from extrapolation of dissolution temperatures to 0°/min cooling rate.
The calculated values critical undercooling, 47¢, is also presented in Table 1 for each cooling

rate in the specified solvent system.

Table 1: List of the measured crystallisation and dissolution temperatures together with
extrapolated values of the equilibrium dissolution temperature Te and the calculated values of
critical undercooling ATc for PABA solutions in ethanol, acetonitrile and water at varying
concentrations and cooling rates

Ethanol Solutions Tdis (°C) Tc (°C) ATc
150g/kg Rate (°C/min™)
0.1 27.8 £1.09) | 11.7 £2.22 | 16.1(0)
0.3 31.3+1.49 9.1 £1.83 22.2(0)
0.5 31.8+1.39 8.6 +3.50 23.1(5)
0.7 293+1.16 | 10.4+1.08 18.(9)
1 30.9 £1.05 5.1+£0.05 25.7(8)
T.=29.26
160g/kg Rate (°C/min') Tdis (°C) Tc (°C) ATc
0.1 309+1.02 | 16.7+4.73 | 14.2(0)
0.3 347+1.73 | 13.7+£5.09 | 21.0(0)
0.5 335+1.17 | 11.2+1.86 | 22.3(0)
0.7 357+£229 | 11.5+3.99 | 24.1(6)
1 35.6+3.70 58+1.19 29.8(0)
T.=31.70
170g/kg Rate (°C/min) Tdis (°C) Tc (°O) ATce
0.1 32.05+£0.78 | 2240+ 1.13 | 6.9(1)
0.3 32.18+£0.87 | 16.10+£ 1.57 | 13.2(1)




0.5 3314+ 1.10 | 7.85£2.62 | 21.4(6)
0.7 3563+ 1.10 | 540=+0.14 | 23.9(1)
1 4190+3.42 | -0.67+0.32 | 29.9(8)
T.=29.31
180g/kg Rate (°C/min™)
0.1 33.60+1.71 | 24.58 £1.00 7.1(3)
0.3 34.60+1.26 | 21.67+£2.59 | 10.0(3)
0.5 39.47+0.78 | 22.15£2.21 | 9.5(5)
0.7 3890+0.4 | 13.53+1.30 | 18.1(7)
1 4540+1.21 | 1040+ 1.85 | 21.3(0)
T.=31.70
190g/kg Rate (°C/min)
0.1 36.17+0.64 | 29.08+0.91 | 5.009)
0.3 37.20+£2.03 | 2453 +£4.11 | 9.6(3)
0.5 39.85+1.06 | 26.98+4.21 | 7.109)
0.7 4293+2.15| 27.00+ 1.87 7.1(7)
1 46.83 +£2.47 | 17.60+£0.71 | 16.5(7)
T.=34.17
200g/kg Rate (°C/min‘")
0.1 4043 +1.40 | 35.18+0.29 | 3.8(1)
0.3 4220+3.19 | 31.70 £ 1.10 | 7.2(8)
0.5 42.77+1.92 | 33.03+1.23 5.9(5)
0.7 46.00 = 0.42 | 33.12+1.07 5.8(6)
1 49.35+0.78 | 25.55+1.20 | 13.4(3)
T.=38.98
Acetonitrile Solutions
Tdis (°C) Terys (°C) ATe
54g/kg Rate (°C/min‘")
0.1 14.82+£0.49 | 8.46+0.74 | 6.3(1)
0.3 16.03£0.21 | 6.09+1.13 | 9.1(8)
0.5 18.13+£0.54 | 7.01+£1.71 | 8.2(6)
0.7 1746 £027 | 5.17+0.37 | 10.1(0)
0.9 17.07+0.23 | 5.27+0.31 | 10.0(0)
T.=15.22
64.8g/kg Rate (°C/min)




0.1 18.64+0.19 | 15.53+0.94 | 3.7(8)
0.3 21.02+1.08 | 16.12+0.54 | 3.1(8)
0.5 24.00+0.55 | 15.73£2.48 | 3.5(7)
0.7 2290+0.46 | 13.85+2.21 | 5.4(5)
0.9 23.03+£0.06 | 11.55+0.21 | 7.7(5)
T.=19.25
75.6g/kg Rate (°C/min)
0.1 24.62+0.72 | 21.87+1.84 | 2.9(6)
0.3 25.62+1.57 | 21.86+0.73 | 2.9(7)
0.5 28.56 £ 0.40 | 22.40+0.20 | 2.4(3)
0.7 27.84+1.01 | 20.00+0.48 | 4.8(3)
0.9 27.68+1.57 | 19.98+1.93 | 4.8(5)
T.=24.78
86.4g/kg Rate (°C/min™)
0.1 29.63+0.17 | 27.77+0.93 | 2.1(9)
0.3 29.33+1.50 | 27.00+0.92 | 2.9(6)
0.5 3413+0.82 | 28.79+1.17 | 1.1(7)
0.7 31.37+0.21 | 25.53£2.37 | 4.4(4)
0.9 30.97 +0.91 | 24.45+1.28 | 5.5(1)
T.=29.91
Water Solutions Tdis (°C) | Terys (°C) ATe
6g/kg Rate (°C/min)
0.1 29.51+0.83 | 22.54+0.76 | 6.5(6)
0.3 29.58 £1.74 | 20.96 £ 0.78 8.1(4)
0.5 30.12+0.83 | 20.44 £ 0.47 8.6(6)
0.7 31.76 £1.09 | 21.04 +1.37 8.0(6)
1 31.46+£0.96 | 18.52+0.53 | 10.5(8)




T.=29.10

8g/kg Rate (°C/min™)
0.1 36.10+0.61 | 30.22 +0.89 5.3(8)
0.3 3592+ 1.87 | 28.30+£0.93 | 7.3(0)
0.5 3712058 [ 2710+ 1.17 | 8.5(0)
0.7 38.02+£1.38 | 29.64+0.94 | 5.9(6)
1 3828 +£0.93 | 25.62+1.74 | 9.9(8)

T.=35.58

10g/kg Rate (°C/min™")
0.1 4145+ 1.11 | 37.28 +£0.47 3.5(2)
0.3 40.82+2.00 | 33.68+1.22 | 7.1(2)
0.5 4270+ 0.67 | 35.10£0.75 | 5.7(0)
0.7 4382+1.03 | 35.10+1.36 | 5.7(0)
1 4374 +£0.88 | 33.62+1.04 | 7.1(8)

T.=40.76

12g/kg Rate (°C/min™")
0.1 46.33 £ 0.36 | 43.30+1.21 2.6(0)
0.3 4592 +1.80 | 40.82+1.32 | 5.0(8)
0.5 47.08 £ 1.21 | 40.54 +1.31 5.3(6)
0.7 4867+ 139 | 4348+ 1.62 | 2.4(Q2)
1 47.82+2.40 | 39.66 +2.01 6.2(4)

T.=45.88




4. Solubility and Supersolubility Curves

Figure 4 provides the solubility and super-solubility curves of alpha PABA in the three
solvents by extrapolation of 7, and T, to the kinetic limit to obtain the equilibrium

solubility and crystallisation temperatures as a function of solution concentration.
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