A

A4
This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

Solubility, Thermodynamic Parameters, and Dissolution Properties
of 17-a Hydroxyprogesterone in 13 Pure Solvents
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ABSTRACT: The static gravimetric method was used to measure the solubility of 17-a hydroxyprogesterone (OHP) in 13 pure
solvents ranging from 278.1S to 323.15 K. The results indicate that the experimental solubility of OHP increases with increasing
temperature. The experimental solubility data were correlated by the selected van’t Hoff model, A4 model, modified Apelblat model,
Yaws model, and nonrandom two-liquid (NRTL) model. The fitting results show that the Yaws model can give better correlation
results by fitting 13 different pure solvent systems. Based on the NRTL equation, the thermodynamic analysis of solubility data
showed that the mixing process was spontaneous. The Hansen solubility parameters (HSPs) and solvent effect were applied to
explore these solubility characteristics. Finally, the thermodynamic properties A, H®, A S, Ay G°, %<&y, and %Es were calculated
by the van’t Hoft model equation. The results showed that A H®, A;S°, and Ay G° are all positive values, indicating that the
dissolution of OHP in the selected solvent is an endothermic reaction with increasing entropy.

1. INTRODUCTION tively treat neutrophil airway inflammation, including reducing
17-a hydroxyprogesterone’ (Figure 1, C,,;H;,0;, molar mass: blood and respiratory neutrophils,’ and controlling the
330.46 g-mOl_l, CAS registry no. 68—96—2), with the name nonincrease in eosinophil4 count. OHP in serum mainly

interacts with sex hormones to promote the development of
individual organs.” OHP plays a crucial role in pharmacy,
medical testing, and other fields.>”

At present, the research on OHP only focuses on the

synthesis method and technology, and its crystallization has
not been studied. In addition, the literature® has been found to
elaborate on the role of 17-a hydroxyprogesterone caproate in
preventing premature delivery. Generally speaking, solution

Figure 1. Chemical structure of the OHP. crystallization is of great significance to the refinement and
purification of OHP.” On this basis, high-precision solubility
data and thermodynamic parameters are obtained, which

hydroxyprogesterone, is an endogenous progesterone-like
steroid hormone similar to progesterone. It is an important
method for diagnosing and screening congenital adrenal
hyperplasia in newborns.” OHP has been used preventively
from the 12th to 37th week of pregnancy, especially in high-
risk groups of premature delivery (such as women with a
history of premature delivery or spontaneous abortion). In
addition, 17-a hydroxyprogesterone (OHP) can also effec-
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Figure 2. XRPD patterns of the OHP in 13 pure solvents.

provides theoretical basis for the optimal design of
crystallization process.'” However, there is no literature
about the solubility and thermodynamic properties of OHP.
In detail, the solubility data provide a reference for solvent
screening in industrial production. The high solubility of OHP
in some solvents provides the possibility to improve
production efficiency. In addition, in some solutions, the
solubility of the OHP varies with temperature. When
separating or purifying the OHP, cooling crystallization or
evaporative crystallization can be prioritized. The solubility
data provide data support for the preparation of supersaturated
solutions. When configuring a supersaturated solution at a
specific temperature, the amount of solute and solvent to be
added can be calculated based on solubility and super-
saturation. Finally, solubility data are also an important basis
for calculating the width of the metastable zone. These data
provide a basis for the crystal growth of the OHP.

In this work, the solubilities of OHP were measured in 13
pure solvent systems (i.e., methanol, ethanol, n-propanol, i-
propanol, acetone, acetonitrile, N,N-dimethylformamide
(DME), tetrahydrofuran (THF), N,N-dimethylacetamide
(DMA), ethyl formate, methyl acetate, ethyl acetate, and 1,4-
dioxane) from 278.15 to 323.15 K by the static gravimetric
method. The van’t Hoff model, Ah model, modified Apelblat
model, Yaws model, and nonrandom two-liquid (NRTL)
model were used to correlate the experimental solubility data
of OHP in the 13 pure solvent system. The thermodynamic
parameters such as Gibbs energy, entropy, and enthalpy were
also calculated. The Hansen solubility parameters (HSPs) was
used to study the relationship between the solubility order of
OHP in different solvents and their miscibility. Furthermore,
by analyzing the solvent effect, the influence of solvent on
solubility was studied, and the corresponding relationship
between solubility and physical and chemical properties of the
solvent was established. Finally, we applied the van’t Hoff
equation to investigate the thermodynamic properties (A, H®,
A S°, AyG®, %Ey and %Erg) of the system.

2. RESULTS AND DISCUSSION
2.1. X-ray Powder Diffraction (XRPD) Analysis. In the

solubility determination experiment, the solid residues of OHP
raw materials and its 13 solvents were determined by X-ray
powder diffraction (XRPD). The XRPD data of the measured
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OHP in this study are shown in Figure 2. The characteristic
peaks of OHP in 13 pure solvents are consistent with the raw
materials, and the positions of the peaks are almost the same,
indicating that the crystal form does not change during the
experimental process. Based on the above content, we learn
that OHP has not undergone solvation or crystal form
transformation in all solvents, let alone amorphous.

2.2. Thermal Analysis. The thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) curves of
the OHP raw materials are shown in Figure 3. It can be seen
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Figure 3. Thermal analysis (TGA and DSC) of the bacterial biomass
of the OHP.

from the experimental results that OHP is melted before
chemical decomposition. In this study, the melting temper-
ature T, of the OHP was 490.46 K (standard uncertainty of
0.5 K). No literature has reported its melting point before, so
we conducted research on the official Web site data of the
manufacturer (>481.15 K), which is somewhat different from
the data we measured. To verify its accuracy, we also searched
for some relevant patent reports on the OHP melting point. In
patent CN 116143858 A, it was mentioned that the OHP
melting point is 492.15—493.15 K, which is not far from what
we measured. These subtle differences may be caused by
factors such as the purity of OHP, different instruments and
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Table 1. Experimental and Fitted Solubility Data of the OHP in 13 Pure Organic Solvents at Temperatures from 278.15 to
323.15 K (P = 0.1 MPa)“

T (K) 10%, 10%, 7o't Hoff 103, 103, Apelblat 10%, Y 10%,NRTL
Methanol
278.18 0.4613 0.4496 0.4512 0.4793 0.4794 0.4700
283.15 0.6032 0.5839 0.5853 0.6071 0.6067 0.5991
288.15 0.7641 0.7514 0.7525 0.7661 0.7654 0.7603
293.15 0.9708 0.9587 0.9593 0.9632 0.9626 0.9604
298.15 1.210 1.213 1.213 1.207 1.207 1.208
303.15 1.524 1.523 1.523 1.508 1.508 1.512
308.15 1.900 1.899 1.898 1.877 1.878 1.885
313.15 2.343 2.350 2.349 2.330 2.331 2.339
318.15 2.798 2.889 2.889 2.883 2.884 2.891
323.15 3.598 3.530 3.531 3.557 3.555 3.557
Ethanol
278.15 0.8017 0.7942 0.7990 0.8436 0.8154 0.8218
283.15 0.9918 0.9842 0.9880 1.019 0.9990 0.9975
288.15 1.224 1.211 1.213 1.228 1.218 1.209
293.18 1.485 1.479 1.479 1.479 1.479 1.463
298.15 1.788 1.794 1.793 1.777 1.787 1.767
303.15 2.203 2.162 2.160 2.133 2.150 2.130
308.15 2.539 2.591 2.588 2.556 2.577 2.563
313.15 3.059 3.087 3.084 3.057 3.075 3.076
318.15 3.647 3.657 3.656 3.652 3.655 3.684
323.18 4.343 4.310 4.31S8 4.355 4.329 4.403
n-Propanol
278.15 1.085 1.079 1.080 1.155 1.088 1.098
283.15 1.419 1.410 1411 1.469 1.417 1.420
288.15 1.831 1.824 1.825 1.863 1.829 1.825
293.15 2.356 2.340 2.340 2.353 2.342 2.330
298.15 2.982 2.977 2.977 2.962 2.975 2.959
303.18 3.741 3.757 3.756 3.717 3.752 3.734
308.15 4.656 4.706 4.705 4.650 4.699 4.686
313.18 5.847 5.852 5.851 5.798 5.846 5.844
318.15 7.285 7.227 7.227 7.209 7.225 7.248
323.18 8.848 8.868 8.869 8.937 8.876 8.945
i-Propanol
278.15 0.8587 0.8585 0.8641 0.8586 0.8586 0.8824
283.15 1.047 1.047 1.051 1.047 1.047 1.054
288.15 1.268 1.268 1.270 1.268 1.268 1.258
293.18 1.526 1.526 1.526 1.526 1.526 1.500
298.15 1.824 1.824 1.822 1.824 1.824 1.788
303.15 2.169 2.169 2.165 2.168 2.169 2.129
308.15 2.564 2.564 2.559 2.563 2.564 2.532
313.15 3.014 3.014 3.009 3.014 3.014 3.008
318.15 3.526 3.526 3.525 3.526 3.526 3.567
323.15 4.108 4.105 4.111 4.108 4.108 4.223
Acetone
278.15 1.667 1.667 1.681 1.669 1.669 1.724
283.15 1.975 1.976 1.985 1.977 1.977 1.990
288.15 2.300 2.327 2.331 2.327 2.327 2.301
293.15 2.768 2.725 2.724 2.725 2.725 2.667
298.15 3.174 3.174 3.169 3.174 3.174 3.095
303.15 3.667 3.679 3.670 3.678 3.679 3.595
308.15 4244 4244 4233 4243 4.244 4.180
313.18 4.874 4.874 4.865 4.873 4.873 4.861
318.15 5.557 5.572 5.572 5.573 5.573 5.655
323.18 6.357 6.345 6.360 6.346 6.346 6.578
Acetonitrile
278.18 0.5531 0.5524 0.5562 0.5646 0.5542 0.5693
283.15 0.6744 0.6741 0.6768 0.6824 0.6753 0.6792
288.15 0.8123 0.8169 0.8184 0.8209 0.8175 0.8104
293.15 0.9977 0.9835 0.9836 0.9831 0.9834 0.9666
16108 https://doi.org/10.1021/acsomega.3c09922
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Table 1. continued

T (K) 103xlexp 103x1van’t Hoff 103x14h 103x1Apelblat 103x1Yaws 103xlNRTL
298.15 1.177 1.177 1.175 1.172 1.176 1.152
303.15 1.400 1.400 1.397 1.392 1.399 1.373
308.15 1.622 1.655 1.652 1.647 1.654 1.634
313.15 1.973 1.947 1.944 1.940 1.946 1.942
318.15 2.278 2.279 2278 2.278 2279 2.306
323.15 2.653 2.655 2.659 2.666 2.656 2.733
DMF
278.15 14.87 14.89 15.03 14.81 14.81 15.31
283.15 16.58 16.69 16.77 16.65 16.65 16.80
288.15 18.74 18.64 18.66 18.63 18.64 18.44
293.15 20.73 20.74 20.70 20.76 20.76 20.35
298.15 22.98 22.99 2291 23.03 23.00 22.49
303.15 25.33 25.40 25.30 2545 25.45 2491
308.15 28.09 27.97 27.87 28.02 28.02 27.58
313.15 30.72 30.71 30.64 30.73 30.73 30.64
318.15 33.81 33.61 33.63 33.60 33.60 34.01
323.15 36.47 36.68 36.84 36.61 36.60 37.94
THF
278.15 15.18 15.21 15.39 15.11 15.11 15.81
283.15 16.50 16.58 16.67 16.53 16.53 16.71
288.15 18.00 18.02 18.02 18.02 18.02 17.77
293.15 19.47 19.53 19.46 19.56 19.56 19.03
298.15 21.19 21.10 20.99 21.16 21.16 20.45
303.15 22.75 22.75 22.61 22.82 22.82 22.13
308.15 24.62 24.46 24.34 24.52 24.52 23.99
313.15 26.34 26.24 26.18 26.28 26.27 26.15
318.15 28.06 28.09 28.13 28.08 28.08 28.60
323.15 29.87 30.01 30.20 29.92 29.92 31.37
DMA
278.15 16.34 16.30 16.26 16.38 16.38 16.13
283.15 19.55 19.47 19.44 19.53 19.53 19.42
288.15 23.20 23.12 23.11 23.14 23.14 23.20
293.15 27.32 27.29 27.29 27.28 27.28 27.52
298.15 32.06 32.03 32.05 32.00 32.00 32.37
303.15 3741 37.40 37.43 37.35 37.35 37.78
308.15 42.66 43.46 43.49 43.40 43.40 44.07
313.15 50.75 50.25 50.27 50.21 50.21 50.07
318.15 58.00 57.83 57.84 57.83 57.84 57.28
323.15 66.18 66.28 66.23 66.35 66.35 64.97
Ethyl Formate
278.15 1.098 1.118 1.128 1.119 1.119 1.173
283.15 1.317 1.317 1.324 1.317 1.317 1.324
288.15 1.571 1.542 1.545 1.542 1.542 1.509
293.15 1.795 1.796 1.796 1.796 1.796 1.723
298.15 2.081 2.082 2.078 2.081 2.082 1.987
303.15 2.401 2.401 2.394 2.400 2.401 2.305
308.15 2.758 2.756 2.748 2.756 2.756 2.688
313.15 3.153 3.150 3.144 3.150 3.150 3.147
318.15 3.554 3.585 3.585 3.585 3.586 3.687
323.15 4.085 4.064 4.076 4.065 4.065 4.362
Methyl Acetate
278.15 1.829 1.836 1.856 1.815 1.814 1.896
283.15 2.075 2.096 2.108 2.084 2.084 2.106
288.15 2.377 2.382 2.386 2.379 2.379 2.349
293.15 2.691 2.696 2.691 2.700 2.701 2.630
298.15 3.033 3.038 3.027 3.049 3.049 2953
303.15 3.430 3.410 3.395 3.424 3.424 3.324
308.15 3.850 3.813 3.797 3.827 3.826 3.750
313.15 4.306 4.248 4.238 4.257 4.257 4.237
318.15 4.626 4.718 4.718 4.716 4.715 4.797
323.15 5.235 5222 5.243 5.202 5.202 5.433
16109 https://doi.org/10.1021/acsomega.3c09922
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Table 1. continued
T (K) 10%, 103, vt Hoft 10%, 10, Apeblt 10%, ¥ 10%, NRTL
Ethyl Acetate
278.15 1.347 1.362 1.377 1.336 1.335 1.403
283.15 1.549 1.567 1.576 1.551 1.551 1.570
288.15 1.787 1.793 1.796 1.788 1.789 1.764
293.15 2.036 2.042 2.040 2.047 2.048 1.989
298.15 2.312 2.316 2.309 2.329 2.329 2.248
303.15 2.668 2.616 2.606 2.633 2.633 2.548
308.15 2.933 2.943 2.932 2.960 2.960 2.894
313.15 3.299 3.298 3.291 3.310 3.309 3.292
318.15 3.732 3.683 3.685 3.681 3.681 3.750
323.15 4.048 4.099 4.116 4.074 4.075 4.276
1,4-Dioxane

278.15 5.018 5.136 5.163 5.063 5.104 5.200
283.15 6.126 6.120 6.139 6.073 6.099 6.103
288.15 7.256 7.249 7.257 7.229 7.239 7.163
293.15 8.502 8.536 8.534 8.543 8.537 8.398
298.15 9.994 9.997 9.984 10.03 10.01 9.826
303.15 11.66 11.65 11.63 11.69 11.66 11.48
308.15 13.69 13.50 13.48 13.55 13.52 13.36
313.15 15.66 15.58 15.56 15.62 15.59 15.58
318.15 17.71 17.90 17.89 17.90 17.89 18.13
323.15 20.48 20.47 20.50 20.40 20.44 21.01

“x3 is the experimental solubility of OHP in 13 pure solvents. xJ™t Hofl aws spelblat 4 9 d ¥NRTE represent the calculated solubility using the
van’t Hoff model, Yaws model, modified Apelblat model, Ah model, and NRTL model, respectively. The standard uncertainty of temperature is
u(T) = 0.05 K and the relative standard uncertainty of pressure is u,(P) = 0.05. The relative standard uncertainty of mole fraction solubility is u,(x,)

= 0.046.
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Figure 4. Mole fraction solubility of the OHP in different pure solvents.

methods used for detection, etc. Besides, the enthalpy of fusion
(Ag H) of the OHP is 49.92 kJ-mol ™.

2.3. Solubility Results. Table 1 summarizes the solubility
data of OHP in 13 pure solvents at a temperature range of T =
278.15—323.15 K and is also clearly shown in Figure 4. As
shown in Figure 4, the solubility of OHP in 13 pure solvents
increased monotonically with increasing temperature monot-
onically. OHP is highest in DMA (0.06618 mol-mol’, 323.15
K) and the lowest in acetonitrile (0.002653 mol-mol™", 323.15
K). The difference in solubility between them is greater than
25 times. Therefore, DMA may be an ideal organic solvent
considering its higher solubility and less solvent consumption.
Similarly, in DMA, a higher theoretical yield can also be
achieved by adjusting the temperature.

16110

In summary, the solubility order of the OHP in 13 pure
solvents is acetonitrile, methanol, ethyl formate, ethyl acetate,
ethanol, i-propanol, acetone, n-propanol, 1,4-dioxane, THF,
DMEF, methyl acetate, and DMA. The polarity order of 13 pure
solvents is 1,4-dioxane (36.0), THF (37.4), ethyl acetate
(38.1), methyl acetate (38.9), ethyl formate (40.9), acetone
(42.2), DMA (42.9), DMF (43.2), acetonitrile (45.6), i-
propanol (48.4), n-propanol (50.7), ethanol (51.9), and
methanol (55.4). The results indicate that the polarity and
dipole/polarization order of the 13 solvents themselves do not
match the solubility order of OHP. It follows that the solubility
of OHP does not strictly follow the principle of “like dissolves
like”. But in different solvents, the change law of solubility is
inconsistent. In alcohol solvents, the solubility order and
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polarity value (Er) are methanol (55.4) < ethanol (51.9) < i-
propanol (48.4) < n-propanol (50.7). Except for n-propanol
and i-propanol, the solubility of other solvents is negatively
related to their polarity. The results show that the steric
hindrances of the two solvents are different, which can explain
the solubility difference of the OHP in i-propanol and n-
propanol. Due to the large steric hindrance of isopropanol, it is
difficult to form hydrogen bonds with OHP, which leads to the
low solubility of OHP in i-propanol. But for ester solvents,
ethyl formate (40.9) < ethyl acetate (38.1) < methyl acetate
(38.9), the solubility data is positively correlated with polarity
except for ethyl formate. This phenomenon can be summed up
as follows: the dissolution of OHP in organic solvents is a
complex process influenced by polarity and many other factors.

The results show that the change in the solubility of the
OHP at different temperatures can be used as a reference for
the selection of crystallization solvents. Temperature changes
have a great effect on the solubility of OHP in methanol,
ethanol, n-propanol, i-propanol, and acetonitrile. If the method
of cooling crystallization is used, the theoretical yield can reach
almost 80%. There is little change in the solubility of OHP in
other organic solvents. Therefore, the solubility is an important
indicator for selecting a crystallization system.

In addition, HSPs'' had been applied for further study on
the solubility order of OHP in monosolvents. From the Table
3, it can be seen that the values of 4 of DMF, THF, DMA, n-
propanol, acetone, and 1,4-dioxane are close to that of OHP.
The &, values of ethanol, i-propanol, ethyl formate, methyl
acetate, and ethyl acetate are not significantly different from
those corresponding to OHP. This shows that OHP is more
soluble in solvents with the same solubility parameters. This
phenomenon also agrees with the “like dissolves like” principle
mentioned above. In acetonitrile, the solubility of OHP is the
smallest, which is related to the largest Aj,, in acetonitrile. A
previous literature'” has reported that solutes exhibit poor
miscibility in solvents with high &y, values. The methanol has
large &y, values (>20), which may be the reason that the OHP
shows poor solubility in this solvent. The reported literature
has confirmed that, A§ < 5.0 MPa®*'>'* and A6, < 7.0 MPa"®
have good mutual solubility with OHP, while the Ad, > 7.0
MPa® system exhibits significantly poor mutual solubility.'
Therefore, the OHP is more soluble in THF (AS = 2.261, A6,
= 2.155) and has poor miscibility in methanol (A§, = 8.005).
In summary, solvent polarity, HSPs of systems, and other
factors will affect the solubility of the OHP.

2.4. Data Correlation. The van’t Hoff model, Ah model,
the modified Apelblat model, Yaws model, and NRTL model
were used to fit the solubility data of OHP in the 13 pure
solvents. The calculated solubility data are also listed in Table
1. The values of the obtained model parameters relative mean
deviation (RAD) and root-mean-square deviation (RMSD) are
shown in Tables S1—S5. The results show that the values of
RAD and RMSD are less than 1.86 and 0.0077%, respectively,
in each experimental model. Therefore, it can be considered
that the experimental data can be well correlated with these
five models.'® However, in the pure solvent system, the overall
RAD of the Yaws model is the smallest, which shows that more
accurate correlation results can be obtained using the Yaws
model.

2.5. Mixing Thermodynamic Properties. In the solvent
system, the thermodynamic properties of the mixture have a
great influence on the solubility. The mixing Gibbs energy

(ALxG), mixing enthalpy (A, H), and mixing entropy
(A,xS) can be calculated as follows

AmixG = GE + AmixGid (1)
AmixH = HE + AmixHid (2)
AS=8+A4,,5" (3)

where A, G4 A HY A_, S are the mixing Gibbs energy,
mixing enthalpy, and mixing entropy in the ideal system,
respectively, and G*, H", and S* are the excess properties.

For an ideal system, the mixing properties can be expressed
by equations, as follows

AmixGid = RT Z x;In x;
i (4)

A H =0 (s)

n
id
A, S°=-RT Z x;1n x,
i (6)
where x; is the mole fraction of component i, R represents the
gas constant, and T is the solution temperature.

The excess mixing properties can be evaluated using egs
7-=9.

n
Gt = RTinlnyi

i (7)
" Jln vy
H* = -RT* )’ xi( y‘)
. oT
i P,x (8)
HE - GE
sf="o =
T 9)

where y; is the activity coefficient of component i in a real
solution, which can be calculated by the NRTL model.

The mixing thermodynamic properties (A, G, A H,
A,.S) in 13 solvents were calculated and are listed in Table
S6 and plotted in Figure S1. In all kinds of solvents, the values
of A,,G are negative, which shows that the OHP is
spontaneously mixed in all kinds of solvents. In addition, the
values of A_ ;G in each solvent decrease with the increase of
temperature and solubility, indicating that lower A_;G is
beneficial to dissolution.

In fact, with breaking of the regular arrangement between
solvent—solvent and OHP molecules, positive entropy is more
conducive to the dissolution process. But apart from in
methanol and DMA, where the A_;,S value is positive, in other
organic solvents, the A_; S values are all negative. Considering
that the entropy obtained by OHP in solvents other than
methanol and DMA is negative, it indicates that the solute—
solvent interaction will be greater in these solvents than in
other interactions. This may be because the functional groups
in the OHP molecules can disrupt solvent—solvent interactions
through intermolecular interactions, especially hydrogen
bonding with solvent molecules, resulting in the orderly
arrangement of solvent molecules around solute molecules.
The experimental results indicate that the dissolution process
of the OHP should consider the influence of intermolecular
interactions. This means that the properties of substituents on
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the OHP molecules have a significant impact on the solute—
solvent interaction.

2.6. Solvent Effect Analysis. The solid—liquid equili-
brium of OHP in different solvents will be affected by many
factors, such as solute and solvent properties, temperature,

17 .
pressure, solvent types, and so on.”” Table 2 lists the

Table 2. Main Physicochemical Properties of 13 Organic

Solvents®? <918
cohesive energy dielectric
solvent z Zab >p° densityd constant
methanol 0.6 0.43 0.47 808.26 32.61
ethanol 0.54 0.37 0.48 618.87 24.85
n-propanol 0.52 0.37 0.48 520.37 20.52
i-propanol 048 033  0.56 489.11 19.26
acetone 0.71 0.04 0.49 362.07 20.49
acetonitrile 0.75 0.07 0.32 522.95 35.69
DMF 0.88 0 0.74 463.96 37.22
THF 0.58 0 0.48 336.92 743
DMA 0.88 0 0.78 439.94 37.78
ethyl formate  0.61 0 0.38 339.37 8.33
methyl 0.6 0 0.45 350.86 6.86
acetate
ethyl acetate  0.55 0 0.45 300.64 5.99
1,4-dioxane 0.51 0 0.64 372.17 2.21

“Polarity/dipolarity of the solvent. bSummation of the hydrogen bond
donor propensities of the solvent. “Summation of the hydrogen bond
acceptor propensities of the solvent. “Cohesive energy density
(298.15 K) is in the unit of J-mL>,

physicochemical properties of some experimental solvents,
including polarity, summation of their hydrogen bond donor
propensities, cohesive energy density, and dielectric constant.'®
In Figure S2, the solubility of the OHP is plotted according to
different physicochemical properties. It is found that solvent
polarity, cohesive energy density, dielectric constant, and other
factors will have certain effects on the solubility of OHP in
linear alcohols. The solubility of solute decreases with the
increase of various properties of alcohol solvents. But its
solubility in i-propanol is obviously not as good as that in n-
propanol. As can be seen from Table 2, i-propanol has a lower
hydrogen bond donor tendency than n-propanol. This unique
dissolution phenomenon may also be related to hydroxyl
groups in the molecular structure of alcohol solvents. For i-
propanol, it is difficult for it to interact with other molecules
because the hydroxyl position is different from that of n-
propanol. Cohesive energy density is also a very important
thermodynamic parameter that reflects the energy consumed
per unit volume of liquid from liquid to gas. The interaction
between the solute and solvent increases with the increase of
cohesive energy density. In alcohol solvents, methanol has the
highest cohesive energy density, which is consistent with the
trend of solubility decreasing with the increase of cohesive
density.

2.7. Apparent Thermodynamics. At the same time, this
work also combined thermodynamic theory to study the
specific influence of related thermodynamic functions on the
dissolution process, thus deepening our understanding of the
dissolution mechanism. The standard enthalpy of dissolution
(A H®), standard solution entropy (A;S°), and standard
dissolution Gibbs (A,,G°) of OHP were calculated according
to the van’t Hoff model."” A H°, A,;S° and A_,G° can be
expressed as follows

A H® = —R dln x - R dln x
a(l/T) P a[(l/T) - (1/Tmean)] P
(10)
A,,G° = —RT, ., X intercept (11)

A H® — A G°
ASOISO — sol sol

Thean (12)
where T,,.,, represents the mean temperature (T,,.,, = 300.65

K), R is the gas constant, and “intercept” is the intercept of In x
and the (1/T — 1/T,,,,) curve.

The plots of Inx versus 10°(1/T — 1/Tpe) for OHP in
pure solvents at selected temperature are presented in Figure
S3, which shows that it has a good linear fitting relationship
with the selected solvent. In addition, the contribution rates of
enthalpy and entropy of dissolution to the Gibbs energy of
dissolution were estimated by using %&y and %&rg. The
equations for %&;; and %&rg are as follows™”*!

A HOl
%fH = S o X 100
A H + ITA ;S (13)
ITA,,S°!
%fTS = S o X 100
IA_H°l + ITA_,S°l 14
sol sol

The calculated values obtained are shown in Table 3. As
shown in Table 3, A H®, A S, and A G° are all positive

Table 3. Standard Enthalpy of Dissolution (A;H®),
Standard Solution Entropy (A,S°), and Standard
Dissolution Gibbs (A,;G°) of OHP along with the
Contribution of Dissolution Enthalpy (%&y) and the
Contribution of Dissolution Entropy (%&s) to the
Dissolution Gibbs Energy in Different Solvents at 300.65 K

A H® A G° Alsolso rg
solvent (J'mol™) (Wmol™) (K mol™) & (%) (%)

methanol 34.22 16.50 58.94 65.88 34.12
ethanol 28.09 15.57 41.64 69.17 30.83
n-propanol 34.98 14.25 68.95 62.79 37.21
i-propanol 25.98 18.55 34.72 71.34  28.66
acetone 22.19 14.19 26.60 73.51 26.49
acetonitrile 26.07 16.64 31.35 73.44 26.56
DMF 14.97 9.30 18.85 72.54 27.46
THF 11.28 9.55 5.77 86.67 13.33
DMA 23.30 8.41 49.53 61.01 38.99
ethyl formate 21.43 15.25 20.56 77.62 22.38
methyl 17.36 14.34 10.02 85.21 14.79
acetate
ethyl acetate 18.29 15.01 10.90 84.80 15.20
1,4-dioxane 22.96 11.32 38.72 66.36 33.64

values in all solvents, which indicated that the dissolution
process of OHP was endothermic and entropy-driven. Besides,
all %&y; values are higher than %¢& g, which showed that most
of the change of molar Gibbs energy comes from entropy.

3. EXPERIMENTAL SECTION

3.1. Materials. OHP (white crystalline powder with a mass
fraction purity of less than 0.99) was purchased from
Shandong Saituo Biotechnology Co., Ltd. All 13 solvents
used in the experiment were analytically pure, including
methanol, ethanol, n-propanol, i-propanol, acetone, acetoni-
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Table 4. Details Information of Materials Used”

molar mass mass fraction analysis water content
chemical name CAS no. (grmol™") source purity method (wt %)°
17-a hydroxyprogesterone ~ 68-96-2 330.46 S}}Jaxtljdong Saituo Biotechnology Co., >0.980 HPLC” <0.02%
td.
methanol 67-56-1 32.04 Siﬁogharm Chemical Reagent Co., >0.995 GC* <0.1%
ta.
ethanol 64-17-5 46.07 Siﬁogharm Chemical Reagent Co., >0.997 GC* <0.3%
td.
n-propanol 71-23-8 60.10 Sifogharm Chemical Reagent Co., >0.990 GC* <0.1%
td.
i-propanol 67-63-0 60.10 Sizogharm Chemical Reagent Co., >0.997 GC* <0.1%
td.
acetone 67-64-1 58.08 Siﬁogharm Chemical Reagent Co., >0.995 GC° <0.3%
td.
acetonitrile 75-05-8 41.05 SiIrioCIl)harm Chemical Reagent Co., >0.995 GC* <0.05%
td.
DMEF 68-12-2 73.09 SiIrio(];l)harm Chemical Reagent Co., >0.995 GC* <0.1%
td.
THF 109-99-9 72.11 SiIriocl:l)harm Chemical Reagent Co., >0.995 GC* <0.05%
td.
DMA 127-19-5 87.12 Siioc[l)harm Chemical Reagent Co., >0.995 GC* <0.1%
td.
ethyl formate 109-94-4 74.08 Siiogharm Chemical Reagent Co., >0.980 GC° <0.1%
td.
methyl acetate 79-20-9 74.08 Siilogharm Chemical Reagent Co., >0.980 GC* <0.1%
td.
ethyl acetate 141-78-6 88.11 Siﬁogharm Chemical Reagent Co., >0.995 GC* <0.1%
td.
1,4-dioxane 123-91-1 88.11 Siﬁogharm Chemical Reagent Co., >0.995 GC* <0.1%
ta.

“Both the analysis method and mass fraction purity were provided by suppliers. “High-performance liquid chromatography. “Gas chromatography.
“The water content of OHP was determined by Karl Fischer titration. The water content of the reagent comes from the label instructions that

come with the reagent.

trile, DMF, THF, DMA, ethyl formate, methyl acetate, ethyl
acetate, and 1,4-dioxane. Deionized water was prepared in the
laboratory (Arium Mini plus, Germany). All chemicals have
not undergone any further purification; please refer to Table 4
for more detailed information.

3.2. X-ray Powder Diffraction. X-ray powder diffraction
(XRPD)** of OHP were measured before and after the
solubility experiment to confirm the uniformity of crystal form.
XRPD characterization was performed on an X-ray diffrac-
tometer (Rigaku Mini Flex 600) with Cu Ka radiation. The
raw materials of the OHP and 39 residual solids were
determined. XRPD test conditions: a tube voltage of 40 kV, a
tube current of 30 mA, and the range of diffraction angle was
3—50° (26) with a scan speed of 10°-min™".

3.3. Thermal Analysis. The melting point (T,,) and
melting enthalpy (AgH) of OHP were determined by
differential scanning calorimetry”’ (Mettler Toledo TGA/
DSC 3%). At the heating rate of 10 K:min~', all of the
measured temperatures are between 298.15 and 623.15 K. The
determination is required to be completed under nitrogen
protection.

3.4. Solubility Measurements. The solubility of OHP in
13 pure solvents was measured using the static gravimetric
method, with a temperature range of 278.15-323.15 K
(interval 5.0 K) and a pressure of 0.1 MPa. The published
literature™* can also prove the accuracy and reliability of the
static gravimetric method. The specific steps to determine the
solubility are as follows: First, a certain amount of solvent,
excess OHP solute, and magnetons were added into a 15 mL
sample bottle. The thermostatic water-circulating bath
(Ministat 230, Huber, Germany) was set to a certain

temperature (with an uncertainty of +0.05 K); then the
sample bottle was added into the jacketed glass vessel filled
with water, which was covered with a rubber stopper, and the
magnetic stirrer was turned on for at least 12 h to ensure the
solid—liquid balance. In the pre-experiment, we measured the
solubility of OHP in the glass tube every hour. The results
indicate that on the premise of adding excess OHP to the glass
tube, the results obtained after stirring for 10 h are all equal,
indicating that the solid in the glass tube is no longer dissolved
and the system inside the glass tube has reached equilibrium
after stirring for 10 h. To ensure the accuracy of the
experimental results, we ultimately set the stirring time to 12
h. When the solid—liquid equilibrium was reached, the stirring
was closed and the mixture was allowed to stand until the
solid—liquid phase was completely separated. The supernatant
was taken from a preheated or precooled 5 mL syringe, filtered
through a 0.45 um filter membrane, injected into an accurately
weighed weighing bottle. We accurately weighed the solution
and weighing bottle using an analytical balance (model AL204,
Mettler Toledo, 86 Switzerland, accuracy +0.0001g) and dried
them in a vacuum drying oven at 50 °C for 48 h until the
solvent had completely evaporated. Finally, we accurately
weighed the quality of the dried aqueous OHP weighing bottle.
All of the experimental results were measured at least three
times, and the average value was taken to verify the accuracy of
the data. The mole fraction solubility (x,) of OHP in the
different organic solvents was calculated based on eq 15.

_ my /M,

o= MM
Y omy/ M, + my /M, (15)
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Table S. Values of Solvents Polarity, Hansen Solubility Parameters of OHP, and Selected Solvents”

solvent polarity 54 (MPa’) Sp (MPa®)
methanol 55.4 15.14 12.27
ethanol 519 15.75 8.80
n-propanol 50.7 15.95 6.80
i-propanol 48.4 18.75 6.14
acetone 422 15.55 10.43
acetonitrile 45.6 15.30 18.00
DMF 43.2 17.39 13.70
THF 37.4 16.80 5.70
DMA 42.9 16.80 11.50
ethyl formate 40.9 15.50 7.20
methyl acetate 389 15.50 7.20
ethyl acetate 38.1 15.14 5.32
1,4-dioxane 36.0 19.00 1.80
OHP 18.74 5.66

b
5, (MPa®%) 8, (MPa®) A5, (MPa") AS (MPa%)
22.30 29.62 8.005 15.14
19.43 26.51 4.895 11.15
17.39 24.56 2.945 8.765
16.36 23.52 1.905 7.811
6.95 19.97 1.645 6.149
6.10 24.40 2.785 13.171
11.25 24.83 3215 8.416
8.00 19.46 2.155 2261
10.20 22.77 1.155 6.241
7.60 18.70 2.915 3.912
7.60 18.70 2915 3912
9.20 18.50 3.115 3.616
7.40 2047 1.145 4250
9.16 21.61

“Taken from refs 15,30 and 31. bReprinted (adapted or reprinted in part) with permission from 31. Copyright © 2022 American Chemical Society.

where m; and M, refer to the mass and relative molecular mass
of OHP, respectively. Correspondingly, m, and M, refer to the
mass and relative molecular mass of various solvents,
respectively.

3.5. Solubility Data Correlation. There are currently two
commonly used methods for evaluating effectiveness: one is
relative mean deviation (RAD) and the other is relative root-
mean-square deviation (RMSD). The thermodynamic model
forzgcalculating solubility data can be used using eqs 16 and
177

1 n 2P _ x.cal
RAD = = Y |=——1 -
n i xi (16)
n 1/2
1
RMSD = |= D (x5 — )
m (17)

where % represents the molar fraction solubility of OHP
obtained through experimental measurement and x{*' repre-
sents the molar fraction solubility of OHP calculated through
the model fitting we selected. In addition, » indicates that there

are several experimental temperature points.

4. THEORETICAL MODELS

In recent years, with the continuous improvement of the
application value of solid—liquid equilibrium,”**” a large
number of experienced and activity coefficient equations
related to it have emerged one after another, so that many
corresgonding thermodynamic models have been estab-
lished,”® which can provide more theoretical basis for the
determination of solubility.” This work selects models
(containing the van’t Hoff model, Ah model, modified Apelblat
model, Yaws model, and NRTL model) to fit the experimental
solubility data.

4.1. Hansen Solubility Parameters (HSPs). The three
basic Hansen solubility parameters are dispersion (,), polar
(8,), and hydrogen bonding (5,). The total solubility
parameter (5,;) shows the total cohesive energy, defined as
eq 18. On this basis, combined with experimental data, the
interaction between the OHP and organic solvents can be
reasonably explained.

8, = /8 + 8, + 5y (18)

Values of 4, 6, and 6, of the 13 pure solvents used in this
work can be obtained directly from the literature (listed in
Table 5).">°>*' The HSPs of OHP could be accessed by the

group contribution method (listed in Table 6).">**
o _zn,
% (19)
3%
v (20)

LY
\4 (21)

where the &4, 5, and &, are explained in detail above. The V/
refers to the molar volume of the OHP.

Table 6. Calculation of the Solubility Parameters (6, 8, Oy,
5,) of OHP by the Group Contribution Method®”

By F E,
group  number  (JV/%-cm*?mol ") Ul/z~cm3}’z~mol’l) (Jmol™)

CH, 3 420 0 0
—CH,- 8 270 0 0
=CH- 1 320 0 0
>C= 1 70 0 0
-co- 2 290 770 2000
—OH 1 210 500 20,000
ring 4 190 0 0
5 = Z% — 187413 MPa®®

— \/ng" — 0.5
8,= Y2 = 56613 MPa
8, = (| =5 = 91606 MPa"*

v

8= \0i + 87 + 87 = 21.6148 MPa**

“Taken from refs 15 and 32. “Calculated by eqs 2—5.

In order to reveal the solubility of solutes in solvents, this
study applied the absolute value of solute—solvent (§,), which
is defined by the equation. Similarly, another combined
solubility parameter (AS) that reveals the miscibility of two
chemical substances is defined as eqs 22 and 23.
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i |

A6, =16, — &, (22)

A5 =[(8y — 8y)" + (8, — 8,)" + (Byy — 8317

(23)
4.2. van't Hoff Model. The van’t Hoff model is often used
to describe the change of solubility with temperature (T/K).
The model can be written as®>**
B
Inx, =A+ —

! T (24)
where x, is the mole fraction solubility of OHP and A and B
are the van’t Hoff parameters.

4.3. Ah Model. The Ah model is an empirical formula
suitable for the solid—liquid equilibrium system.” Its

expression is eq 25:
1 1
= lh(———]
T T, (25)

A1 = x))
X

where A and & are the model parameters and T, represents the

melting point of the OHP.

4.4. Modified Apelblat Model. The modified Apelblat
model®® is the most widely used semiempirical equation for
correlating temperature and solubility data in pure solvent and
binary mixed solvent systems.”” It can be represented as eq 26:

Inf1 +

B,
In x, =A + T +CInT (26)
where x; is the mole fraction of OHP, T is the absolute
thermodynamic temperature, and A,, B}, and C; are model
parameters.

4.5. Yaws Model. The Yaws model is a common empirical
model used to fit solubility in pure solvents, and its expression
is as follows:

B, G

Inx, =A, + T + = (27)
where x; is the mole fraction of OHP, T is the absolute
thermodynamic temperature, and A,, B,, and C, are model
parameters.

4.6. NRTL Model. According to the solid—liquid
equilibrium theory and solute activity coefficient,”®*’ this
formula grovides excellent performance for many liquid
solvents.*”*" The activity coefficient can be calculated by eq

28:
A H
In m[L_L]
R T, T (28)

where x; and x, represent the mole fractions of solute and the
selected solvents, respectively, for a pure solvent system:*>*’

1 _ 2 721G221 712G122
np =% 2 2
(%, + %,G,;) (%, + %,Gy,) (29)
G = exp(~ay;) (30)
& =" =a (31)
v RT RT (32)

where Ag; denotes the cross-interaction energy of solute and
solvent molecules, R refers to the gas constant (8.314 J-mol -
K™"), and « reveals the nonrandomness of the system which is
an adjustable constant.

In the NRTL model, all parameters change with the
temperature. Therefore, we can use a; and b; instead of
parameters Ag; and Al

T (33)

5. CONCLUSIONS

This study used the gravimetric method to determine the
solubility of 17-a hydroxyprogesterone (OHP) in 13 pure
solvents. The solubility of the OHP in all selected solvents
increases with increasing temperature. The experimental
solubility data were correlated by the van’t Hoff model, Ah
model, modified Apelblat model, Yaws model, and NRTL
model. The results indicate that all models can provide
satisfactory fitting results with an RAD below 5%. The HSPs
were applied to study the solubility behavior. The result
illustrates that the solubility sequence of the tested solvents of
OHP is the result of the comprehensive effect of multiple
factors. Thermodynamic properties were calculated, and the
results indicated a spontaneous mixing process of the OHP in
the selected solvents. Besides, A H®°, A;S° and A G°
proved that the dissolution process of OHP in the selected
solvent is entropy-driven and endothermic. Meanwhile, the
values of %y are greater than %&rg, which indicates that
enthalpy plays a greater role in the standard molar Gibbs free
energy.
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