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Solubility of the A, B, and C Polymorphs of Stearic Acid in Decane, 
Methanol, and Butanone 
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The solublllty of the A, B, and C polymorphs of stearlc 
acid Is measured In decane, butanone, and methanol. The 
experlments were carried out between 6 and 38, -2 and 
39, and 8 and 33 OC for decane, methanol, and butanone, 
respectlvely. The enthalpies and entroples of dlssolutlon 
for decane and butanone agree well with those derlved 
from fuslon data. The enthalples check with those 
dlrectly determlned by calorlmetry. The entroples for the 
polymorphic transltlons B-C and A-C are found as 4.6 f 
0.5 and 1.3 f 0.7 kJ mol-', respectlvely. The stablllty 
reglons of the polymorphs are deduced wlthln 2 K. The B 
and C polymorphs coexlst at 29 OC; B Is stable below thls 
temperature whereas C Is stable above It. The A 
polymorph Is unstable at all temperatures. As an 
example, at 25 OC, the solublllty of the B polymorph In 
100 g of solvent Is 0.698, 1.608, and 4.575 g for decane, 
methanol, and butanone, respectlvely. 

Introductlon 

I n  some respects stearic acid, CH3(CH,),&OOH, is an in- 
teresting substance to investigate the solubility of different po- 
lymorphic modifications: (i) the different modifications can be 
separately crystallized; (ii) the heats of polymorphic transfor- 
mation are sufficiently high to give differences in solubility; (iii) 
the transitions between the polymorphs occur well below the 
melting point but are kinetically hindered, so that all polymorphs 
can be observed at the same temperature. 

Stearic acid mainly crystallizes from solution in three poly- 
morphic modifications A, B, and C ( 7 ) .  The B and C poly- 
morphs are easily crystallized in lozenge-shaped, thin crystals, 
whereas the A polymorph forms needlelike crystals and is 
difficult to crystallize. Thus, we drew our attention to the B and 
C polymorphs, while only a few experiments were carried out 
with the A polymorph. Bailey et al. (2) first pointed out the 
differences in solubility of the stearic acid polymorphs. In  a 
following paper ( 3 )  they pointed out that the C polymorph is 
stable above 40 OC and the B polymorph below 40 OC. Below 
10 OC they suspect the E form to be stable. This latter poly- 
morph has nearly the same macroscopic crystallographic fea- 
tures as the B one. However, its occurrence conditions are not 
welldefined. No quantitative information about the differences 
in solubility was given (2, 3 ) .  

Solubilities for stearic acid are quite abundantly given in the 
literature. The data are nearly completely accumulated by 
Singleton (4). However, a closer examination shows a varying 
accuracy, which is often insufficient. Furthermore, the differ- 
ence in solubility of the polymorphs is not quantitatively clarified. 
Since exact solubility data are needed for experiments con- 
cerning the crystallization of the B and C forms of stearic acid, 
we undertook careful measurements of the polymorph-specific 
solubility and selected decane, methanol, and butanone as 
solvents. 
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The solid-state transitions between the polymorphic modifi- 
cations are kinetically hindered, so that solubility measurements 
provide a means to determine stability regions. 

Experlmental Section 

The purities and the suppliers of the chemicals used are as 
follows: stearic acid (Fluka, >99.6%), decane (Fluka, >99 %), 
methanol (Prolabo, >99.6%, <O. I % water), and butanone 
(Merck, >99.5%, <0.05% water). All chemicals were used 
without further purification. Crystals of the three polymorphs 
were obtained by careful crystallization from decane at room 
temperature. We selected the desired polymorph from the 
precipitate by means of an optical microscope. The solubilities 
have been determined by two different techniques. I n  both 
cases we started from sdution prepared by using weighed 
amounts of stearic acid and solvent. The solutions were put 
into thermostated cells. The temperature could be rzad to 0.1 
K. We used two slightly different techniques to determine the 
solubilities: 

(i) The bulk solubilities were determined by directly nucleating 
the crystals in the cells. By lowering and raising its temperature, 
we could observe the appearance and disappearance of 
crystals. By using the "bracketing technique" we decreased 
the temperature intervals of successive crystallization/dissolu- 
tion cycles. This technique has been used to determine the 
solubility of paraffins in alkane solutions (5). There the repro- 
ducibility was ~ 2 0 0  mK. During our measurements it became 
rapidly clear that the reproducibility was less. Depending on the 
solvent we found the saturation temperature to vary as much 
as 700 mK. In  addition, with this technique no influence on the 
polymorph precipitated could be excercised. From the deter- 
mination of the occurrence domains of stearic acid (6) it can 
be assumed that the C polymorph is mostly precipitated in 
decane and other nonpolar solvents, if mean supersaturations 
are used. From a study, which is in progress, it appears that 
in methanol and other polar solvents mixtures of the polymorphs 
are precipitated more commonly. 

(ii) The individual solubilities of the three polymorphs were 
determined by a new technique. After the prepared solutions 
had attained thermal equilibrium, small single crystals of the 
polymorph in question were added. Then the temperature of 
the solution was lowered and raised as above. At the same 
time we observed the crystal edges and interference colors by 
means of a polarizing microscope. Especially the change in 
interference colors gave a sensitive means to determine exactly 
the temperature at which the crystal was in equilibrium with the 
solution. However, the experiments could not be carried out 
in the entire temperature range. If the unstable polymorph, 
which has a higher solubility, is investigated far from the tem- 
perature of equal solubility, the stable polymorph may sponta- 
neously precipitate and grow. Thus, the concentration in the 
solution is changed, which leads to incorrect results. 

Results 

The bulk and polymorph-specific solubilities obtained by us 
have been summarized in Tables 1-111. For decane we 
compared the bulk solubilities with those of the C polymorph 
and found a very good accordance. We conclude that in the 
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Table I. Bulk and A, B, and C Polymorph-Specific 
Solubilities of Stearic Acid in Decane 
_____________ 

C l ( s  C!(g 
(100 g of - In (100 g of -In 

0 i - C  solvent) I )  x 2 "  o/"C solvent) I )  N:" 

Bulk 
. l 7 . 9  0.204 6.888 33 .1  2.887 4.252 
22.4 0.411 6.190 33.8 3.335 4.110 
26.0 0.825 5.494 35.0 4.002 3.931 
27.9 1.207 5.116 37.1 4.996 3.714 
29.8 1.666 4.796 37.6 5.999 3.536 
32 .1  2.399 4.435 

A Polymorph 
18.6 0.225 6.790 29.5 1.534 4.878 
25.6 0.766 5.569 33.7 3.282 4.126 

B Polymorph 
5.7 0.014 9.578 30.4 1.733 4.757 

17 .3  0.168 4.085 34.5 3.899 3.957 
20.0 0.307 6.480 35.8 4.779 3.757 
25.0 0.699 5.660 

C Polymorph 
19 .5  0.275 6.590 35.5 4.278 3.866 
24.7 0.696 5.663 

x 2  is the monomer mole fraction 

~ .- -. 

Table 11. Bulk and B and C Polymorph-Specific 
Solubilities of Stearic Acid in Methanol 

f )  /"C 

13.5 
15.2 
17 .6  
19.7 

C / (g  
(100 g of 
solvent) I )  

0 .299 
0.358 
0.398 
0.600 

__ ___ - 
s2u 

__ ~ ~____ 
Bulk 

7.595 23.5 0.994 6.796 
7.817 24.5 1.273 6.549 
7.711 27.8 1.793 6.207 
7.301 32 .8  3.553 5.525 

B Polymorph 
- 2.2 0.090 9.2010 18.8 0.672 7.1871 

6 . 3  0.213 8.3342 21.2 1.035 6.7554 
11 .75  0.384 7.7469 27.2 1.993 6.1014 
13.4 0.445 7.5991 31.0 3.251 5.6136 
16.5 0.604 7.2933 34.4 5.155 .5,1547 

C Polymorph 
11.0 0.389 7.7336 29.2 2.435 5.9018 
15 .7  0.607 7.2887 35.1 5,085 5.1684 
20.4 1.041 6.7495 35.5 5.792 5.0389 
27.0 2.010 6.0931 39.0 9.181 4.5821 

s, is the monomer mole fraction 

Table 111. B and C Polymorph-Specific Solubilities of 
Stearic Acid in Butanone 

C/(,. C i ( g  
(100 g of -In ( 1 O O g o f  - I n  

o/"C solvent). ') x (1 ti/'C solyent) I )  s. 

B Polymorph 
8.5 0.725 6.3015 20.7 2.770 4.9657 

15.0 1.547 5.5455 26.1 5.190 1.3440 
18.5 2.27-1 5.1620 29.5 7.441 3.9894 

C Polymorph 
7.5 0.734 6.2885 23.5 4.036 4.5927 

14.2 1.586 5.5208 32.8 10.195 3.6813 
18.0 2.353 5.1281 
'' s 2  is the monomer mole fraction 

bulk experiments the C solubility was measured. Thus, we 
treated bulk and C solubilities as the same. We note that de- 
cane was the only solvent in which the bulk solubilities could 
be measured with an acceptable accuracy (-300 mK). In  all 
other tested solvents (methanol, cyclohexane, benzene) the 
dispersion was at least twice. At temperatures below -27 OC 

the bulk solubility determined for methanol as solvent is sig- 
nificantly lower than that of all polymorphs. As we have no 
explanation of the effects, we discard the bulk values. No bulk 
data were measured for butanone. 

The solubility of any solute (index 2) in any solvent can be 
represented as 

(1) 

where x 2  and y2 are the solute mole fraction and activity, 
respectively, and &H and &S are the enthalpy and entropy of 
dissolution. Depending on the nature of the solvent, which 
determines the degree of dimerization of the stearic acid, x 2  
has to be taken as the monomer or dimer mole fraction. A 
discussion of the involved thermodynamics is given as supple- 
mentary material. (See paragraph at end of text regarding 
supplementary material.) 

Stearic acid dissolves nearly completely as dimers in decane 
(7); thus we replace x 2  by xD:xD = x 2 / ( 2  - x2) .  By means of 
eq 1 we obtain AdH and A d s .  The results of the least mean 
square fits are compiled in Table IV. 4s all numerical values 
are referred to 1 mol of monomeric stearic acid, the dimer mole 
fraction is to be calculated from the values in Table IV by 

-In X 2 y 2  = &H/RT - & S / R  

X D  = eXp[2(-L?LdH/RT A,$//?)] (2) 
Stearic acid is completely dissociated in butanone (8) .  A 
straight-line fit according to eq 1 using the monomer mole 
fraction gives the values for &Hand &S displayed in Table V. 
Our experimental values indicate no deviation from a straight 
line. The mole fraction is given by 

x 2  = exp(-A,H/RT + Ads//?) (3) 

The data for methanol as solvent cannot be represented by 
a straight line. For a treatment we can assume the same 
deviations from ideality for both polymorphs, Le., ye = yc, at 
constant temperature. These nonidealities cannot be explained 
by a difference Ac, , because these corrections do not apply 
in decane and butanone. The excess entropies and enthalpies 
of both polymorphs must be equal as the difference in enthalpy 
and entropy of both polymorphs does not depend on the sol- 
vent. Thus, we add the same correction term for both poly- 
morphs to eq 1: k ( l / T -  1/T,)2. The constant To is chosen 
as 300 K to transform the correction into the range of our work. 
We fitted k for both polymorphs simultaneously with A,H and 
Ads using multiple regression techniques and obtained k = 
(5.96 f 0.18) X IO6 K2. The values for AdHand &S are given 
in Table V I .  (Note that at 300 K the correction is zero.) With 
this correction the saturation temperatures are predicted within 
300 mK, which is within the limit of the experimental error. The 
mole fraction is given by 

X p  = eXp[-AdH/Rrf &S/R -t- k ( l / T -  1/300 K)2] (4) 

Conslderatlon of Errors 

In  the following we consider the error in saturation temper- 
ature T, (as calculated from concentrations) and supersatura- 

Table IV.  
Solubility, Calorimetry, and Fusion Data Using Ideal Solution Theory 

Enthalpy and Entropy of Dissolution of the  A, B, and C Polymorphs of Stearic Acid in Decane Derived from 

- 

i C i H / ( k J  mol I )  i,S/(J mol ' K ' )  
- - __ - - ___ 

polymorph A B C A B C - __.________ 

solubility 6 5 7  0 5  6 9 0 - 0 3  6 4 4  0 2  1 9 3 4 &  1 8  2 0 5 0 -  0 9  189.9 * 0.6 
calorimetry 70 1 64 1 
fusion 6 8 6  0 2  6 2 6  0 2  2 0 2 0 -  0 9  183 i 0.9 
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Table V. 
and C Polymorphs of Stearic Acid in Butanone Derived 
from Solubilitv Data and Calorimetry 

Entropy and Enthalpy of Dissolution of the  B 

morph B C €3 C 

solu- 77 .9  t 0.4 73.2 i 0.4 224.1 i 1.3 208.7 i 1.4  
bility 

rimetry 
calo- 74.0 I 0.8 

tion /3 (p  = x / x s )  caused by the uncertainties of the values. 
(1) The error in saturation temperature will be caused by the 

error in AdH: 

To evaluate the error caused by A$ we note that Ads is ex- 
trapolated to 1/T = 0, which is far from the investigated in- 
terval. Thus, 1/T is transformed to the temperature range of 
interest ( ~ 3 0 0  K) by l /T '=  1/T - 1/300 K. This transforma- 
tion of the coordinates considerably reduces the error in AS (the 
intercept). The error in Ts as caused by the error in the in- 
tercept Ads or A S  will be 

The sum of both errors (eq 5 and 6) leads to uncertainties in 
the saturation temperature Ts of 60-90 mK for decane and 
90-140 mK for butanone. For methanol as solvent we deduced 
above the uncertainties in T, from our fits as 300 mK. 
(2) The error in is Only caused by the error in AdH: 

(7 )  

where AT is the subcooling. This error will be less than 0.2%, 
if we take AT < 4 K and T = 300 K. 

Discussion 

We compare the entropies and enthalpies of dissolution with 
those of fusion and heats of dissolution directly determined by 
calorimetry (Tables IV-VI). The heat of fusion of the B poly- 
morph was obtained by adding to the heat of fusion of the C 
polymorph the heat of the 6-C transition &Hm = 6 kJ mol-', 
as obtained by DTA. The entropies were calculated by AfSc 
= AfHc/T, and AfSB = AfSc -t AtrHBC/Ttr with T,, = 302 K. 

The check for decane is very satisfactory. We note a good 
agreement of the dissolution data (solubility and calorimetry) for 
butanone. The enthalpy of fusion is by - 11 kJ mol-' lower, 

I I I \ 

Stable Polymprph ' A  I 
I 
I 

0 ;  
I 

29.1 28.8 

*AB *BC *A C I 
Figure 1. Schematic representation of the free enthalpies AG of the 
A, B, and C polymorphs of stearic acid as a function of temperature. 

which we explain by the difference in enthalpies of the disso- 
ciation of the stearic acid dimer and the formation of the stearic 
acid-butanone complex. The total disagreement for methanol 
cannot be due to the uncertainties in the measurements. As 
pointed out above, the thermodynamics of this solution are very 
involved and not quantitatively known. We cannot build up a 
valuable physical model from our measurements. The f i  is only 
a mathematical representation of the experimental data. 

Our solubility measurements allowed for the calculation of 
transition enthalpies, entropies, and temperatures for the three 
polymorphic transitions (A-6, A-C, 6-C) as summarized in 
Table V I I .  The dispersion in the temperatures is on the order 
of 2 K. We compare the differences in enthalpies with the 
heats of the solid-state transition. For the B-C transition &HBC 
= 6 kJ mol-' as determined by DTA (9, ?O). Defects formed 
upon heating may be at the origin of the slightly higher transition 
enthalpy. A difference of 6 kJ mol-' is also obtained from 
calorimetric measurements of the heats of dissolution (7). No 
exact direct determination for the A-C transition is available. 
By DTA Garti (9) found the heat to be smaller than for the 6-C 
transition but did not give any quantitative value. 

We exaggerated the differences in AG of the three poly- 
morphs as a function of temperature, in order to illustrate the 
stabilii region, (Figure 1). I t  can be seen that the A polymorph 
is unstable at any temperature. Furthermore, it becomes ev- 
ident from Figure 1 that the solid-state transitions are only from 
A to C and 6 to C. At temperatures >30 OC, where the ki- 

Table VI. Enthalpy and Entropy of Dissolution of Stearic Acid in Methanol at 300 K' 
AdH/(kJ mol- ')  A d S / ( J  mol- '  K - ' )  

polvmorph B C B C - -  
245.7 I 0.4 230.9 i 1.3 solubility (300  K )  88.9 i 0.8 84.4 I 0.1 

calorimetry (304 K )  81.3 i 0.7 75.4 k 1.6 

a For  other temperatures the corrections given by eq I d  apply. The enthalpies are compared with those obtained by 
calorimetry at  304 K .  

Table VII. 
Polymorphic Transitions' 

Comparison of the  Enthalpies, Entropies, and Temperatures of the  A-B, B-C, and A-C 

transition A-C transition B-C 
transition 

(kJ  mol I )  ( J  mol K - ' )  e / " C  A-B O/"C 
A tP1 A t 3 1  A&l 

solvent (kJ  mol- ')  (J  mol- '  K- ' )  e / " C  

SOLh 1.3 T 0.7 4 .1  i 0.1  27.9 4.6 t 0.5 15.2 = 0.1  28.8 29.1 
GROC 4 .2  i 1.3  13 .8  i 4.3 

decane 

methanol 4.5 i 1.5  14.9 f 0.1 30.1 
bu tanone 4.7 ? 0.8 15.4 + 0.2 29.1 

' The dispersion of the temperatures is on  the order of 2 K .  SOL = solubility. GRO = growth kinetics. 
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netically hindered solid-state reaction may occur, the C poly- 
morph is the most stable. 

All described measurements were performed in a stagnant 
system. We would additionally deduce the differences in sat- 
uration temperatures between the B and C polymorphs from 
measurements of the growth and dissolution rates in a flow 
system (for the system, see ref 7 1). This difference is 0.6, 0.5, 
and 0.0 K at 19.4, 23.9, and 28.3 OC, respectively. The pre- 
cision of the temperatures is on the order of 200 mK. We 
deduced the differences in enthalpy and entropy of dissolution 
of the B-C pair additionally given in Table V I I .  The values have 
a higher dispersion, but check with those obtained in the stag- 
nant system. We conclude that the differences in AtrHBC be- 
tween solubility experiments (-4.7 kJ mol-') and direct calor- 
imetric and DTA experiments (- 6.0 kJ mol-') are not due to 
the use of a stagnant system (Le., influence of diffusion). 

To our knowledge for decane no solubility data are published. 
The few data published for butanone (12) are higher than ours. 
Those published for methanol (2, 13- 15) agree qualitatively 
at temperatures higher than 10 OC. In both cases no reference 
was given to the polymorphic modification. 

Conclusion 

We have undertaken careful measurements of the solubility 
of the A, 8, and C polymorphs of stearic acid in decane, bu- 
tanone, and methanol. The attained precisions are very good. 
In decane we found stearic acid to dissolve nearly ideally in the 
form of dimers. We found great deviations from ideality in 
methanol. In  butanone, stearic acid dissolves as monomers 
followed by a formation of a solvent-solute complex, the nature 
of which is unknown. In  all solvents the point of equal solubility 
of the B and C polymorphs is at 29 OC. 

A comparison of A,H calculated from solubility data with 
direct calorimetric determination (7) reveals two noteworthy 
facts: (i) the absolute values for the heats of dissolution check 
for decane and butanone, but largely deviate for methanol: (ii) 
in all solvents the difference in the heats of dissolution between 
the B and C polymorphs is 4.7 kJ mol-' from solubility data, 
while 6.0 kJ mol-' is obtained from calorimetry and DTA. 

We have shown that in all solvents the differences in solubility 
of the B and C polymorphs are equal and we obtained quan- 
titative values for the differences in solubility of the A, B, and 
C polymorphs. Thus, if the solubility of only one polymorph has 
been determined, the solubilities of the remaining two can be 
easily calculated. 
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Glossary 

H enthalpy, kJ mol-' 
k correction constant, K2 
R 
S entropy, J mol-' K-' 
T absolute temperature, K 
X mole fraction 

Greek Letters 

A 
Y activity coefficient 
Subscripts 
2 solute 
B B polymorph 
C C polymorph 
d dissolution 
D dimer 
f fusion 
S saturation 
tr polymorphic transition 

Reglstry No. Stearic acid, 57-1 1-4. 

universal gas constant, 8.314 J mol-' K-' 

supersaturation 
difference operator 

P 
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