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Abstract 0 Transition temperatures and other thermodynamic 
parameters associated with the transitions of chloramphenicol 
palmitate form B, anhydrous ampicillin, and theophylline to chlor- 
amphenicol palmitate form A, ampicillin trihydrate, and theophyl- 
line monohydrate, respectively, were determined from intrinsic 
dissolution rates. The parameters so determined agreed, within 
experimental limitations, with those reported by other workers who 
used an equilibrium solubility technique. Determination of true 
densities of the six solids revealed that the two forms of theophylline 
differed significantly. Correction of the theophylline data on the 
basis of difference in density provided even better agreement with 
the reported values. 
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The determination, from dissolution rate data, of 
transition temperature and other thermodynamic pa- 
rameters associated with polymorphic changes was first 
attempted by Milosovich (1). Subsequently, Nogami 
et al. (2) derived equations for obtaining rate constants 
for the dissolution of unstable polymorphs undergoing a 
simultaneous phase change. They also determined the 
transition temperature and the energetics of transition 
for the reversion of anhydrous forms of p-hydroxy- 
benzoic acid and phenobarbital to their respective 
hydrates. More recently, Griffiths and Mitchell (3) used 
the Nogami equations to study the phase transition oc- 
curring during the dissolution of aspirin. In all these 
studies, no unequivocal evidence of the applicability of 
the intrinsic dissolution rate data to a determination of 
thermodynamic parameters was obtained because the 
findings were not substantiated by an independent tech- 
nique. 

The purpose of the present investigation was to  show 
that the intrinsic dissolution rate data can be treated in 
the same manner as equilibrium solubility data to  con- 
struct van't Hoff-type plots and to extract thermody- 
namic information. The three systems studied were: 
chloramphenicol palmitate polymorphs A and B; am- 
picillin, anhydrous and trihydrate; and theophylline, 
anhydrous and monohydrate. The energetics of transi- 
tion for these systems, as determined by the solubility 
method, were reported in the literature (4-6), permitting 
easy comparison of the two techniques. 

As will be seen, the thermodynamic parameters de- 
termined in the present study agreed well with the pre- 
viously reported values. Determination of the true 

Table I-Experimental Conditions Used in Determination of 
Dissolution Rates of Chloramphenicol Palmitate, 
Ampicillin, and Theophylline 

Chloramphenicol Am- Theo- 
Variable Palmitate picillin phylline 

Number of dies 4 4 1 
Compression pres- lo00 5000 7000 

Solvent 80% v/v aqueous Water Water 
ethanol 

Wavelength of 270 230 27 1 

sure, lb. 

analysis, nm. 

r.p.m. 
Agitation intensity, 100 100 200 

densities of the six crystalline forms revealed that the 
hydrate of theophylline was significantly denser than the 
anhydrous form and indicated a need to correct the ob- 
served data. After correction, the thermodynamic 
parameters for theophylline were in better agreement 
with the literature values. 

THEORETICAL 

The dissolution rate of a solid in its own solution is adequately 
described by the Noyes-Nernst equation: 

tEs. 1) 

where dc/dt = flux or rate, A = area of the dissolving solid, D = 
diffusivity of the solute, C, = solute concentration in the stationary 
diffusion layer (under constant experimental conditions, C,  is a 
fixed multiple of its equilibrium solubility S and can be expressed 
as C, = KS,  where K = constant 5 l), C := solute Concentration 
in the bulk medium, 6 = diffusion layer thickness, and V = volume 
of the medium. Initially, C << C. and surface area A and volume V 
can be kept constant. Under these conditions and under the condi- 
tions of constant agitation, Eq. 1 reduces to: 

dc AD(C, - C) 
dr = 6V 

_ -  dc - KIDS dt 

where Kl = KA/6 V. If an assumption is made that the diffusion layer 
thickness is essentially invariant with temperature, then K1 be- 
comes a constant independent of temperature. Dependency of dis- 
solution on temperature can now be predicted from the knowledge 
of temperature dependency of diffusion and solubility. The de- 
pendency of diffusion on temperature is expressed by: 

D = Doe-Ea/RT (Eq. 3) 

where D O  = constant, depending on molecular weight and molar 
volume of the solute, and E,  = the activation energy of diffusion. 
Likewise, the dependency of solubility on temperature is described 
by ; 

S = S,e-AHs/RT 0%. 4) 

where So = constant, AHa = heat of solution, and R and T have 
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Figure I-Dissolution behavior of chlorumphenicol palmitaie poly- 
morphs A (closed symbols) and B (open symbols) at various tempera- 
tures. 

the usual meanings. Equation 2 may now be rewritten as: 

* = &e-(Ea + A B s ) / R T  
dt (Eq. 5) 

where K z  = KID&. 
Equation 5 predicts a linear relationship between the logarithm 

of the dissolution rate and the reciprocal of absolute temperature, 
with slope equal to - (Ea + AHJ2.303R. The quantity (,Fa + 
AHJ, herein referred to as heat of dissolution A&iss., can thus be 
determined for any dissolving solid. In the case of a system in- 
volving different crystalline forms of a compound, the species in 
solution is independent of the solid phase and the diffusional con- 
tribution to the heat of dissolution is identical. The difference in 
the heats of dissolution of any two crystalline forms of the same 
compound is thus equal to the difference in their heats of solution 
or enthalpy of transition. 

EXPERIMENTAL 

Materials-Chloramphenicol Palmitate-Chloramphenicol pal- 
mitate was purchased from a commercial source'. Polymorphs A 
and B were prepared in the manner described by Tamura and 
Kuwano (7). Characteristic X-ray powder diffraction patterns were 
obtained and compared with those reported in the literature (8). 

Theophylline-Theophylline was obtained from a commercial 
source*. The monohydrate was prepared by crystallizing the mate- 
rial from water.,The anhydrous form (m.p. 273") was prepared by 
heating the monohydrate at 100" for 24 hr. Differential thermal 
analysis was performed on a sample of the hydrate, using a dif- 
ferential thermal analyzer'. 

Ampicillill-Ampicillin trihydrate4 and ampicillin anhydrous5 
were obtained from a commercial source. 

Procedure-Determination of True Densities-True densities of 
all crystalline forms were determined at ambient temperature using 
an air comparison pycnometera. 

Deierminatioii of Dissolution Rates-The apparatus and method- 
ology used for the determination of dissolution rates were similar 
to those described by Allen and Kwan (9). The apparatus consisted 
of a tablet die holder, which could hold as many as four tablet dies in 
position, immersed in the dissolution medium contained in a 2-1. 
stainless steel vessel. Smooth surfaces of the subject crystalline 
forms were obtained by compressing the materials under appro- 
priate pressure in 0.97-cm. (0.38-in.) diameter dies. The inside sur- 

Parke-Davis and Co..  Detroit. Mich. 
Mallinckrodt. 

Squibb lot No. 82424. 
3Dupont 900, E. I. du Pont de Nemours & Co.,  Wilmington, Del. 

Sduibb batch No. 2. 
Model 930, Beckman Instruments, Inc., Fullerton, Calif. 
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Figure 2-Dissolution behavior of ampicillin anhydrous (open 
symbols) and trihydrate (closed symbols) at various temperatures. 

faces of the dies were pretreated with a solution of stearic acid in 
chloroform. The prepared surfaces were gently wiped to remove 
any loose powder, and the open ends of the dies were closed with 
Scotch tape. The dies were then placed in the holder which, in turn, 
was lowered into the reaction vessel containing 600 ml. of desired 
solvent maintained at a constant temperature. The solvent was 
circulated at a constant rate of 600 ml. min.-', moved by a circu- 
lating pump' through the sample compartment of a spectropho- 
tometer equipped with a strip-chart recorder. The agitation was 
provided by two 5.1-cm. (2-in.) diameter three-blade impellers 
spaced 2.54 cm. (1 in.) apart and centrally positioned so that the 
blades were opposite the dissolving surfaces. The progress of dis- 
solution was monitored by following the increase in absorbance 
at a fixed wavelength as a function of time. The experimental condi- 
tions used for each solid state are detailed in Table I. In the case 
of theophylline, only one die surface, along with three blank dies, 
was used. Dissolution of each solid was studied under several 
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Figure 3-Dissolution behavior of theophylline anhydrous (open 
symbols) and monohydrate (closed symbols) at various tempera- 
tures. 
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Figure &Plot illustrafing the dependence of the dissolution of 
chloramphenicol palmitate polymorphs A and B on temperature. 

temperature conditions. The observed rates were converted into 
mg. mi.-' min.-' cm.-z or mmole d - 1  min.-' cm.? using ap- 
propriate molar absorptivities. 

RESULTS AND DISCUSSION 

Dissolution Behavior-The initial dissolution profiles for chlor- 
amphedicol palmitate polymorphs A and B, ampicillin (anhydrous 
and trihydrate), and theophylhe (anhydrous and monohydrate) 
at different temperatures are depicted in Figs. 1-3, respectively. 
Here cumulative milligrams dissolved are plotted as a function of 
time. As expected, the plots are linear and, in the case of the un- 
stable systems, this indicated that no reversion to the stable form 
occurred during the measurement period. From the slopes of these 
lines, one can calculate initial dissolution rates in mg. or mmole mi. --I 
min.-l cm-2. It is also apparent from the figures that within each 
experimental pair, at any particular temperature, the unstable form 
dissolved faster. As suggested by Shefter and Higuchi (4), this ap- 
parently faster dissolution of the unstable forms is not attributable 
solely to the higher free energy content of these species, and one 
must consider the contributions by geometric factors. It will be 
seen from the following discussion that these geometric factors are 
of significance and that the observed dissolution data must be cor- 
rected accordingly. 

Determination of Thermodynamic Parameters-Figures 4-6 il- 
lustrate dependency on temperature of the dissolution rates of 
chloramphenicol palmitate forms A and B, ampicillin (anhydrous 
and trihydrate), and theophylline (anhydrous and monohydrate), 
respectively. Here the logarithm of the apparent dissolution rate 
is plotted as a function of the reciprocal of absolute temperature. 
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Figure 6-Plot illustrating the dependence of the dissolution of 
theophylline anhydrous and monohydrate on temperature. The dorted 
line represents the correcred data (see texr). 

As outlined under Theoretical, one can calculate the heat of dis- 
solution, AHdiss., for each solid from the slopes of these lines. For 
each experimental pair the point of intersection represents the transi- 
tion temperature at which the two forms exhibit identical dissolu- 
tion rates. The difference between the heats of dissolution of the 
components of each pair represents the enthalpy of transition, 
AHtrans.. The values of enthalpy of transition, together with the 
transition temperatures, as computed by the method of least 
squares, for the conversions of chloramphenicol palmitate form B to 
form A, ampicillin anhydrous to trihydrate, and theophylline an- 
hydrous to monohydrate are listed in Tatlles 11-IV, respectively. 

Under the conditions of constant temperature and pressure, the 
difference in free energy of the two forms of each pair is given by: 

(Eq. 6) 
dissolution rate (unstable form) 

dissolution rate (stable form) AFT = RTln 

The knowledge of AFT and A H U S ,  where subscripts U and S stand 
for unstable and stable species, respectively, permits computation 
of the entropy difference, AST,  for each pair, since: 

AHu.s  - A? 
T AST = (Eq. 7) 

The values of AFT and AST for the three pairs as determined in the 
present study are listed in Tables 11-IV. Also included in the tables 
are the reported values for the various parameters as obtained from 
solubility measurements (4-6). It can be seen that there is good 
agreement between the values obtained by the two techniques. 

Table 11-Thermodynamic Values Calculated for 
Chloramphenicol Palmitate Forms A and B 

Parameter Present Study Reference 5 

Transition temperature 84 a 88" 
AHB,A,  kcal./mole -5.31 -6 .35  

AST, e.s.u. - 15" - 1 8 a  
AFT, cal./mole - 807" - 774a 

"At 30" 
,TE 

Table III-Thermodynamic Values Calculated for Ampicillin 
Anhydrous and Trihydrate 

y- 0 
3.2 3.3 3.4 

l / J  X 108 

Figure 5-Plot illustrating the dependence of the dissolution of am- 
picillin anhydrous and trihydrate on temperature. 

~~~ ~ 

Parameter Present Study Reference 6 

Transition temperature 41 O 42 O 

A HA,  H, kcal./mole -6 .55  -6.40 
AFT, cal./mole - 151a - 140" 
AST, e.s.u. -20.6a -20.2" 

At 37". 
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Table IV-Thermodynamic Values Calculated for 
Theophylline Anhydrous and Monohydrate 

Table VI-Thermodynamic Values for Crystalline Forms of 
Chloramphenicol Palmitate, Ampicillin, and Theophylline 

Parameter Present Study 

Transition temperature 69.7" 
Transition temperature 73.6" 

AHA.H, kcal./mole -3.1 
AFT, cal./mole - 3 5 9  
AFT, corrected cal./mole -411O 
AST, e.s.u. -9.2" 
AST, corrected e.s.u. -9.0" 

corrected 

Reference 4 

73.0' - 
-3.3 

-41@ 

- 1 0 .  
- 
- 

OAt25". 

Influence of Geometric Factors on Diu t ion- In  an effort to 
determine the significance of geometric factors in the interpretation 
of the dissolution data, true densities of all the crystalline forms 
under investigation were determined. The data are presented in 
Table V and show that there is a significant difference only in the 
case of the two forms of theophylline. This difference suggests that 
the effective surface area, in terms of number of molecules exposed 
per unit area, is different for the two solid states of theophylline. 
Thus, in Eq. 5, the constant Kt, which incorporates an area term, 
would not be the same for these two crystalline forms. Inasmuch 
as solubility is a measure of interaction between the molecules of 
solvent and solute, if one desires to  treat the dissolution rate data 
in the same fashion as the solubility data, the former should be 
expressed in terms of rate per molecule. One way to achieve this 
end would be to divide the observed dissolution rates by the re- 
spective absolute densities of the materials. Alternately, the observed 
dissolution rate of the heavier form may be divided by the ratio of 
densities of the heavier to the lighter form to obtain the same rela- 
tive corrected rate. Ideally, the density of the compressed materials 
should be measured at each temperature point. As a first approxi- 
mation, however, one may use the density data for the uncompressed 
materials as presented in Table V. The dotted line in Fig. 6. rep- 
resents the rate data corrected in this manner. The corrected transi- 
tion temperature is 73.6". which is in full accord with the value of 
73" reported by Shefter and Higuchi (4). This was also confirmed 
by differential thermal analysis during the present study, thus add- 
ing to the validity of the correction. The values of entropy and free 
energy of transition of anhydrous theophylline to the monohydrate 
were also recalculated, using the corrected dissolution rates (Table 
IV). 
General Discussion-As outlined under Theoretical, the observed 

heat of dissolution is a summation of the energy of diffusion and 
the heat of solution. Thus, the difference between the heat of dis- 
solution and the heat of solution provides a measure of the energy 
of diffusion. In Table VI the observed values of heat of dissolution 

Table V-True Densities of Different Crystalline Forms under 
Ambient Conditions 

~ ~~ 

Compound 
~~ 

Density, g./ml. 
-~ ~ ~~~ ~~ ~~ ~ 

Chloramphenicol palmitate 
Polymorph A 
Polymorph B 

Ampicillin 
Anhydrous 
Trihydrate 

Theophylline 
Anhydrous 
Monohydrate 

1.24 
1.25 

1.36 
1.34 

1.44 
1.52 

AHdim. - 
A Hdiu., A Hmo~n. 9 AHsoln. 9 

Compound kcal./mole kcal./mole kcal./mole 

Chloramphenicol 
palmitate 
Form A 25.26 21.80 3.46 
Form B 19.95 15.40 4.55 

Ampicillin 
Anhydrous 
Tri hydrate 

2.54 -1 .oo 3.54 
9.09 5.40 3.69 

Theophylline 
Anhydrous 10.30 7.40 2.90 
Monohydrate 13.44 10.70 2.74 

for the six solids investigated are summarized together with those 
reported (4-6) for the solution process. In the last column are shown 
the differences between the heats of dissolution and solution. 
Measurements of the reported heats of solution for the polymorphs 
of chloramphenicol palmitate were made in 35x aqueous tert- 
butyl alcohol, whereas the solvent used in the present study was 
80z aqueous ethyl alcohol. The computed values of the energy of 
diffusion for these polymorphs should, therefore, be treated with 
caution. The calculated values for energy of diffusion range from 
2.7 to 4.6 kcal./mole, which is comparable to the range of 3-5 
kcal./mole reported (10) for diffusional processes and support the 
contention that thickness of the diffusion layer is independent of 
temperature. Unequivocal evidence in support of this assumption 
can be obtained by determining the energies of diffusion for the 
three solute species studied cia an independent technique. These 
studies will be reported upon their completion. 
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