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A model was proposed to analyze the dissolution phenomena involving simultaneous
phase changes and its experimental demonstration was done with p-hydroxybenzoic acid
and phenobarbltal which change to the respective hydrates during dissolution. The mathe-
matical expression for the dissolution according to this model was given by equation (3) or
(4). Conbining the rotating disk method with the above equations, it was possible to
determine the rate constant of crystallization process, k7, and the saturated concentration
of anhydrate, Cgy, which are hardly obtainable by other usual methods. At the same time,
the rate constant of transport process, k¢, and the saturated concentration of hydrate, Cga,
were obtained.

Analyzing the values of kf, k7, Cga, and Csg obtained at various temperatures, the
activation energies of transport and crystallization process and the thermodynamic func-
tions of the transition from anhydrate were determined, being reasonable compared with
the past data reported on organic medicinals. The transition temperatures obtained from
the intersections of the van't Hoff plots regarding anhydrate and hydrate were 84° for
p-hydroxybenzoic acid and 37° for phenobarbital. In the case of p-hydroxybenzoic acid,
(Cs4—Csg) increased with temperature in the experimental temperature region.

It is well known that many organic compounds may exist in different crysta]line modifi-
cations such as polymorphism and solvated form, as are often found in organic medicinals.4-"
The condition of such a system of one component is completely determined by temperature
and pressure.

Considering what modification is the most stable in such system as consisting of solid
and liquid phase in two components, it is determined not only by the above two physical
variables, but also by surrounding conditions, as is in the case of the solid phase in contact
with a solvent. Then, the dissolution of a modification which is unstable or metastable in
a given solvent may not be explained according to the classical diffusion controlled model
only, because such phase may dissolve into the solvent accompanying a transformation to
the stable phase, finally attaining to the most stable one at equilibrium. That is, the effect
of the change in external conditions on the system is counterbalanced by the phase reaction.®

Accordingly, phase specificity of the crystalline modification having influence on dissolu-
tion behavior seemed to be an important consideration in drug availability. Higuchi, ef al.
examined qualitatively the relative dissolution rates of some solvated and nonsolvated organic
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medicinals, noticing the different thermodynamic activities.®) The dissolution rates of higher
energy polymorphs of sulfathiazole and methylpredonisolone have been also reported from

the practical pharmaceutical standpoint.”

In the present paper, dissolution behaviors of orgamc medicinals accompanymg simultane-
ous phase change were investigated quantltatlvely using p-hydroxybenzoic acid and phenobar-
bital, which transformed to the respective hydrates. In addition, the thermodynamic differ-
ences between solvated and nonsolveted crystal forms were discussed.

Experimental

Materials p-Hydroxybenzoic acid used was of the purest reagent grade. Phenobarbital was of J.P.
VII grade, infrared (IR) spectrum being in agreement with that of anhydrate obtained by recrystallization

from water.
Preparations of Anhydrate and Hydrate of both p-Hydroxybenozic Acid and Phenobarbital The hydrate

of p-hydroxybenzoic acid was obtalned by recrystallization from aqueous solution, the anhydrate belng pre-
pared by heating the hydrate at 100° for 24 hr (mp 213°).

énhvdrate

anhydrate

Al Wm

40003400 3000 2800 1900 1700 1500 1300 1100 1000 900 s'o(o 7‘oq) 4000 3400 3000 2800 1900 1700 1500 1300 1150 1000° 900 80(% 700)
cm cm

Fig. 1.‘. Infrared Absorption Spectra of p—Hydroxy- Fig, 2.  Infrared Absorption Spectra of Pheno-
benzoic Acid Anhydrate and Hydrate by KBr Disk barbital Anhydrate and Hydrabe by Nujol
Method Method.

Tasie I. X~Ray Diffraction Patterns of p—Hydroxybehzoic Acid
and Phenobarbital using Cu-XKa Radiation.

p—-Hydroxybenzoic acid Phenobarbital

Anhydrate Hydrate _ Anhydrate Hydrate
d@A 11, dA 11, dAy Iy dA 11,
4.98 81 . 5.94 100 - 11.48 100 15.23 49
4.49 28 5.06 72 7.69 41 7.76 44
3.95 20 4.23 18 6.32 69 5.82 100
3.59 100 3.70 57 , 6.19 82 5.57 38
3.40 16 3.24 48 5.64 47 5.45 39
3.28 53 3.16 8 5.29 63 5.27 29
2.95 60 3.00 16 5.01 18 4.70 22
2.86 14 4.74 23 3.88 86
4.21 24 3.60 15
4.00 48 3.53 17
3.90 28 3.38 11
3.72 38 3.10 19
3.56 24 2.97 39
3.33 21 2.87 26
3.18 20 2.80 38

d: interplanar distance I[1,: relative intensity

9) 'W.I. Higuchi, P.D. Bernardo, and S.C. Metha, [. Pharm. Sci., 56, 200 (1967).
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The hydrate of phenobarbital was crystallized out in the aqueous solution below 30°, the anhydrate
being done above 50° (mp 178°). Since several polymorphic forms of phenobarbital had been reported,?)
it was necessary to check the phase before dissolution experiments., Phenobarbital used was of the stable
phase under the experimental conditions. It was difficult to determine the intrinsic melting point of this
phase, because the transformation to stable phase might take place at eléevated temperature. As hydrates
of both p-hydroxybenzoic acid and phenobarbital were easy to be dehydrated, they were presetved under
saturated vapour pressure in a desiccator. Determination of melting point of these hydrates were impossible
becuase of the dehydration on heating. X-Ray diffraction patterns and IR absorption spectra of the res-
pective phases are shown in Fig. 1 and 2 and in Table I. _ -

Procedures for Dissolution Studies a) Rotating Disk Method: The procedure employed was the same
as described in the previous paper.’) Every experiment for p-hydroxybenzoic acid was carried out under
the following conditions: 50 ml of distilled water at 40°, 35°, 30° and 25°; the rotating velocity of disk at
600, 500, 300, 200, 120, 100 and 60 rpm; the disk of 3 cm diameter compressed under 3 ton/cm? ~ For pheno-
barbital: 50 ml of distilled water at 30°, 25° and 20°; the rotating velocity of disk at 600, 300 and 200 rpm;
the disk of 3 cm diamter compressed under 3 ton/cm?  When the samples were compressed to make the
disks, the phase transition was not observed and the density of disk was not influenced by the pressure.
At an appropriate interval, 50 gl or 100 ul of -the solution were sampled out by a micro syringe (Jintan
Terumo).

b) Dispersed Amount Method: 50ml of distilled water warmed preliminarily at the same temperature
as the bath were added quickly in the flask, which was the same as used for rotating disk method, containing
an excess amount (about two times saturated concentration) of the sample of 60 mesh (246 ) to 150 mesh
(140 ), and immediately a vigorous agitation was applied. The solution was sampled out periodically by a
0.5 ml cotton—filter attached pipette.

c) Analytical Method: The concentration was determined according to ultraviolet (UV) absorption
method. The optical density of p-hydroxybenzoic acid was measured at 250 mu after diluting with water,
phenobarbital at 241 my after diluting with borate buffer of pH 9.6.

General Concepts

Dissolution rate depends on the diffusion coefficient and the solubility of a dissolving solid
under constant physical conditions. Whether hydrate or anhydrate was in the solid state,
its diffusion coefficient in water should be identical, as is in the same situation in the case of
polymorphism. Therefore, it is considered that the varieties of dissolution rate among solid
modifications are attributed to the difference of chemical potential among the respective
modifications. :

Unusual dissolution  behaviors of
anhydrate of some organic medicinals have
been observed by Higuchi, ¢f al.® In this
connection, the apparent dissolution rates
of anhydrates of p-hydroxybenzoic acid
and phenobarbital tends to be much greater
than that of the hydrates, as shown in Fig.
3, that is, the concentration in bulk liquid

)
—
<
=
foom)

p-hydroxybenzoic acid

s ()
oof - !

Amount dissolved(mg/ml

increases rapidly,reaching maximum in an 20 phenobarbital
initial stage. Then, it falls gradually, at- 1.00 - (20°)
taining to the equilibrium state. Such a 0 5 i '
characteristic dissolution behavior has Time (hr)
been Obigrved in the dissolution of pO.ly— TFig. 3. Dissolution Béhaviours of Anhydrate
morphs.*»  The convex curve describ- and of Its Hydrate by Dispersed Amount
ed above means that the bulk liquid is Method
supersaturated over the solubility of sample amount: p-hydroxybenzoic acid 0.7 g

. phenobarbital 0.2 g in 50 ml water
hydrate and solid phase of the hydrate —@— :anhydrate —O— : hydrate

10) B. Cleverley and P.P. Willaims, Tetrahedvon, 7, 277 (1959).
11) H. Nogami, T. Nagai, and A. Suzuki, Chem. Phavm. Bull. (Tokyo), 14, 329 (1966).
12) D.E. Wurster and P.W. Taylor, Jr., J. Pharm. Sci., 54, 670 (1965).
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is precipitated with lapse of time. This type of curve, however, may be observed
only in the experiment with multiparticulate system because of the large surface
area, while it is not suitable to the quantitative treatment becausethe surface area is
scarcely obtainable. On the other hand, the rotating disk method is suitable to the quantita-
tive treatment, but it hardly gives such a convex dissolution curve. If the dissclution
experiment is carried out with the hydrate, no phase change takes place and a typical
dissolution pattern is given.

Considering the above circumstances, the following explanation will be attempted for the
dissolution phenomena involving the phase change caused by hydration. The concentration
profile in the dissolution is expressed schematically as shown in Fig. 4, based on the following
assumptions: (1) the rate of release at the interface is much greater than the transport process;
(2) as soon as the saturation layer is formed, the hydrate begins to crystallize out on the surface
of solid due to the dissolution-crystallization cycle; (3) the change of the surface area of
dissolving material is negligible; (4) the phase change to hydrate takes place penetrating into
: the interior of solid and the whole surface

(a) c (b) : gets covered with the hydrate. These
117 1. Csa assumptions are evidently reasonable ac-
j—&/ci - - Ci —— cording to various past works,%1319 and
\ . L = the respective concentration profiles shown
ErTeaT -l YR = in Fig. 4 mean as follows: Fig. 4—(a)
%/ N E @ ;i,; From assumption (2), the saturated con-
7 [ =]

7 centration of anhydrate, Cg,, may not be
Z maintained and decreases gradually, at-
taining to the saturated concentration of
hydrate, Csx; the surface of the solid,
Csa: saturatéd concentration of anhydrate : however, is coated perfeptly by the hyflrai':e
C; : effective concentration on solid surface before the concentration of bulk thId
Cgg: saturated concentration of hydrate att ai ns to CSH or tO some amount hlgher
than (lower than Cg,, originated from the convex dissolution curve); the dotted line indicates
CSH-

~ Fig. 4. Schematic Diagram of Concentration
Profiles on the Dissolution Process of Solid

Fig. 4-(b) The concentration of bulk liquid is higher than Csg before the effective con-
centration, C,, attains to Cgg; the solid line corresponds to the maximum of the convex dis-
solution curve shown in Fig. 3; the chain line indicates the concentration profile between the
limitted conditions; after a moment, the solute molecules existing in bulk liquid are transported
to the solid surface for the sake of reverse concentration gradient. These two concentration
profiles shown in Fig. 4 are not independent each other, and either model (a) only or model
(a) which model (b) follows is available depending on the physical conditions of solid.

Assuming that the rate of crystal growth is proportional to the degree of supersaturation
and is of the first order with respect to the concentration term,'® it may be expressed as

-dc, '
~a = (€i=Con) | (1)
where ¢ and k, are the time and the rate constant of crystallization process, respectively, and
the other symbols are the same as described in Fig. 4. Considering C;=Cjs, at (=0, equation

(1) is integrated to yield

Ci=Cga-exp(—ket) + Csp(1—exp(—£rf)] (2)
13) W, Nernst, Z. Physik. Chem., 47, 52 (1904). »
14) T. Yawataya, ‘‘Shin-kagakukogaku-koza, crystallization,” Nikkan Kogyo Shinbunsha, 1956.
15) A. VanHook, “Crystallization, Theory and Practice,” Reinhold FPub. Corp., 1961.
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The concentration gradient effective as the driving force in the material transport into
bulk liquid is

(C:—C)/é

where C is the concentration in bulk liquid and é the diffusion layer thickness. Then, the
dissolution rate is expressed as '

dcC

g = FelCsarexp(—hrt) +Csgll—exp(—k,t)}—C} (3)

where &, is the rate constant of transport process.
to yield

Since C=0 at =0, equation (3) is integrated

C= kg(CSA'——C,s_H)/(kr—kr) [exp(—-krt) —-exp(—k;t)] -+ C,gg[l —exp(——k;t)] (4)

The second term of the right side of equation (4) corresponds to the concentration at
time ¢ in such a system that no phase change takes place during the dissolution, <.e., the hydrate
dissolves according to transport—controlled mechanism. Therefore, the first term functions
as a deviation from the dissolution curve concerning the hydrate. Since the initial rates of
the first and the second terms in equation (4) are &,(Cs.—Cgsn) and &,Cgsg, respectively, the
dissolution curve according to equation (4) may be divided into two cases of Cg,—Csg >Cs4
and Cs,—Csg<Cgsg, and each cases subdivided into two modes of |k,—&,|=Ilarge and
|k,—k,|=small, as shown schematically in Fig. 5.
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Fig. 5 (a). Schematic Illustration for Fig. 5 (b). Schematic Illustration for

Relationship between Concentration
and Time according to Equation (4)
in the Case of Cs4—Csa>Cgsy

Relationship between Concentration
and Time according to Equation (4)
in the Case of Cgy—Csp<Csm

Equation (4) expresses a general dissolution curve involving the phase change caused by

hydration.

However, the characteristic dissolution phenomena of anhydrate may appear

in the extremely initial stage in the experiment by rotating disk method. Since C;»C in
the initial stage in the present experimental condition, equation (3) is modified to
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%tc_:kz{CSA-eXp(—krt)+C,SH[1—€XP(—"krt)]} (5) |

Under the initial condition C=0 at /=0, equation (5) is integrated to yield

C=ki(Csa—Csa)[kr[1—exp(~Fyt) ]+ k:Csmt , (6)
- anhydrate Since it is possible to consider ¢ suffici-
'% / (non phase change) ently long even in the initial stage, a linear
g vde\ a“hﬁ' ddratf relationship is given by equation (6), having
3 / (E?)t=?k’CSA ydrate the gradient of k,Cs,. Then, extrapolating
= 1 . .
S j ‘ - the linear portion of equation (6), the
intercept, b, is .
/ _g%z ky Can b="hi(Csa—Csnm)|kr (7)
Equation (7) predicts how much the dissolu-
4 = Csn) tion data deviate from the dissolution curve
y ki (Csa— Csy .
bt b= ks expected concerning the hydrate.
o The initial dissolution rate, (dc/dt),-,, is
0 — Time derived from equation (5) as
Fig. 6. Schematic Illustration for Rela- dc
~ tionship between Concentration and Time (7) o =kiCsa (8)

in Initial Time of Dissolution according to -

Equation (6) and Equation (8) which corresponds to the rate concerning
the anhydrate with no phase change. '

The general patterns of dissolution behavior according equations (6) and (8) are illustrated
in Fig. 6. The concepts described in this paper may be applied also to the dissolution of
polymorphs accompanying simultaneous phase change.

Results and Discussion

Dissolution Behavior Observed by Dispersed Amount Method

When the anhydrate was dispersed, a characteristic convex dissolution curve was ob-
tained, as shown in Fig. 8. A dispersed particle of anhydrate was expected to be surrounded
with a solution of higher concentration than the solubility of hydrate, Csz. Moreover, the
total surface area of the particles was very large. Therefore, when the sample was brought in
contact with water, an abrupt transport of solute from the surface of dispersed particles might
take place, resulting in a concentration higher than Cgg in bulk liquid in the initial stage of
dissolution.

On the other hand, as described in the part of general concept, the hydrate might crystal-
lize out on the surface of solid due to the dissolution—crystallization cycle and the transition
to hydrate also might take place on the surface of solid, resulting in a reverse concentration
gradient in the diffusion layer and making the maximum of concentration in bulk liquid.
Accordingly, the dissolution phenomenon was considered to corresponding to the continuous
process of schematic model Fig. 4-(a) which the model Fig. 4-(b) followed. The concentrations
of p-hydroxybenzoic acid and phenobarbital at the respective maximum point in Fig. 3 were
1.5 times of the respective solubilities of hydrates. It was determined by X-ray diffraction
and IR absorption that the transformation of the dispersed anhydrate to hydrate was comp-
leted when dissolution attained to equilibrium. The decreasing curve of the concentration
in bulk liquid after the maximum point in Fig. 8, which was considered to be concerned with
the crystallization, might not be always described by the transport mechanism only, because
C; should not attain to Cgz at the maximum. In other words, it was necessary to consider
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the concentration change on solid surface, i.e., the rate of crystallization, in addition to the
transport process. o

It may be possible that all the dissolution patterns involving simultaneous change of
phase to lower energy one are illustrated according to equation (4) and the dissolution curve
of an anhydrate obtained by the dispersed amount method generally has a maximum point.

Dependence of Rate Constant of Transport Process on Rotating Velocity at Various Temperatures

When the dissolution of anhydrate was examined by the rotating disk method, a linear
relationship, as shown in Fig. 6, was obtained according to equation (6), the slope being &,Csg.
Fig. 7 and 8 show the results obtained for the anhydrates of p-hydroxybenzoic acid and

4.001-
35
~ : 30°
= 3.00 0.3
S~
2 =
E E
= <
= g 25°
& H |
3 2.00¢ S 02t
£ &
2 B
o <
o
=
S
20°
1.00 0.1
0o 2 4 6 8 10 12 _ 0 2z 4 6 8 _i0 12
Time (min) . Time (min)
Fig. 7. Dissolution of p~Hydroxybenzoic Acid Fig. 8. Dissolution of Phenobarbital Anhy-
Anhydrate at Various Temperatures under drate at Various Temperatures under 300
300 rpm rpm

phenobarbital, respectively. The values of the slope, k,Cgsa, Were in good agreement with
those obtained for the respective hydrates. k, was given by Csu obtained preliminarily and
its dependence on the rotating velocity of disk at various temperatures is shown in Tables
II and III. Calculating from the values of %, obtained above, the diffusion coefficient, D,
and the diffusion layer thickness, d, were obtained according to Levich equation,6:1? as
shown in Tables IV and V. The temperature dependence of k, gave the activation energy
E,, as shown in Table VI. The values of E, obtained seemed reasonable compared with data
which had been reported as to other organic compounds.*®) Additionally, it is shown in
Tables IV and V that 6 was little affected by temperature, as was expected.

16) V.G. Levich, “Physicochemical Hydrodynamics,” Prentice Hall, 1962.
17) V.G. Levich, Acta Physicochim., U.R.S.S., 17, 257 (1942).
18) H. Nogami, T. Nagai, E. Fukuoka, and T. Yotsuyanigi, Chem. Pharm. Bull. (Tokyo), 17, 23 (1969).

NII-Electronic Library Service



506

Vol. 17 (1969)

TasLe II.

Unit Area in Unit Volume of Transport Process of p~Hydroxy-

Rotating Velocities of Disk in Water

benzoic acid at Various Temperatures under Different

Apparent Dissolution Constants, k;, and Rate Constants, K;, per

Temperature ke X 10% (min—?)
(°C) Rotating velocity of disk (rpm)
600 500 300 200 120 100 60
40 4.79 4.40 3.34 2,73 — 2.26 —
35 4.33 3.97 3.07 2.52 — 2.14 e
30 3.93 3.59 2.75 2.28 1.87 1.73 1.58
25 3.55 3.22 2.51 2.07 — — —_
K% 10 (cm/min)
40 3.39 3.11 2.36 1.93 — 1.60 —
35 3.06 2.81 2.17 1.78 1.51 C—
30 2.78 2.54 1.94 1.61 1.32 1.22 1.12
25 2.51 2.28 1.78 1.47 — —

TaeLe III.  Apparent Dissolution Rate Constants, k;, and Rate Constants, K, per
Unit Area in Unit Volume of Transport Process of Phenobarbital

at Various Temperatures under Different Rotating

Velocities of Disk in Water

Temperature Rt x 10% (min—t)
{C%) Rotating velocity of disk (rpm)

600 300 200
30 3.35 2.34 1.91
25 3.01 2.10 1.72
20 2.73 1.91 1.57

ke x 10 (cm/min)

30 2.37 1.66 1.35
25 2.13 1.49 1.22
20 1.93 1.35 1.11

TasLe IV. Diffusion Coefficients, D, and Diffusion Layer Thicknesses, 9, of

p-Hydroxybenzoic Acid at Various Temperatures

Temperature Dx 108 0x 103 (cfn)
(°C) (cm?[sec) Rotating velocity of disk {rpm)
600 500 300 200
40 10.8 1.92 2.10 2.76 3.37
35 9.75 1.91 2.08 2.70 3.29
30 8.49 1.83 2.11 2.62 3.16
25 7.75 1.85 2.03 2.61 3.16
TasLe V. Diffusion Coefficients, D, and Diffusion Layer l‘hlcknesses,
9, of Phenobarbital at Vanous Temperatures
Temperature Db x108 "0 X 10°% (cm)
(°C) - (cm?[sec) Rotating velocity of disk (rpm)
600 300 200
30 6.74 1.70 2.44 3.00
25 5.94 1.67 2.39 2.92
20 5.21 1.62 . 231 2.82
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TasLe VI. Activation Energy, Eq of Crystallization Process
and of Transport Process (cal/mole)

Crystallization process Transport process

p—Hydroxybenzoic acid 14100 3490
Phenobarbital 9990 3630

Saturated Concentrations of Anhydrate and Hydrate of the Respective Compounds at Various
Temperatures

The saturated concentration of hydrate, Csz, was obtained by the dispersed amount
method. The saturated concentration of anhydrate, Cs4, was determined from the slope
of the initial dissolution curve by rotating disk method, according to equation (8), as shown
in Fig. 6. The values obtained are shown in Tables VII and VIII. Generally, it is hardly
possible to determine by a usual equilibrium method the solubility of the metastable or
unstable phase which changes during dissolution. However, the rotating disk method
described in this paper may be useful to presume a solubility of such phase.

TasLe VII. Saturated Concentrations, Cgs and Cgg, and Values of Css+—Csa
of p~Hydroxybenzoic Acid at Various Temperatures

Temperature Anhydrategy C® Hydrate Csm Csa—Csm
°0) (mg/ml)
40 16.62 12.90 3.72
35 13.51 10.01 3.50
30 10.76 7.65 3.11
25 8.62 5.97 2.65

@) Values estimated from dissolution curves.

TasLe VIII. Saturated Concentrations, Cgg and Csg and Values of Cgs—Cgsn
of Phenobarbital at Various Temperatures

Temperature Anhydrate Cgy® Hydrate Cs# Csa—Csm
(°C) (mg/ml)
30 1.51 1.41 0.10
25 1.32 1.16 0.16
20 1.18 0.73 0.21

@) Values estimated from dissolution curves.

Temperature Dependence of Rate Constant of Crystallization Process

Putting the intercept b obtained from Fig. 7 or 8 and the values of %, and (Cs—Csn)
into equation (7), the rate constant of crystallization process, &, was calculated as shown in
Tables IX and X. The values of b are listed in Tables XTI and X1I.

It is probable that the crystallization process is independent of the rotaing velocity of
disk, because this process takes place in the Volmer layer on the surface of solid.’® Accord-
ingly, it may be supported that the present experimental method, 7.e., the rotating disk method,

19) M. Volmer, Physik. Z., 22, 646 (1921).
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TasLe IX. Rate Constants, K, of Crystallization Process of p—-Hydroxy-
benzoic Acid at Various Temperatures under Different

Rotating Velocities of Disk in Water

Temperature kr x 10 (min-1)
(°C) Rotating velocity of disk (rpm)
600 500 300 200
40 4.00 3.89 3.88 3.75
35 2.77 2.70 2.72 2.65
- 30 1.88 1.89 1.83 1.81
25 1.23 1.18 1.20 1.17
TasLe X. Rate Constants, K, of Crystallization Process of Phenobarbital
at Various Temperatures under Different Rotating
Velocities of Disk in Water
Temperature kr X 10 (min—1)
(°C) Rotating velocity of disk (rpm)
600 300 200
30 3.72 3.90 3.82
25 2.83 2.80 2.75
20 2.29 2.22 2.19
TasLe XI. Values of b of p—Hydroxybenzoic Acid Anhydrate at Various
Temperatures under Different Rotating Velocities of Disk in Water
Temperature bx 10 (mg/ml)
(°C) Rotating velocity of disk (rpm)
600 500 300 200
40 4.46 4.20 3.20 2.70
35 5.45 5.13 3.95 3.32
30 6.50 6.15 4.68 3.90
25 7.64 7.25 5.50 4.68
Tase XII. Values of b of Phenobarbital Anhydrate at Various Temperatures

under Different Rotating Velocities of Disk in Water

Temperature b x 10 (mg/ml)
(°C) Rotating velocity of disk (rpm)
600 300 200
30 0.08 0.06 0.05
25 0.17 0.12 0.10
20 0.25 0.18 0.15

is useful to obtain the value of k,.

The activation energy of crystallization process, E,,,

was calculated from the temperature dependence of &, ,as shown in Table VI. The values of
E,. obtained above were similar to that of the interfacial release of barbital in its dissolution
and thus seemed to be reasonable regarding the dissolution and crystallization process of

organic medicinals.18)

Thermodynamic Relationship of the Transition from Ahhydrate to Hydrate

From the temperature dependence of the saturated concentrations of anhydrate, Cgy,
and of hydrate, Csg, the thermodynamic functions of the transition from anhydrate to hydrate
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Tase XIII. Thermodynamic Functions of the Transition from Anhydrate
to Hydrate of p-Hydroxybenzoic Acid and Phenobarbital

Substance . :AH (cal/mole) : : 4s - T;

. . Anhydrate Hydrate (e.u.) (°C)

p-Hydroxybenzoic acid 8140 9690 —4.3 84
Phenobarbital 5260 7400 —6.9 37

were calculated as shown in Table XIII. The enthalpy change, 4H, and the entropy change,
AS, obtained were reasonable compared with the past data reported on orgaic medicinals.?
The van’t Hoff plots regarding anhydrate and hydrate showed linear relationships in the
experimental temperature range and both the straight lines crossed each other at 84° in the
case of p-hydroxybenzoic acid and at 37° in the case of phenobarbital. These intersections
indicated the respective transition temperatures.

Tt was interesting that the value of (Cs,~Csa) in the case of p-hydroxybenzoic acid in-
creased with temperature as shown in Table VII. This fact informed that there might be
a maximum point on the plot of (Cs,~Csz) against temperature, because Cs4 should be equal
to Cgx at the transition temperature, i.e., (CsCsm)=0. Then, the discussion is attempted
as follows. Since the van’t Hoff plot is expected to give a linear relationship as described
above, the following expressions may be possible.

log Cga=ma|T+mn1 (9)
log CsH=WL2/T+1/L2 (10)

where T is the temperature in °K, and my,my,n, and n, are constants. From equations (9)
and (10),

Csa—Csm=exp(my|T+n1)—exp(ms| T+ ns) (11)
Equation (11) is differentiated to yeild

d(Csa—Csh)

iT =1/T2[1'n2-exp(m2/T+m)—m1-exp(WL1/T+n1)] (12)

Since the solubility of organic compound generally increases with temperature, both m,
and m, may be negative. Therefore, equation (12) shows mathematically that equation (11)
has a extremum, and thus it is reasonably expected that (Cy.Csz) gets maximum as the
temperature rises. However, such a maximum is not always observed in the experimental
temperature range, as was not done in the case of phenobarbital as shown in Table VIII.

Finally, the model proposed in this paper was considered to be reasonable because of
the good mutual relationships of %, &, Cs4, and Csg obtained above, offering a useful method
to analyze the various dissolution phenomena involving simultaneous phase changes.
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