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Release Kinetics of Nicotinamide from Fatty Acid-Nicotinamide Equimolar Complexes. IL.1) Activation
Thermodynamic Quantities
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The rates of release of nicotinamide (NAA) from fatty acid (FA)-NAA complexes, FA-NAA, were determined at
various temperatures, and the thermodynamic quantities for the release of NAA were estimated. The results were
compared with the previous results obtained for FA-thiamine disulfide (TDS) complexes, (FA)s(TDS).

The values of activation enthalpy (4 H*) and activation entropy (4S™*) for the release of NAA from FA-NAA
were positive and negative, respectively, indicating that the release of NAA is disadvantageous from not only enthalpic
but also entropic viewpoints. The plots of 4 H* against the carbon number (#) in the constituent FA showed a zig-zag
line with an upward convex at an odd-numbered position and the polts of the absolute values of | — 4.5 ¥ | showed a
zig-zag line with a downward convex at an odd-numbered position, though the positive value of AH * increases and the
negative value of 4.5 ¥ decreases with an increasing » for either even-numbered or odd-numbered FA. It was found that
the release of NAA from FA-NAA formed with odd-numbered FA is more disadvantageous enthalpically but more
advantageous entropically as compared with that from FA-NAA formed with even-numbered FA. This phenomenon
was similar to that observed for (FA),(TDS). Furthermore, it is suggested that FA-NAA is formed at least by van
der Waals forces and hydrophobic interactions and that van der Waals forces are dominant for the formation of
FA-NAA formed with odd-numbered FA and that hydrophobic interactions are dominant for the formation of FA-NAA

formed with even-numbered FA.
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It has been found?® that nicotinamide (NAA) forms the
crystalline complex with higher saturated fatty acid (FA)
whose molar ratio of FA to NAA is 1:1, FA-NAA. The
release behavior of NAA from FA-NAA at 37°C has
already been determined.!'® In the study, it was sug-
gested that FA-NAA might be applicable to the prepara-
tion of sustained-release drug formulation and that FA—
NAA is clinically useful from the viewpoint of little side
effects. Furthermore, interesting phenomenon were found?
from the physicochemical viewpoint: namely (1) the release
rate of NAA from FA-NAA formed with odd-numbered
FA is slower than that formed with even-numbered FA
whose alkyl chain length is one more carbon number long-
er; (2) the relationship between the release rate constant
(k) and the carbon number (n) of the constituent FA is a
zig-zag one with a downward convex at an odd-numbered
position.

On the other hand, FA-drug complexes have been
found for thiamine disulfide (TDS), (FA)¢(TDS), and the
release kinetics of TDS from (FA)4(TDS) has already
been carried out and the activation thermodynamic quan-
tities for the release of TDS from (FA)¢(TDS) have
been obtained.

In the previous paper,? it was found that the plots of k
vs. n at 37°C indicate similar patterns for both FA-NAA
and (FA)¢(TDS). In this paper, the values of activation
energy, activation enthalpy and activation entropy will be
estimated by the measurements of the release rates of NAA
from FA-NAA at various temperatures, and the results will
be compared with the results* obtained for (FA)¢(TDS).
Experimental

Materials NAA, tetradecanoic acid (C14), pentadecanoic acid (C15),
hexadecanoic acid (C16), heptadecanoic acid (C17) and octadecanoic acid
(C18) were the same as those used for the previous studies.!” FA-
NAA were prepared as follows: FA and NAA were dissolved in warm

1,2-dichloroethane, and the solution was set aside to crystallize.! = The
purity of each FA-NAA was examined by measuring the melting point

of FA-NAA..® After it had been confirmed that no extra free FA and/or
NAA was present, crystals of FA-NAA were passed through 48 and 60
mesh sieves, and the particles of 48—60 mesh® were taken for the release
test.

Measurement of the Release of NAA from FA-NAA The release of
NAA from FA-NAA was determined in a JP XI dissolution test apparatus
(paddle method) in 500 m1 of JP XI disintegration test medium No. I (pH
1.2) as described in the previous papers.! About 29—33mg of each
FA-NAA was used in the test. Experiments were carried out not only at
37°CY but also at 32, 42 and 47+0.2°C. All experiments were carried
out in triplicate and the results were highly reproducible.

Quantitative Analysis of NAA The concentration of released NAA was
determined spectrophotometrically as previously described.!:¥

Results

Release Behavior of NAA from FA-NAA The release
behaviors of NAA from C14-NAA, C15-NAA, C16-NAA,
C17-NAA and C18-NAA at four temperatures are shown
as a relationship between the percentage of released NAA
and time in Figs. 1—5, respectively. The percentages of
released NAA were calculated with respect to the theo-
retical total concentration of NAA which is contained
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Fig. 1. Effect of Temperature on the Release Behavior of NAA from
Cl4-NAA

Temperature: @,32°C; @, 37 °C; ©,42°C; O, 47 °C. Particle size: 46—60 mesh.
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Fig. 7. Effect of Temperature on the Release of NAA from C15-NAA,
100 T

T T T T In(x,—x) vs. Time

Symbols are the same as in Fig. 1.
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Fig. 4. Effect of Temperature on the Release Behavior of NAA from
CI17-NAA L
Symbols are the same as in Fig. 1. 0 310 SIO 50
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Fig. 8. Effect of Temperature on the Release of NAA from C16-NAA,
In(x,—x) vs. Time

Symbols are the same as in Fig. 1.
50 in the 1:1 complex, FA-NAA. The equilibrium percent of
released NAA was 90—95 under various conditions. The
release rate of NAA is faster under the condition of higher
temperature.
Rate Constants for the Release of NAA from FA-NAA It
0 , ) ; was confirmed? that the release of NAA from FA-NAA
0 10 + (min) 20 30 under the experimental conditions can be treated as a pseudo
min

. . first-order reaction. The rate constant for the release of
Fig. 5. Effect of Temperature on the Release Behavior of NAA from NAA is, therefore, defined as follows:
CI8-NAA ’ > :

Symbols are the same as in Fig. 1.

Released %

In(x,—x)=Inx,—kt 1)
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where k is the rate constant of release, x is the percentage
of NAA released from FA-NAA during time ¢, and x, is
the equilibrium percent of released NAA. Plots of In(x, —x)

vs. t, calculated from the values shown in Figs. 1-—35, are.
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t (h)
Fig. 9. Effect of Temperature on the Release of NAA from C17-NAA,
In(x,—x) vs. Time

Symbols are the same as in Fig. 1.
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Fig. 10. Effect of Temperature on the Release of NAA from C18-NAA,
In(x,—x) vs. Time

Symbols are the same as in Fig. 1.
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Fig. 11.
FA-NAA

Symbols are the same as in Fig. 1.

Effect of FA on the Release Rate Constants (k) of NAA from

Vol. 39, No. 12

presented in Figs. 6—10. As can be seen in Figs. 6—10,
good linear relationships were obtained in all cases. The
values of k were obtained from the slopes shown in Figs.
6—10. The values of log k obtained for C14-NAA,
CI15-NAA, C16-NAA, C17-NAA and C18-NAA at three
temperatures are plotted against n of the constituent FA in
Fig. 11. As can be seen in Fig. 11, the plots of log k against
n showed zig-zag lines with a downward convex at
odd-numbered positions. '

Discussion

Activation Energy for the Release of NAA from FA-
NAA The values of k& were found to depend on the tem-
perature. The activation energy (E¥) for the release can,
therefore, be calculated from the values of k. According to
the theory of Arrhenius, the relationship between k and the
absolute temperature (7) is represented as follows:

E¥ 1
Ink=———+In4 : )
R T

where R is the gas constant and A4 is a constant which is
called frequency factor. Plots of In k vs. 1/T based on Eq.
2 are shown in Fig. 12. As s clear in Fig. 12, the relationship
between In k and 1/T can be represented by a single line
which depends on the alkyl chain length of FA. The values
of E* were, therefore, obtained from the values of the
slopes, and the results were summarized in Table I. The
positive value of E* for FA-NAA formed with odd-
numbered FA was larger than that for FA-NAA form-
ed with even-numbered FA whose alkyl chain length
is one more carbon number longer, though E* increased
rather regularly witn an increase of n for either even-

‘numbered or odd-numbered FA. The slower release rate of

NAA from FA-NAA formed with odd-numbered FA,
which is shown in Fig. 11, could be explained by the
relationship between E* and n.
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Fig. 12. Arrhenius Plots
Carbon numbers in FA: O, 14; A, 15; @, 16; A, 17; @, 18.

TasLE 1. Activation Energies for the Release of NAA from FA-NAA

C14-NAA CI5-NAA C16-NAA CI17-NAA CI8-NAA

E~ (kTmol™1) 139 54.4 22 92.7 85.2
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Activation Thermodynamic Quantities for the Release of
NAA from FA-NAA The values of activation Gibbs energy
(4G *) for the release of NAA from FA-NAA were
estimated from the values of k as previously described.”
The values of AG* were graduated at ordinate in Fig. 13.
All the values of AG* are positive.

Next, we investigated which activation thermodynamic
parameter contributes to the positive value of AG*. 4G *
is related to activation enthalpy (AH¥*) and activation
entropy (4S8 *) as follows:

AG*=AH*—TAS* 3)

According to Eq. 3, the values of 4G * were plotted against
T, and the relationship is shown in Fig. 13.

As can be seen in Fig. 13, the relationship between 4G *
and T can be represented by a single line for each complex
with a different chain length of FA. The values of 4S*
were, therefore, obtained from the values of the slope. A H *
was approximately estimated from the intercept, which
agreed well with the value from the slope of AG*/T vs. 1/T
and nearly with the approximate evaluation, E¥ —RT.
The results are summarized in Table II. As can be seen in
Table II, the value of 4 H* is positive and the value of 45 *
is negative. This indicates that the release of NAA from
FA-NAA is disadvantageous not only enthalpically but
also entropically. These are the same tendencies as the results
obtained for (FA)4(TDS).*

Effect of FA on the Activation Thermodynamic Quanti-
ties The values of AG* at 310.15K, 4H* and A4S * for
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Fig. 13. Relationship between Activation Gibbs Energy and Tempera-
ture

Symbols are the same as in Fig. 12.

TabLE II. Activation Thermodynamic Quantities for the Release of NAA
from FA-NAA
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the release of NAA from FA-NAA are represented graph-
ically against » in Fig. 14. As can be seen in Fig. 14, the
plots of positive values of 4 H* vs. n indicate a zig-zag line
with an upward convex at an odd-numbered position, while
the plots of negative values of AS* vs. n indicate a zig-zag
line with a downward convex at an odd-numbered position.
This indicates that the release of NAA from FA-NAA
formed with odd-numbered FA is more disadvantageous
enthalpically but more advantageous entropically as
compared with that formed with even-numbered FA.
Furthermore, the positive value of A H* increases and the
negative value of 4S* decreases with an increasing n for
either even-numbered or odd-numbered FA. This indicates
that the release of NAA from FA-NAA with a longer alkyl
chain of FA is more disadvantageous enthalpically but more
advantageous entropically. However, the positive value of
AG® increases with an increasing n for either even-
numbered or odd-numbered FA, and the plots of AG * vs.
n indicate a zig-zag line with an upward convex at an
odd-numbered position.

The comparison of the magnitude of | 4 H* | with | TAS ¥ |
were summarized in Table III. |4 H*| was larger than
| TAS* | for FA-NAA formed with odd-numbered FA. In
addition, |[AH¥| was larger than | T4S*| for FA-NAA
formed with even-numbered FA whose alkyl chain length
is longer, while |AH*| was smaller than |T4S¥| for
FA-NAA formed with even-numbered FA whose alkyl
chain length is shorter. This is the only difference from the
results® that | 4 H * | is larger than | TAS * | for all of (FA),-
(TDS). One reason for this cause is considered to be related
to the extremely small values of A H* for C14-NAA and
C16-NAA as compared with the value of AH ¥ for (FA),-
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Fig. 14. Effect of FA on the Activation Thermodynamic Quantities for
the Release of NAA from FA-NAA

Thermodynamic parameter: 3, AG*; @, AH™; O, AS*.

AG ™~ AH* AS ™
(kJmol~1)? (kJmol~1) (K~ *mol™?)
C14-NAA 84.0 11.6 -233
C15-NAA 89.1 51.9 ~120
C16-NAA 85.8 19.3 —214
C17-NAA 96.3 90.1 ~20.0
CI8-NAA 90.8 83.0 250

a) At 310.15K.

TaBLE III. Comparison of the Magnitude of | AH * | with | TAS ™|
CI4-NAA |AH*|<|TAS*|
C15-NAA |AH ™ |>|TAS *|
Cl16-NAA |4AH * | <|TAS *|
CI17-NAA |4H = |>|TAS *|
CI8-NAA |4H = |>|T4S *|
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Fig. 15. Comparison of AH™ and 4S™~ between FA-NAA and (FA)-
(TDS)

(a) Plots of AH ™ vs. n. (b) Plots of 45™ vs. n. Complex: @, FA-NAA; O, (FA)¢-
(TDS).

(TDS). Taking into account the change in the magnitude
of |AH*| and |TAS¥| (4H*|>|T4S*| or |4H¥|<
| TAS*|), it is reasonable to regard that FA-NAA is
composed of m molecules of FA and m molecules of NAA,
where m is not unity (m>1).

Regarding the formation of complexes, it has been
reported® that complexes formed by hydrophobic interac-
tions have an approximate zero of AH* and a positive
value of 4S ¥ and that complexes formed by van der Waals
forces have a negative value of AH™* and a negative value
of AS*. According to the report,” it is suggested that
hydrophobic interactions are dominant for the formation
of FA-NAA composed of even-numbered FA whose alkyl
chain length is shorter and that van der Waals forces are
dominant for the formation of FA-NAA composed of
even—numbered FA whose alkyl chain length is longer or
composed of odd-numbered FA. This tendency for FA-
NAA is similar to (FA)¢(TDS).

Comparison of the Activation Thermodynamic Quantities
between FA-NAA and (FA)¢(TDS) In order to make a
comparison between the release characteristics of NAA
from FA-NAA and TDS from (FA)¢(TDS), the values
of AH* and —AS* for FA-NAA were shown by closed
circles in Fig. 15 together with the values® for (FA)4-
(TDS) which were shown by open circles. The plots of
AH¥ vs. n show zig-zag lines with an upward convex at
odd-numbered positions. It is found that the relationship
between 4 H* and n for FA-NAA is similar to that for
(FA)s(TDS). However, the variation of AH* for FA-
NAA owing to the difference in n is larger than that for
(FA)4(TDS). Namely, the positive value of AH* for
FA-NAA is evidently smaller compared with that for
(FA)((TDS) in the case of 14<n=<16, while the value of
AH* for FA-NAA becomes slightly larger than that for
(FA)4(TDS) in the case of n=17.

On the other hand, the polts of AS* vs. n show zig-zag
lines with a downward convex at odd-numbered positions.
The relationship between AS* and n for FA-NAA is
similar to that for (FA)4(TDS). The variation of 4S* for
FA-NAA owing to the difference in » is larger than that
for (FA)s(TDS). Namely, the negative value of 4S™ for
FA-NAA is evidently larger as compared with that for
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(FA)4(TDS) in the case of 14<n<16, while the negative
value of AS* for FA-NAA becomes slightly smaller than
that for (FA)s(TDS) in the case of n=17. As described
above, it is evident that FA-NAA has a similar physico-
chemical property to (FA)s(TDS) and that the variation
of physicochemical property of FA-NAA owing to the
difference in n is larger than that of (FA)4(TDS). This
may be considered to the due to that FA-NAA is
composed of m molecules of NAA and (FA),, in contrast
to that (FA)4(TDS) is composed of one molecule of
TDS and (FA)g. It is considered that FA-NAA with a
longer alkyl chain of FA is more greatly stabilized than that
with a shorter alkyl chain of FA as compared with the
stability of (FA),(TDS) if the m molecules of NAA are
included in (FA),,. Recently, it was found that the molecular
formula of FA-NAA is (FA)¢(NAA)¢. The content was
promptly reported.®

(FA)4(TDS) seems to be an inclusion compound.*” The
similar physicochemical properties between FA-NAA and
(FA)4(TDS) suggest that FA-NAA also may be an
inclusion compound.

The structure formulas of NAA and TDS were shown in
the previous paper.!? NAA and TDS have the structure of
a six-membered ring. NAA has a pyridine-ring, while TDS
has two pyrimidine-rings which are linked by long side
chains. It is therefore suggested that one molecule of TDS
may be included axially in the (FA)g host structure, whereas
six molecules of NAA may be included equatorially in
(FA)e. This may reflect the larger variation of AS* and
AH* for FA-NAA owing to the difference in n.

Regarding the effect of polar groups, it has been found””
from the measurement of the heat of dissolution of (FA),-
(TDS) that the polar groups (-NH,, -OH and -CHO) do
not contribute much to the binding force between (FA)g
host and guest molecule. It is thought that the polar groups
of the guest molecule contribute as a driving force for
inclusion in the (FA)g host structure from the bulk phase,
1,2-dichloroethane solution.

Conclusion

The values of AH* and AS* for the release of NAA
from FA-NAA were positive and negative, respectively.
The plots of A H * vs. nshowed a zig-zag line with an upward
convex at an odd-numbered position, while the plots of AS*
vs. n showed a zig-zag line with a downward convex at an
odd-numbered position. These phenomena were similar to
those observed for (FA)¢(TDS).

It is suggested by comparison of AH* and 4S* among
FA-NAA with various alkyl chains that FA-NAA is
formed at least by van der Waals forces and hydrophobic
interactions and that van der Waals forces are dominant
for the formation of FA-NAA formed with odd-numbered
FA and hydrophobic interactions are dominant for the
formation of FA-NAA formed with even-numbered FA.
These are also the same tendencies as estimated® for the
formation of (FA)¢(TDS). It is suggested that FA-NAA
may be an inclusion compound as well as (FA)s(TDS).
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