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The steady-state flux (SSF) of nicotinamide from an aqueous donor
phase across a model Silastic membrane did not increase propor-
tionally with increasing donor phase concentration. The suspected
self-association of the drug in aqueous solution was evaluated by
studying the concentration-dependent changes in (i) the molal os-
motic coefficient of nicotinamide (freezing-point depression studies)
and (ii) the partition coefficient between water and n-octanol. The
freezing points of aqueous solutions of nicotinamide were measured
and a plot of osmolality vs molality was nonlinear. The partition
coefficient of nicotinamide, studied at 15, 25, and 32°C, also de-
creased with increasing concentration of drug. Mathematical models
describing dimerization and higher orders of association were ap-
plied to the data. The resuits indicated the involvement of higher
orders of association and it was found that an isodesmic (step-
association) model was an adequate description of the freezing-point
depression and partition coefficient data. The association constant,
K, ranged between 1.59 + 0.02 M~ ! at the freezing point and 0.48 +
0.01 M~ ! as estimated from the partition coefficient data at 32°C.
These models for the seif-association of nicotinamide allowed esti-
mation of the apparent concentration of ‘‘monomeric’’ nicotinamide
in the donor phase solutions studied in the SSF experiments. When
the SSF data were analyzed with regard to the concentration of
monomeric nicotinamide in the donor phase, a relationship close to
linearity was observed.

KEY WORDS: nicotinamide; steady-state flux; self-association; os-
mometry; partition coefficient; isodesmic.

INTRODUCTION

Nicotinamide, the amide derivative of nicotinic acid,
has potential as a therapeutic agent following topical admin-
istration to the skin. The therapeutic utility of nicotinamide
includes the depigmentation of hyperpigmented skin and the
treatment of acne vulgaris (1,2). The spectrum of activity
observed with topically applied nicotinamide parallels that of
nicotinic acid but, importantly, does not include the un-
wanted cutaneous flushing and vasodilation which are char-
acteristic of nicotinic acid (3).

From a mechanistic standpoint, the in vivo penetration
of a number of different esters of nicotinic acid has been
studied by assessing the rate and extent of the induced va-
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sodilation following their topical administration (4-6). These
in vivo studies have enabled assessment of the relationship
between the structure of the different nicotinate esters and
the extent of percutaneous absorption. However, in terms of
the clinical utility of topically applied nicotinic acid deriva-
tives, it is the amide derivative which may prove most use-
ful as it does not induce cutaneous flushing.

The percutaneous transport of nicotinamide has not
been characterized to a sufficient extent to enable the ratio-
nal design of topical formulations. Although the buccal
transport of nicotinic acid and nicotinamide has been evalu-
ated (7), the donor phase concentrations studied were one to
two orders of magnitude below the concentrations employed
in topical preparations.

The primary factor governing the transport of a drug
across a membrane is the thermodynamic activity of the drug
(in the formulation) at the surface of the barrier (8). Numer-
ous formulation-related factors such as solubility, hydrogen
ion concentration, cosolvent, and excipient selection can af-
fect the rate and extent of transport from a topically applied
formulation by changing the thermodynamic activity of the
drug. A factor that can decrease the percutaneous transport
of a drug is the formation of complexes or associated species
of the applied drug (9,10). The formation of drug complexes
or associated species will decrease the effective concentra-
tion of free drug in the formulation and hence lower the
thermodynamic activity of the drug in the applied formula-
tion.

Reports have suggested that nicotinamide (11,12) and
structurally related compounds (13-15) can self-associate in
aqueous solution. Therefore, attempts to optimize the trans-
dermal transport of nicotinamide must include assessment of
the suspected concentration-dependent self-association of
the drug in aqueous solution.

The effect of self-association of nicotinamide on trans-
port across a model membrane can be evaluated by deter-
mination of concentration-dependent changes in the steady
state flux. Further, the self-association process can be in-
vestigated by determination of the concentration-dependent
changes in the partition coefficient and freezing-point de-
pression of nicotinamide.

The aim of the present work was to evaluate the mass
transport of nicotinamide across a model membrane and the
suspected self-association of nicotinamide in aqueous solu-
tion.

MATERIALS AND METHODS

Chemicals. [carbonyl-'*C]Nicotinamide (sp act, 56
mCi/mmol) was obtained from Amersham International
(U.K.), and unlabeled nicotinamide B.P. from Roche Prod-
ucts (NSW, Australia). Analytical reagent-grade sodium
chloride, dextrose monohydrate, n-octanol, and isopropyl
myristate were obtained from Ajax Chemicals (Melbourne,
Australia). Silastic membrane (0.005 in. thick) was obtained
from Dow Chemical Company (MI, USA), and prior to use,
the powder coating was removed by washing with water.
Scintillation fluid (Picofluor 30) was obtained from United
Technologies Packard (Downers Grove, IL). Water was ob-
tained from a Miili-Q (Waters Associates, Milford, MA) wa-

1144



Self-Association of Nicotinamide

ter purification system. All other chemicals were of standard
analytical grade.

In Vitro Diffusion Studies. An automated flow-through
cell diffusion apparatus was utilized to study the permeation
of ['*C]nicotinamide across a standard Silastic membrane.
The diffusion apparatus, originally described by Cooper and
Berner (16), was based upon the recent modifications de-
scribed by Akhter et al. (17). The membrane was sand-
wiched between the donor chamber and a flow-through re-
ceptor chamber. The volume of the donor chamber was 400
wl and the available area for diffusion was 78.5 mm?®. The
diffusion cells were mounted on a hollow bar and the com-
plete assembly was maintained at 32 * 0.5°C by the circu-
lation of water from a thermostated bath. Receptor fluid was
pumped through each diffusion cell by means of a multichan-
nel peristaltic pump (Watson/Marlow No. 202, UK) at a flow
rate of 3 ml/hr to ensure sink conditions. To prevent the
formation of bubbles at the interface of the membrane and
the receptor chamber, the receptor fluid was initially de-
gassed and then passed through a bubble trap prior to enter-
ing the receptor chamber. One-milliliter aliquots of receptor
fluid were continuously collected (20-min periods) in scintil-
lation vials for the duration of the diffusion experiment. The
vials were automatically positioned beneath the diffusion
cells. A 6-ml aliquot of scintillation fluid (Picofluor 30) was
added to each sample vial prior to analysis using a Packard
Tricarb 2000 (CA, USA) liquid scintillation counter. Each
vial was counted for 5 min using the window setting appro-
priate for '*C. The results are expressed as disintegrations
per minute (dpm) and were standardized using the external
standard technique.

Osmometric Studies. Osmotic measurements were per-
formed using a Fiske Osmometer (Model 130, Fiske Asso-
ciates, MA, USA) which was calibrated with aqueous solu-
tions (100 to 900 mosmol/kg) of sodium chloride and dex-
trose. All measurements were made with 2-ml samples and
were replicated five times for each solution. The concentra-
tion range of nicotinamide studied was between 0.05 and 1.0
mol/kg.

Partition Coefficient Studies. The partition coefficient
of nicotinamide between water and r-octanol was studied as
a function of temperature and concentration of nicotinamide.
The organic phase and water were presaturated with each
other by overnight equilibration in a separating funnel. Dif-
ferent concentrations of nicotinamide (0.005 to 1.7 M) were
prepared in the aqueous phase, which had been presaturated
with n-octanol. The different concentrations of nicotinamide
were then spiked with [**C]nicotinamide and an appropriate
aliquot was taken to determine the specific activity of the
aqueous phase. A 2-ml aliquot of the aqueous nicotinamide
solution and a 2-ml aliquot of n-octanol were transfered to a
glass centrifuge tube, which was capped, and allowed to
equilibrate at either 15, 25, or 32°C in a temperature-
controlled water bath. The mixture was continuously in-
verted by hand for 5 min and then replaced in the water bath
for an additional 2 hr before centrifugation at 2000g for 15
min in a temperature-controlled centrifuge to separate the
two phases. Aliquots of known volume were taken from
each phase, before and after shaking, and subjected to liquid
scintillation counting as described.

Regression Analysis. Linear regression, calculated us-
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ing the least-squares estimation method, was performed on a
CYBER computer system using a standard statistical pack-
age, LINREG. Nonlinear regression analysis, based on the
Gauss-Newton algorithm, was performed using a nonlinear
least-squares program, MULTI (18).

THEORETICAL

The following section presents the derivation of the
equations for the modeling of the osmometric and partition
coefficient data in terms of either a dimer or an isodesmic
(step-association) model.

Osmometric Studies. The development of the equations
for the osmometric data are based upon the work of Schell-
man and Ts’o et al. (19,13). The relationship between os-
motic molality (m) and the stoichiometric molality (m) is
defined as

m=v-b-m )

where v is the number of active colligative species per mol-
ecule and ¢ is the molal osmotic coefficient. The relationship
between the molal osmotic coefficient, ¢, and the molal ac-
tivity coefficient, vy, can be derived from the Gibbs-Duhem
equation (20) and is given by

lny:(¢.41)+f0m(d)—l)dlnm @)
The isodesmic or step-association process (19) is assumed to
occur via stepwise equilibria according to
A, + A=A (3)
and therefore,
k, = mf(m,_; - m,) “@

where i = 2 to n, A, A,, ..., A, denote the monomer,
dimer, and n-mer, respectively, of the dissolved compound,
and m,, m,, . . . , m, represent the equilibrium molalities of
the respective species. The partial association constants, &;,
are assumed to be equal to each other, i.e., k, = k3 = . ..
= k, = K. The osmotic molality, 7, of the solution is ex-
pressed as

m=m, + km)? + kks(m)® + ...
Yook . ky(m,)” (5)

and the stoichiometric molality, m, 1is, by definition;

m = m, + 2ky,(m,)? + 3k,ky(m)® + . ..
+ nkoks . . .k (m,)" (6)

Differentiation of (5) with respect to m, is equal to the divi-
sion of (6) by m,, i.e.,

dml/dm, = m/m, a
For nonelectrolytes,
m=d¢- -m )
Differentiation of (8) and combination with (7) yield
din(m/m) = (b — )dlnm + do )

Integration of (9) (and noting that m,/m and ¢ approach unity
at infinite dilution) gives
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In(mym) = (& — 1) + fo’" (& — dInm (10)
Comparison of (2) and (10) yields the relationship
mym =y an

If the assumption is made that the model is isodesmic (i.e., &,
= k; = ... = k, = K), then division of (5) by m, and
subsequent application of the geometric series rule give

wim, = [1 — (Km,Y'll1 — Km, (12)

If n is large and there is no restriction on the size of the
associated species (and provided that Km, < 1), Eq. (12)
becomes

mim; = /(1 — Km,) (13)

Differentiation of (13) and combination with (8) and (11),
which converges to 1/(1 — Km,)? if Km, < 1, produce the
relationship

Km = (1 — ¢)/¢?

For a dimer model where K = k,and k; = k, = ... = k,
= (, and with substitution of n = 2 into (12) and similar
combination with the analogous forms of (8) and (11) for a
dimeric model, it can be shown that

(1 - &)2e - 1

Partition Coefficient Studies. The general form of the
equilibria describing the association of a solute present
within a particular solution phase conforms to the following
general scheme:

(14)

Km = (15)

c,te+...=¢, (16)
and

Bn = Crz/(cl)’l

where, ¢,, ¢,, . .., ¢, refer to monomeric, dimeric, and
n-meric forms of the solute in the aqueous phase, and B,, B,
. .., B, refer to the respective association constants.

The equation relating the observed partition coefficient
for a solute between an organic phase (in which only mono-
mer is present) and an aqueous phase in which association
occurs, conforms to the following general scheme (21):

PP =1 + [2B(c))orgl/Po + [3Bslc )5 PG5 + - -
+ [nB(c))og VP!

where P and P, are the observed and intrinsic partition co-
efficients [P = (conc.),/(conc.),,], respectively; B, de-
notes the particular association constant for the formation of
the n-mer, and (c,),,, refers to the concentration of the sol-
ute (present in the monomeric form) in the organic phase.

The simplest form of association would be the formation
of dimers in the aqueous phase, and therefore when n = 2,
Eq. (18) yields

PO/P =1+ [282(C1)org]/P0

an

(13)

(19)

For the step-association model described in (4), where all
the partial association constants are equal (i.e., B, = B, =

. = B, = K), the equation describing the equilibria in
terms of partition coefficient data is of the general form

Charman, Lai, Finnin, and Reed

P = (¢c))og/le; + 2K(c))? + 3K*(c,)’

+ .o+ nK T ) g (20)

Substitution of the definition of the intrinsic partition coef-
ficient [i.e., Py = (C1)org/(€1)ag] into (20) yields:

PJP = [1 + 2K(c,) + 3Kc,)?

oo+ nK T o) g 2n
which is equivalent to
PP = d/dKc, [1 + (Kc)) + (Kc,)?
oo+ (Ke) g 22)

By application of the geometric series rule, and assuming no
restriction on the size of the associated species (and pro-
vided that Km, < 1), Eq. (22) becomes

PYP = 1(1 — Ke )2, (23)

However, as it is possible to measure only the concentration
of monomer in the organic phase Eq. (23) becomes

(PIP))®® = 1 — K(¢)org/Po (24)

RESULTS

In Vitro Diffusion Studies. The concentration-
dependent steady-state flux (SSF) of nicotinamide from an
aqueous donor phase across a Silastic membrane was stud-
ied at 32°C. The steady-state flux at different donor phase
concentrations of nicotinamide was determined by regres-
sion analysis of the slope of the linear portion of the receptor
phase nicotinamide concentration-time profile. Figure 1 de-
picts the relationship between SSF (ug - cm ™2 - min ~!) and
concentration of nicotinamide in the donor phase. The
steady-state flux profile exhibited pronounced curvature at
the higher donor phase concentrations, indicating nonideal
transport kinetics. The lag times for the different donor
phase concentrations were calculated by extrapolation of the
linear portion of the concentration-time profile to the ab-
scissa. The lag times, although variable, were essentially
independent of concentration and displayed a mean of 117 =
16.6 min (mean = SE, n = 8). Figure 2 describes the SSF
profile of nicotinamide across a Silastic membrane from a
donor phase of r-octanol. The concentration range studied
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0.00 T T 1 T
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Cancentratian of Nicotinamide (M)
in Water

Fig. 1. Relationship between observed SSF and concentration of
nicotinamide in an aqueous donor phase. Each point represents a
separate permeation experiment and the line is drawn through the
average of the data from the replicate experiments.
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Fig. 2. Relationship between observed SSF and concentration of
nicotinamide in a donor phase of n-octanol. Each point represents a
separate permeation experiment and the line is the linear regression
of the mean data from the replicate experiments.

corresponded to the concentrations of nicotinamide in the
n-octanol phase observed during the partition coefficient
studies. In contrast to the data in Fig. 1, the permeation of
nicotinamide from the n-octanol phase was linear as a func-
tion of donor phase concentration. The lag times for perme-
ation of nicotinamide from the n-octanol donor phase dis-
played a mean of 16 = 1.1 min (n = 9). ’

Freezing-Point Depression. Figure 3 depicts the rela-
tionship between the experimentally determined osmotic
molalities (71) and the stoichiometric molalities (m) for aque-
ous solutions of sodium chloride, dextrose, and nicotin-
amide. The osmotic data including the calculated osmotic
coefficients for nicotinamide are presented in Table I. Re-
gression analysis was performed on the slope of the ob-
served osmolality vs molality data for sodium chloride and
dextrose. The slopes for the sodium chloride and dextrose
solutions were 1.821 + 0.005 and 1.029 + 0.006, respectively
(n = 5). The profile for the aqueous solutions of nicotin-
amide was nonlinear and the slope was much less than unity
at concentrations greater than 200 mmol/Kg.

Partition Coefficient Studies. The partition coefficient
(P) of nicotinamide between water and n-octanol was studied
as a function of concentration (M) and temperature (135, 25,
and 32°C). As depicted in Fig. 4, the observed partition co-

2000 -
1600 4
1200 A
800 -

400 -

Osmolality (mosmol/kg)

0 # T T T T —

0 200 400 600 800 1000
Molality (mmol/kg)

Fig. 3. Plot of experimentally determined osmolality as a function of
the molality for aqueous solutions of sodium chloride (¥), dextrose
(W), and nicotinamide (@). The standard deviations of the measure-
ments are within the size of the symbols.
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Table I. Experimentally Determined Osmotic Molality (m), Stoichi-
ometric Molality (m), and Calculated Molal Osmotic Coefficients (¢)
for Aqueous Solutions of Nicotinamide at Their Freezing Point

Molality Osmotic molality Molal osmotic

(mmoV/kg) {mosmol/kg) coefficient (¢)
50.0 47.4 0.948
100.0 92.4 0.924
150.0 131.4 0.876
200.0 165.0 0.825
300.0 228.8 0.763
400.0 284.5 0.711
500.0 337.4 0.675
600.0 386.4 0.644
700.0 434.0 0.620
800.0 475.8 0.595
900.0 514.4 0.572
1000.0 552.2 0.552

efficient of nicotinamide decreased with increasing concen-
trations of nicotinamide in the organic phase. The data pre-
sented in Fig. 4 were fitted to a second-order polyexponen-
tial equation using nonlinear regression and the intrinsic
partition coefficient (P,) was determined from the calculated
intercept at zero nicotinamide concentration. The intrinsic
partition coefficients (P,) of nicotinamide were 0.438 =
0.004 (n = 10), 0.435 = 0.003 (n = 9), and 0.420 = 0.003 (n
= 19) at 15, 235, and 32°C, respectively.

DISCUSSION

The in vitro steady-state flux of nicotinamide from an
aqueous solution across a model Silastic membrane did not
increase proportionality with an increase in the donor phase
concentration of drug (Fig. 1). Although it is possible to
invoke a number of explanations for the nonideal behavior,
self-association of nicotinamide in the donor phase was ini-
tially considered because of the propensity of structurally
similar compounds to exhibit self-association in aqueous so-
lution (11,13,14). The low SSF value for nicotinamide across
the Silastic membrane is not only a reflection of the potential
self-association, but also a function of the high water solu-
bility and low partition coefficient of the compound. The
SSF data alone do not indicate whether the putative self-

0.4 4

0.3 A

Partition Coefficient

0.2 A

0.00 0.05 0.10 0.15 0.20
Concentration of Nicotinamide (M)
in n—Octanol
Fig. 4. Plot of partition coefficient (P) of nicotinamide between wa-
ter and n-octanol as a function of concentration and temperature.
(@) 32°C; (O) 25°C; (A) 15°C.



1148

association of nicotinamide is occurring in the donor phase
and/or the membrane. The extent and nature of the putative
self-association of nicotinamide were investigated by os-
motic and partition coefficient studies.

The osmotic molalities of nicotinamide in aqueous so-
lution were measured at the freezing point of the solutions.
The osmometer was calibrated with sodium chloride and
dextrose and the relationship between the osmotic and the
stoichiometric molalities was consistent with the known os-
motic and colligative properties of these solutes (22). The
concentration-dependent decrease in the molal osmotic co-
efficients of nicotinamide (Table I) indicated a potential sol-
ute—solute interaction.

The change in partition coefficient of a drug as a func-
tion of concentration is often a useful indicator of potential
solute-solute interactions in one or both of the chosen
phases (21). Generally, a solvent in which the drug of inter-
est exists predominantly in the monomeric form is chosen as
one of the phases.

The in vitro diffusion profile of nicotinamide from n-
octanol, depicted in Fig. 2, demonstrated a linear depen-
dence of the SSF on the donor phase concentration of nic-
otinamide, indicating that it is unlikely that nicotinamide is
present in an associated form in n-octanol. Further, concen-
tration-dependent chemical shift data from NMR spectros-
copy indicated that nicotinamide was not present in an as-
sociated form in n-octanol (23). Therefore, the partition co-
efficient of nicotinamide was determined between water and
n-octanol. The profile of the partition coefficient data pre-
sented in Fig. 4 was consistent with self-association of nic-
otinamide occurring in the aqueous phase. The temperature
dependence of the apparent self-association indicated a de-
crease in the extent of association with increasing tempera-
ture.

Modeling of the Self-Association of Nicotinamide

The in vitro diffusion, osmometric, and partition coeffi-
cient studies indicated an apparent concentration-dependent
self-association of nicotinamide in aqueous solution. To
characterize further the association phenomena, various
mathematical models of association were considered. Gen-
eral forms of molecular association for a variety of com-
pounds have been studied comprehensively by many work-
ers and include dimeric, trimeric, and numerous higher or-
ders of association (21,24-26).

Dimer Model. The simplest form of self-association for
an organic molecule is the formation of dimers. Equations
(15) and (19) describe the relationship between concentration
and the measured parameter for a drug undergoing dimer-
1zation as measured by osmotic molality and partition coef-
ficients, respectively. In terms of the osmometric data, a plot
of (I — ¢)/(2¢ — 1)? vs molality would yield a straight-line
relationship and the association constant, K, would be ob-
tained from the slope of the relationship. However, as seen
in Fig. 5, the plot of the osmometric data for nicotinamide
was not linear over the studied concentration range, and the
slope of the plot increased with increasing concentration,
suggesting the potential involvement of higher orders of as-
sociation (27).

The partition coefficient data were treated according to
Eq. (19) and the profile of the data plotted as (Py/P) vs con-
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Fig. 5. Relationship between calculated values for (1 — &)/(2¢p — 1)?
and the stoichiometric molality of nicotinamide in aqueous solution.

centration of nicotinamide in the organic phase is presented
in Fig. 6. This representation of the nicotinamide partition
coefficient data, where the extent of the self-association is
constrained to a dimer model, appears inadequate as indi-
cated by the curvature in the profiles at the higher concen-
trations of nicotinamide. Furthermore, the curvature seen in
Fig. 6 is most obvious at the lower temperatures, where the
extent of the self-association process would be expected to
be greater than at the higher temperatures.

Isodesmic Model. The self-association of nicotinamide
could not be adequately explained by constraining the size of
the associated complex to a dimer. Careful and controlled
variation of association models which included dimers and/
or trimers, and combinations thereof, did not markedly im-
prove the quality of the fit of the osmometric and partition
coefficient data.

For nonelectrolytes that are weakly associated in aque-
ous solution, a model known as the isodesmic model of self-
association has been developed for characterizing the effect
of the association on the osmotic activity coefficients of
weakly associated species. Models of this nature have found
application in the characterization of the self-association of
urea, pyridines, and various pyrimidines (11,13,14,19,27).
The model, described in the theoretical section, assumes
that the self-association proceeds via stepwise equilibria.

Figure 7 displays the osmometric data when the molal
osmotic coefficients are plotted as a function of the stoichio-
metric molality of the nicotinamide solutions according to

2.5 ;

2.0 4
P/P

1.0 4

T T T T

0.00 005 010 015 0.20
Concentration of Nicotinamide (M)
in n—Octanol
Fig. 6. Graphical representation of the calculated values for (Py/P)

as a function of the concentration of nicotinamide in n-octanol and
temperature. (@) 32°C; () 25°C; (A) 15°C.
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equation (14). The straight-line relationship between the pa-
rameters indicates that the isodesmic model adequately de-
scribes the association profile of nicotinamide. The associa-
tion constant (K) obtained from the slope of the profile in
Fig. 7 was 1.44 + 0.0l m ' (1.59 = 002 M~ ', n = 15),
which is in good agreement with a reported value of 1.41
m~(11).

Kopecky et al. (11) analyzed osmometric data of nico-
tinamide as a function of a number of different empirically
derived association models. These workers found that a
model which was more specific and constrained than the
isodesmic model (where the dimerization constant was re-
garded as independent of the other equilibria, and all higher
partial association constants for the stepwise equilibria are
equal to each other) was able to improve marginally the fit of
the data. When the osmometric data from the present study
were subjected to a similar analysis, it was found that with
specifically constrained models, a marginally better fit to the
data set could be obtained. However, in terms of the de-
scriptive appeal and reasonably good fit of the data by the
isodesmic model, and poor discriminatory power of the mea-
surements, it was decided to employ the more simple isodes-
mic model.

Equation (24), which was derived according to the
isodesmic model of step-association, predicts a linear rela-
tionship between (P/P,)°* and the concentration of nicotin-
amide in the n-octanol. The data in Fig. 4 were analyzed
according to Eq. (24) and the profile is presented in Fig. 8.
The linear relationship indicates that the step-association
model is an adequate description of the partitioning charac-
ter of nicotinamide between the two solvents. The underly-
ing assumption, supported by the SSF data (Fig. 2) and
NMR data (23), in the derivation of Eq. (24) is that only
monomeric nicotinamide is present in the organic phase. The
calculated association constants (M ™!, mean = SD) for the
isodesmic model based upon the partition coefficient data
are 0.65 = 0.01 (rn = 10), 0.60 = 0.01 (n = 9), and 0.48 + (.01
(n = 19) at 15, 25, and 32°C, respectively. A similar effect of
temperature on the association constant (isodesmic model)
was observed when studying the self-association of nicotin-
amide at the freezing point (1.41 m ™~ ') and at 40°C (0.88 m ~ )
by vapor pressure osmometry (11).

Thermodynamic parameters (expressed per mole of
monomer) for the self-association of nicotinamide were es-
timated from a van’t Hoff plot of the temperature depen-

1,61

1.4 4
1.2 A

1—¢ 1.0 4
2 0.8 -
0.6 A

0.4 4

0.2 A

0.0 T T T T T
0 200 400 600 800 1000

Molality (mmol/kg)
Fig. 7. Plot of (1 — ¢)/$? as a function of nicotinamide concentra-

tion (molality). The points were calculated according to Eq. (14) and
the line was determined by linear regression.
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Fig. 8. Relationship between calculated values for (P/P_)%% and the
monomeric concentration of nicotinamide in n-octanol. (@) 32°C;
(0) 25°C; (A) 15°C. The data were fitted to Eq. (24) and the line was
determined by linear regression.

dence of the association constants calculated for the isodes-
mic model determined from the partition coefficient data.
The values (mean + SD, n = 3) obtained by regression
analysis from the intercept and slope of the van’t Hoff plot
were AH = —2.98 + 0.59 kcal - mol ' and AS = —11.8 =
2.0 cal - K7 ! - mol~!. The calculated enthalpy of associa-
tion is in the range which reflects the potential involvement
of hydrogen bonding in the formation of the associated spe-
cies (28,29), and the large change in the entropy is a reflec-
tion of the increased order as a consequence of the self-
association. Similar estimates of entropy loss following self-
association have been observed with some alkane alcohols
(28) and a variety of pyrimidines (14).

The modeling of the osmometric and partition coeffi-
cient data in terms of the isodesmic model is a simplification
of the complex association process, although the approach
has the advantage that the model is not constrained to a
single associated species. By the nature of the equilibria in-
voked, the model is weighted toward the formation of the
lower (e.g., n = 2 to 4) associated species. The model over-
simplifies the actual association process, which no doubt
exhibits greater specificity and diversity than is tacitly as-
sumed in the isodesmic model. The association process,
which appears to represent a continuum rather than specific
forms, could theoretically be characterized by distinct equi-
librium constants for each associated form. However, the
osmometric and partition coefficient data are not sufficiently
accurate, nor do they provide sufficient discrimination to
permit further insight into the mechanisms of the associa-
tion. NMR spectroscopy has been employed to investigate
the molecular basis of the association of nicotinamide in the
context of the associated complex (23).

The utility of the isodesmic model for the association of
nicotinamide is that it allows an explanation and character-
ization of the observed physical chemical properties of aque-
ous solutions of nicotinamide. It is possible to use the isodes-
mic model to predict the concentration-dependent changes
in the SSF of nicotinamide from an aqueous donor phase
across a model membrane by ‘‘correcting’’ the donor phase
concentration to reflect the concentration of monomeric nic-
otinamide in the donor phase. Mikkelson e? al. (9) performed
an analogous correction on the SSF data for the permeation
of phenol (which also self-associates) across a model mem-
brane.
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Fig. 9. Relationship between observed SSF and the calculated con-
centration of ‘‘monomeric’’ nicotinamide in the aqueous donor
phase. See text for the method used in the calculation of the mono-
meric concentration of nicotinamide.

Figure 9 represents the profile of the SSF of nicotin-
amide when corrected for the effective monomer concentra-
tion of drug present in the aqueous donor phase. The calcu-
lation for the monomer concentration of nicotinamide in the
aqueous donor phase was based upon the substitution of the
association constant calculated from the isodesmic model of
the partition coefficient data at 32°C in Eq. (23).

The profile of the SSF in Fig. 9 is close to linearity,
indicating that the observed SSF is dependent upon the mo-
nomeric concentration of nicotinamide present in the aque-
ous donor phase. Therefore, the concentration-dependent
SSF of nicotinamide across a model membrane can be ex-
plained by considering self-association of drug in the aque-
ous donor phase, and it is not necessary to invoke a mem-
brane-related phenomenon.
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