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Purpose. Approximately 50% of active pharmaceutical ingredients (APIs) are manufactured and
formulated as salts, due to their enhanced dissolution rates or improved solid state properties. It is
essential to maintain the appropriate solid state form of the drug during processing and over the lifetime
of the product. The aim of this study was to investigate the contributing factors in the process of
disproportionation, whereby the salt converts back to the free form of the drug.

Methods. Infrared and Raman spectroscopy were used to detect and quantify the formation of free base
in physical mixtures with excipients. The pH-solubility relationships were determined based on measured
salt solubilities and properties of the free form.

Results. The mesylate salts of two model pharmaceutical compounds were found to disproportionate to
the free base form when physically mixed with certain common basic excipients and exposed to moderate
relative humidities. In contrast, the napsylate salts were much more resistant to disproportionation. The
napsylate salts had solubilities more than 3 orders of magnitude lower than the respective mesylate salts,
and showed little to no detectable formation of free base. The mesylate salts with higher solubilities
showed significant levels of conversion to the free base.

Conclusions. 1t appears that both the solubility and pH,.x (the pH of a solution where there is saturation
of both ionized and unionized species) of the salts, as well as the base solubility, play important roles in
determining the susceptibility of salts to disproportionate. The extent of conversion was also affected by
excipient properties, including basicity, solubility, physical state and surface area.

KEY WORDS: disproportionation; pharmaceutical salts; pH-solubility; microenvironmental pH; Raman

spectroscopy.

INTRODUCTION

One of the most frequent approaches to improving the
physicochemical properties of an ionizable compound, par-
ticularly properties such as solubility and dissolution rate, is
to form a salt. Disproportionation, i.e. reversion of the salt to
the unionized form, is extremely undesirable since it will
potentially not only change the dissolution rate, but also
influence solid-state properties resulting in a physical form
with suboptimal chemical or physical stability.

Several examples of the detrimental effects of dispro-
portionation have been reported in the literature. In one case,
a decrease in the extent of in-vitro dissolution of a tablet
formulation containing delavirdine mesylate following stor-
age at accelerated stability conditions was correlated to the
formation of the less soluble free base (1). Similarly, a
significant loss in potency of tablets containing the maleate
salt of a basic drug following stability testing was attributed to
conversion of the salt to the free base (2), which had a
significantly lower melting point and was shown to volatilize
under the storage conditions. Increases in tablet hardness and
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disintegration times were noted for tablets subjected to
accelerated stability testing conditions (3), coinciding with
formation of the amorphous free base form of a crystalline
hydrochloride salt.

In the amorphous state, the generally lower glass transition
temperature of the free form relative to the salt (4) may also
provide higher mobility and thus enhanced reactivity. In studies
of the chemical stability of amorphous quinapril hydrochloride
(5), it was concluded that lyophilization in the absence of pH
control produced a mixture of the amorphous salt and free base
forms due to volatilization of small amounts of HCI. Reactivity of
the API was significantly enhanced in these preparations relative
to those adjusted to lower pH values before lyophilization.

For disproportionation of the salt of a weak base to the free
form to occur, loss of a proton is necessary, via hydration and
possibly transfer to another component. The presence of at least
some amount of water is generally unavoidable in pharmaceu-
tical solid formulations, and very minimal amounts of residual
water from processing or sorption from the environment are
capable of providing a medium for proton transfer. The ability of
formulation components to influence disproportionation of a
salt to the free form by affecting microenvironmental pH is also
well documented. An excellent definition of the term “micro-
environmental pH” applicable to its use in this study has been
reported (6): ‘Although the concept of pH does not apply to
solids, the term “microenvironment pH” has been loosely used

0724-8741/09/0800-2015/0 © 2009 Springer Science + Business Media, LLC



2016

to describe hydrogen ion activity in noncrystalline regions such
as adsorbed water layers or water-plasticized amorphous
domains’. Microenvironmental pH within sorbed moisture
located at surfaces of the salt would be expected to be influenced
by excipients possessing acidic/basic functionalities that are in
intimate contact.

By performing a study excluding one of each of the
formulation components, Rohrs et al (1) determined that
croscarmellose sodium was responsible for free base forma-
tion in the previously mentioned case of delavirdine mesylate.
Spectral evidence indicated protonation of the carboxyl
groups of croscarmellose sodium, and a direct relationship
between moisture content and extent of free base formation
was observed. For the case of the maleate salt, Zannou et al
(2) determined the slurry pH of various formulations
susceptible to disproportionation of the API to be greater
than the pH,,.x of the salt. Since the active was a weak base,
the formulation ‘pH’ was assumed to have been sufficiently
high to cause conversion to the free form. The goal of this
study was to investigate the tendency of the mesylate and
napsylate salts of miconazole and benzocaine to convert to
the free base when blended with a number of basic excipients
and stored at moderate relative humidities (RH). Infrared
and Raman spectroscopy were used to detect disproportion-
ation of the model pharmaceutical salts in the powder blends.

EXPERIMENTAL MATERIALS AND METHODS
Materials

Miconazole, benzocaine, 2-napthalene sulfonic acid,
magnesium stearate, magnesium oxide, tribasic calcium
phosphate (TCP) and anhydrous dibasic calcium phosphate
(aDCP) were purchased from Spectrum Chemicals (New
Brunswick, NJ). Methanesulfonic acid was supplied by Sigma-
Aldrich Chemical Co. (St Louis, MO). Anhydrous dibasic
sodium phosphate (aDSP), tribasic sodium phosphate dodec-
ahydrate (TSPd), tetrahydrofuran, ethyl acetate and ethanol
were obtained from Mallinckrodt Chemical (Phillipsburg,
NJ). Croscarmellose sodium (Crosc Na) was obtained from
Hercules Inc. (Wilmington, DE). Inorganic salts (magnesium
chloride and sodium bromide), were obtained from Mallinck-
rodt AR (Paris, KY, USA).

Methods
Salt Preparation

The crystalline mesylate and napsylate salts of micona-
zole and benzocaine were prepared via crystallization from
organic solvent solutions. Salts were formed by addition of
the appropriate solution of counterion in ethanol to a solution
of free base in tetrahydrofuran. The acid solutions were
added dropwise to form final acid:base solutions with slight
excess acid (~2% molar) relative to the equimolar concen-
tration. Crystallization either occurred immediately or was
induced by cooling to 5°C and/or evaporation. Salts were
dried via suction filtration and washed thoroughly with an
organic solvent to remove any residual free base, followed by
drying in a vacuum oven and subsequent storage over
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phosphorus pentoxide. Formation of the monosalt was
confirmed by quantitative HPLC analysis.

Raman Spectroscopy

FT-Raman spectroscopy was used to obtain reference
spectra of the salts, free bases and excipients and to quantify
the formation of free base in binary mixtures of salts with
basic excipients. Raman spectra were obtained using a Perkin
Elmer Spectrum System 2000 (PerkinElmer Co., Shelton,
CT). All spectra were collected at 1.0 cm™ intervals with a
spectral resolution of 4 cm™. Sample excitation was
performed using a diode pumped near IR Nd:YAG
1,064 nm laser with a power of 1,000 mW. Spectra are the
average of 128 accumulations to produce spectra with
desirable signal to noise ratio. Spectra of the salt-excipient
blends were collected at selected timepoints. All samples
were placed in glass NMR tubes and positioned in the laser
path. In order to increase the sample volume and reduce the
risk of sample heating, samples were rotated in the
instrument by means of an electric motor. Calibration
samples were prepared in triplicate by geometric mixing of
the salt and base. Binary mixtures of the base with
benzocaine mesylate were used to generate a spectral data
set, with approximate base to salt compositions (mol%) of
20:80, 40:60, 50:50, 60:40 and 80:20. A similar set of data was
obtained for miconazole and its mesylate salt.

Raman spectra of the powder blends with magnesium
oxide were collected using a RamanRxn1-785 Raman spec-
trometer (Kaiser Optical Systems, Inc., Ann Arbor, MI, USA)
with a 785-nm excitation laser. Total acquisition exposure time
was 300 s with a laser power of 200 mW. The system is
equipped with a nominal 63.5 mm working distance non-
contact optics (NCO, Kaiser Optical Systems, Inc., Ann Arbor,
MI) attached to an MR Probe (Kaiser Optical Systems, Inc.,
Ann Arbor, MI) with a spot size of 150 pm. Fiber optics are
used to interface the spectrometer to the sampling device.

Infrared (IR) Spectroscopy

FT-IR spectra of the powder blends and pure materials
were collected on a Bio-Rad FTS-6000 (Bio-Rad, Cambridge,
MA, USA) with an attenuated total reflectance (ATR) setup
(Golden Gate Mk II model single bounce diamond top-plate
ATR from Specac Ltd., Cranston, RI, USA). A total of 128
scans were averaged at a resolution of 4 cm™ for each sample
over the wavenumber region 4000-500 cm™. The optics were
purged with dry, CO,-free air to prevent spectral interference
from water vapor and CO,.

Solubility

The aqueous solubilities of the salts were measured by
stirring solutions with excess solid in a jacketed vessel at 25°C;
solutions were equilibrated for 48 h. The solids were then
allowed to settle, and various aliquots were extracted with a
syringe fitted with a 0.2 pum filter tip, and were then diluted
and concentrations measured by high performance liquid
chromatography (HPLC). For these samples, the solid
remaining after equilibration in aqueous solution for 48 h
was checked by Raman spectroscopy and no evidence of free
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base was detected. The pH of filtered saturated solution
aliquots of each salt, as prepared above, were measured using
a Mettler Toledo SevenEasy pH meter equipped with an
Inlab©413 probe. Solubilities of excipients were measured as
described above. For the insoluble excipients, the pH of
aqueous suspensions was measured during mixing after
equilibration for 8 h.

Moisture Sorption and Surface Area Measurements

The specific surface areas (SSA) of the procaine salts
were measured by nitrogen adsorption using the BET
(Brunauer-Emmett-Teller) method with a Micromeritics
ASAP 2000 (Norcross, GA). Samples (1-2 g) were degassed
under vacuum (<10 mbar) at 50°C for at least 8 h, to remove
any residual or physically adsorbed water. The sample weight
was adjusted for any loss during degassing, and the tube was
then immersed in a liquid nitrogen dewar for measurement.
The adsorption isotherm data across a range of partial pressures
(0.05-0.30) were fitted to the BET model to determine the
corresponding amount of adsorbate for an adsorbed monolayer,
and a linearized form of the BET isotherm equation was used
to determine the surface area based on the cross-sectional area
of a nitrogen molecule (0.162 nm?).

Water vapor sorption profiles of the salts and excipients
used in the study were generated using an automated
gravimetric analyzer (SGA-100; VT Corporation, Hialeah,
FL, USA) at 25°C. Samples (10-50 mg) were initially dried at
50°C and 0% RH in the sorption analyzer. Equilibration at
each RH step was determined to have been achieved when
the weight change measured was less than 0.001% over 5 min
with a maximum hold time of 90 min. For the excipients,
values for the moisture sorbed as a function of RH have been
normalized with respect to surface area. For the salts,
estimates for moisture coverage in terms of monolayers at
certain RHs were approximated from the measured moisture
sorption data and measured specific surface area of the salt,
using a value of 1.06x 107" m* molecule™ for the surface area
of a water molecule. Where applicable, the deliquescence
relative humidity RHj, the characteristic RH where a highly
water soluble crystalline solid undergoes a first order phase
transition to a solution (7), was measured by extrapolating
the linear parts of the vapor sorption plot before and after the
deliquescence event. Mixtures of deliquescent solids have
been shown to deliquesce at a lower relative humidity, termed
the mutual deliquescence relative humidity, or RHg nix. For
such mixtures, RHj mix can be approximated by the product
of the individual component RHys via the Ross equation,
derived with the assumption that the activity coefficient of
each component in the mixture can be represented by its
value in a simple solution (7).

Stability Testing

Powder blends (50/50 w/w) of each salt and excipient
were prepared in 1-dram glass vials and mixed by geometric
trituration with a spatula for extended periods of time to
ensure homogeneous mixing. Samples were stored in desic-
cators over saturated salt solution at an RH of 57% (sodium
bromide) at 25°C. For the salt powder blends with sodium
phosphate monobasic and sodium phosphate tribasic, a
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second RH of 33% (magnesium chloride) was also used.
Samples were taken from the blends at time points of 3 days,
10 days, 24 days and 38 days and Raman spectra were
recorded; the powder blends were remixed with light
trituration using a spatula during removal of each sample.
Raman spectra of the mixtures containing MgO as the
excipient were taken using 785-nm excitation since severe
fluorescence was observed with 1,064-nm excitation. The
infrared spectra for the samples were also recorded at select
time points. A separate sample of each sample mixture (total
mass~500 mg) was stored at identical conditions to measure
the corresponding weight gain of the salts at each timepoint.

RESULTS
Properties of Salts

Miconazole, a basic imidazole antifungal agent, has a
pK, of 6.9 and is practically insoluble, with an intrinsic
solubility of 2.40x10°M (8, 9). The measured solubility of
miconazole mesylate and napsylate were 0.688 M and 1.93x
10°M, respectively. The molar solubility of the napsylate salt
is lower than the intrinsic solubility of the free base. This
phenomenon has been noted for the besylate salt of
ephedrine (10), and was suggested to be a combination of
the higher lattice energy and weak solubilization of the anion.
Benzocaine, a topical anesthetic, is a very weak base with a
pK, of 2.8 and an intrinsic solubility of 5.80x10*M (11). The
solubilities of the mesylate and napsylate salts were 0.188 M
and 9.65x10M, respectively. In this case, the napsylate salt
has a molar solubility slightly higher than that of the free base
(see Table I). The moisture sorption profiles of the salts are
shown in Fig. 1. None of the salts were particularly
hygroscopic, particularly at the storage RHs employed in
this study. The surface areas (m*g) measured for the four
salts were 1.36 (miconazole mesylate), 4.13 (miconazole
napsylate), 0.69 (benzocaine mesylate) and 0.52 (benzocaine
napsylate). Using these values, the estimated moisture
coverages at 57% RH in terms of monolayers are: 9.6
(miconazole mesylate), 0.8 (miconazole napsylate), 3.6
(benzocaine mesylate) and 0.6 (benzocaine napsylate).

Properties of Excipients

The moisture sorption profiles of the excipients used in
the study are shown in Fig. 2, the values of moisture uptake
are normalized to the measured specific surface areas (SSA).
The results for sodium phosphate tribasic dodecahydrate are
not included since the material dehydrated when dried at 0%

Table I. Solubilities, Saturated Solution pH and Calculated pH,,ax of
Miconazole, Benzocaine and their Salts

solubility (M)  pH at saturation  pHpax
miconazole base 2.40x10°
miconazole mesylate 0.688 1.47 1.44
miconazole napsylate 1.93x10°° 4.44 6.79
benzocaine base 5.80x107
benzocaine mesylate 0.188 1.12 1.30
benzocaine napsylate 9.65x107 2.32 2.70
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Fig. 1. Moisture sorption profiles of mesylate and napsylate salts of miconazole and
benzocaine.

RH. Sodium phosphate dibasic deliquesces at approximately
55% RH (see Fig. 2). Although a number of the excipients
have very low water solubilities, this does not translate into
low hygroscopicities, as exemplified by magnesium oxide and
croscarmellose sodium. Several of the excipients sorb more
water than can be accounted for by surface adsorption by
highly crystalline samples (12) suggesting that there are other
mechanisms of water vapor sorption. These might include
absorption into the bulk structure for disordered excipients
such as croscarmallose sodium and hydrate formation in the
case of magnesium stearate (13). The moisture sorption
results were used to estimate the moisture uptake (% w/w)
for the excipients at 57% (see Table II). The measured pH of
saturated solutions and various aqueous suspensions of the
excipients are also given in Table II. Sodium phosphate
dibasic and tribasic, the two excipients having the highest
solubilities, also had the two highest measured values of
saturated solution pH. The other five excipients were fairly
insoluble, and the pH of aqueous slurries ranged from 6.85 to
10.74 (see Table II).

Spectral Identification and Quantification of Base
and Salt Forms

FT-Raman spectra of the mesylate and napsylate salts of
benzocaine showed distinct spectral differences from the

crystalline base form (Fig. 3). All spectra had numerous
highly resolved peaks with various peaks exclusive to each
individual material, necessary for positive identification. In
order to identify the presence of base and quantify the
amount present in the salt-excipient blends, the peak at
1,681 cm™ was chosen because of its strong intensity and lack
of interference from the mesylate and napsylate salts. The
peak at 1,722 cm™ arising in both the mesylate and napsylate
salt was used to indicate the presence of the salt. There was
minimal spectral interference from the excipients for either of
these peaks. A calibration curve for the base and mesylate
salt was generated by plotting the peak intensity ratio of the
1,681 ecm™ mode relative to the 1,722 cm™ mode against
molar ratio. A linear relationship was observed and linear
regression analysis yielded a regression coefficient R? of 0.991
(see Fig. 4). For the napsylate salt, several characteristic
spectral modes were evident in the ‘fingerprint region’ arising
from stretching and deformation modes, but the mode at
1,722 em had the strongest intensity with only slight
interference from the base spectrum. The calibration curve
generated for the base/mesylate salt was used to determine
the level of free base in both the benzocaine mesylate and
napsylate excipient blends.

The Raman spectra of the crystalline miconazole base
and salt forms again provided excellent spectral contrast for
easy identification (Fig. 5). For example, close examination of

1.0E-01 0.7
9.0E024{ S MgO
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Fig. 2. Moisture sorption profiles of basic excipients, normalized to specific surface area;
the secondary y axis on the right is applicable to anhydrous dibasic sodium phosphate and

croscarmellose sodium.
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Table II. Properties of Basic Excipients. Moisture Uptake was Predicted From Moisture Sorption Results. Included are Surface pH Values
from the Literature; Values in Parentheses Represent pH of 10% wt/vol Suspensions taken from the References

moisture uptake

(Wt.%) at measured pH literature value surface area
57% RH in solution of surface pH solubility* (m%/g)
anhydrous dibasic calcium 0.09 7.70 (10% w/v suspension) 3.59% (6.92), insoluble 1.88
phosphate (aDCP) 2.70° (5.5)
tribasic calcium phosphate (TCP) 242 6.90 (10% w/v suspension) - practically insoluble 65.1
anhydrous dibasic sodium 0.76 8.93 (saturated) - 1 in 8 parts water 0.39
phosphate (aDSP)
tribasic sodium phosphate, 4.62 12.92 (saturated) - 1 in 5 parts water 0.43
dodecahydrate (TSPd)
croscarmellose sodium 19.67 6.85 (10% wi/v suspension) 4.79¢ insoluble 1.06
(Crosc Na)
magnesium oxide (MgO) 2.74 10.74 (10% w/v suspension) - very slightly soluble 2.83
magnesium stearate 2.41 8.38 (10% wi/v suspension) 7.45% (9.57), practically insoluble 3.35
(Mg stear) 5.12¢

@ Ref (25); ® Reference(28), measured at 59% RH; € Ref(30)

the “fingerprint region” reveals a spectral mode at 779 cm™
for the mesylate salt and at 768 cm™ for the napsylate salt,
which are not observed in the spectrum of the base. The peak
at 1,506 cm™ in the base spectrum (Fig. 6) was used for
quantification, since it has sufficient intensity with little
spectral interference from excipients or the salts. A mode at
3,110 cm™ served as an additional marker for the base,
although this region has some interference from the spectra
of both salts. The peaks at 1,506 cm™ and 779 cm™, exclusive
to miconazole base and miconazole mesylate, respectively,
were used to construct a calibration curve by plotting the

ratio of the peak intensities against molar ratio, which fit a
linear equation with a regression coefficient R* of 0.996. For
the napsylate salt, a diagnostic peak was present at 768 cm™.
No calibration curve was constructed for miconazole
napysylate/base due to the stability of the excipient salt
blends. The limits of detection, determined from the signal to
noise ratio, were 0.15 mol% for the benzocaine salts and
0.87 mol% for miconazole napsylate (14).

Analysis of the FT-IR spectra (data not shown) of the
benzocaine base and salt forms revealed multiple bands in the
N-H stretching region exclusive to the base. For detection of
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Fig. 3. FT-Raman spectra of benzocaine (fop), benzocaine mesylate (center) and benzocaine napsylate
(bottom). The peaks used for identification are marked.
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Fig. 4. Calibration curve for the quantification of benzocaine base in
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miconazole base in the presence of its salts, a band at
1,510 cm™ observed exclusively in the miconazole base
spectrum was used. Due to the surface specificity of the
ATR technique as well some minor spectral interferences
from the salt and excipients, the infrared spectra were used
qualitatively as additional confirmation for the presence of
the free base in the salt-excipient powder blends.

Free Base Formation in the Presence of Excipients
and Moisture

After 3 days of storage at 25°C/57% RH, all seven basic
excipients induced some conversion of benzocaine mesylate to
the free form, as detected by the presence of the 1,681 cm™
peak in the Raman spectra of the stability samples.

Guerrieri and Taylor

Quantification of the free base was possible, since there was
no noticeable interference in the spectra from the excipients
for the free base and salt marker peaks (Fig. 7). In most cases
the extent of disproportionation was significant; one notable
exception was aDCP. The two excipients with both the two
highest solubilities and highest measured values of solution
pH, aDSP and TSPd, showed the largest levels of
disproportionation throughout the study (see Fig. 8). The
storage RH of 57% is slightly above the measured RH, of
aDSP; hence a saturated solution state of this excipient is
thermodynamically favored. Interestingly, even at a storage
RH of 33% which is below any single component RH, or the
mixture deliquescence point RHy i as estimated by the Ross
equation (15), large amounts of free base were detected for the
blends with aDSP. The formation of the free base was
supported by the presence of peaks exclusive to the free base
in the infrared spectra, as well as the presence of characteristic
peaks for the free base in other regions of the Raman spectra.
The excipient blends with benzocaine napsylate showed much
smaller amounts of disproportionation with only certain
excipients, and in the case of aDSP, only at the final time
point of 38 days (Table III).

Again, for the miconazole mesylate/excipient blends,
quantification of the free base was possible, since there was
no noticeable interference in the spectra from the excipients
for the free base and salt marker peaks identified earlier.
Miconazole mesylate was particularly susceptible to dispro-
portionation in the presence of TSPd and aDSP (see Table 111
and Fig. 9); nearly two-thirds of the salt converted to free
base in the presence of TSPd and approximately 45%

o
-~
~
P)
M~
=
Ired
F_,JJ M )
pid
c
]
< (=3
ot 0
£ ~
Q
o
35000 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 500.0

Raman Shift (cm™)

Fig. 5. FT-Raman spectra of miconazole (fop), miconazole mesylate (center) and miconazole napsylate
(bottom). The peaks used for identification are marked.
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Fig. 6. Expanded view of the FT-Raman spectra of miconazole base
(top) and its mesylate (center) and napsylate (bottom) salts showing
the characteristic base peak at 1507 cm™and the lack of interference
from the salts.

conversion was observed in the presence of aDSP after
storage for 38 days at 25°C/57% RH. Similar to the case of
benzocaine mesylate, significant conversion to free base was
detected at 33% RH, although the RH is again below the
estimated RHy i, The infrared and Raman spectra of the
excipient blends with miconazole napsylate did not show any
evidence for formation of the free base in any of the excipient
blends throughout the study. The mol % conversion of salt to
free base within the excipient blends stored at 57% RH are
given in Table III for benzocaine mesylate, benzocaine
napsylate and miconazole mesylate. Also included are the
results for aDSP at 33% RH.

DISCUSSION
Theory of Disproportionation
In order to understand the conditions under which

disproportionation of a salt to the free base will occur, it is
necessary to consider the various equilibria that can occur
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between the neutral and ionized species in solution and the
solid state. There is ample evidence that thin film water exists
on the surface of crystals and that this water can solvate
surface species (16-20). Thus disproportionation can be
considered a solution mediated transformation. The transfor-
mation of the crystalline salt to the free form will depend on
their relative solubilities, as well as the equilibrium between
the ionized and unionized forms existing in solution in the
thin film water, which in turn will be related to the micro-
environmental pH. The microenviromental pH in the thin
film water will be controlled by both the salt-base pair and the
excipient properties.

The solubility-pH profile for a weak base/salt pair can be
predicted if the pK,, base intrinsic solubility and solubility
product for the salt are known (21). The equilibrium for the
dissociation of a salt of a weak base may be expressed as:

BH* + H,0% B + H;0* 1)

where BH" is the protonated base, B is the free base and K,
is the dissociation constant of BH" defined as:

[H;0"][B]

Ko= o 2

[BHY] @)

The total solubility S at any pH will be the sum of the

individual concentrations of the unionized (the organic base,
B) and the ionized form:

S =[B] + [BH"] 3)

where the protonated species has an acid dissociation
constant K,. The maximum concentration of the base and
ionized forms will of course be determined by their respective
solubilities and the solubility product of the salt (K,,). At low
pH where the solubility of BH" is limiting (i.e. there is an
equilibrium between the solid salt and the protonated form in
solution), the following relationship holds:

S= (1 + %} BH* (4)

251
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Fig. 7. FT-Raman spectra of benzocaine mesylate/excipient samples after 3 days at 25°C/
57% RH showing the appearance of the benzocaine base peak at 1681 cm™. From top to
bottom, TSPD; ADSP; TCP; Mg stearate; Crosc Na; ADCP.
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benzocaine mesylate/ ADSP at 25°C/33% RH.

For solutions at pH values greater than a certain pH value
termed pHn.x where the solubility of the free base S, is
limiting (i.e. there is an equilibrium between the solid base and
the solution species), the total solubility can be expressed as:

(5)

S:SO(1+M)

a

At pHpax, the solution is saturated with respect to both
the free base and salt form (i.e, there is an equilibrium
between the solution and the solid forms of both the base and
the salt), and Eqgs. (4, 5) simultaneously apply. By setting the

two equations equal and solving for pH,,.x, Bogardus et al.
(22) derived the following expression for a base:

PHuax = pK, +log }TH (6)

For a more detailed description of the equations
presented above as well as similar equations for the salts of
acids, the reader is referred to the literature (23,24).

In order to determine the risk for disproportionation, it is
necessary to estimate the pH-solubility profiles in order to
estimate pHyax. pPHmax 1S @ critical value since at pH values
above pHp.x, the salt can potentially convert to the base. pHyax

Table III. Levels of Conversion (mol %) of Salts to Free Base in 50/50 w/w Excipient Blends. The Data Represent the Samples Stored at 57%
RH, Except Where Noted. The Dash Marks Represent Samples Where no Evidence of Free Base was Observed From the Spectra

days TCP aDCP Crosc Na Mg stearate MgO aDSP TSPd aDSP (33% RH)
benzocaine mesylate
3 17.6 1.30 8.5 12.2 * 22.1 254 18.3
10 17.6 0.94 13.4 14.5 14.7 26.6 31.8 19.2
24 19.8 1.03 21.2 16.0 * 36.5 354 23.6
38 27.4 1.57 221 22.9 17.5 383 423 23.7
benzocaine napsylate
3 - 111 - 2.9 - - - -
10 - 0.92 - 3.9 - - 1.53 -
24 - 1.29 - 52 - - 2.27 -
38 - 1.26 - 7.3 - 1.00 1.75 -
miconazole mesylate
3 - - 19.3 - - 21.1 57.9 13.1
10 - - 22.8 - - 28.0 63.8 14.4
24 - - 25.7 - - 42.5 63.8 14.4
38 - - 372 - - 45.4 67.3 14.9
miconazole napsylate
3 _ _ - - _ — _ -
10 - - - - - - - -
24 - - - - - - - -
38 - - - - - - - -

*Spectra were not collected
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Fig. 9. Quantity of miconazole free base as a function of time for miconazole mesylate/
basic excipient samples following storage at 25°C/57% RH; included are the data for
miconazole mesylate/ADSP at 25°C/33% RH.

can be estimated if the solubility of the salt and base are known,
in addition to the pK,. The theoretical solubility-pH profiles,
constructed as described above are shown in Fig. 10 for the
mesylate salts of both miconazole and benzocaine. The pHy,ax is

a

solubility (M)

o

solubility (M)

Fig. 10. pH-solubility profiles of a) miconazole mesylate and b) benzocaine mesylate. The
points represent the saturation concentration and corresponding measured pH for
unbuffered solutions of the salts; data for the napsylate salts are included. The inset in a)
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represented by the intersection between the two sections of the
solubility curve. For a solution in equilibrium with the solid salt,
if the measured pH is lower than pH,.y, disproportionation
cannot occur, no solid base should be present, and the solubility
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product K, can be determined via Eq. (4). For the mesylate and
napsylate salts, the measured pH values of the saturated
solutions were either lower than pHp,.x or at pHp,., (Within
experimental error) (see Table I).

The pHpax values determined for the mesylate salts of
benzocaine and miconazole and benzocaine napsylate all
occur at pH’s lower than 3. This result suggests that a
microenvironmental pH higher than this value could lead to
disproportionation. Interestingly, comparable values of pHy.x
were found for the mesylate salts of benzocaine and
miconazole (1.30 and 1.44, respectively), even though the
pK, values of miconazole and benzocaine differ by 4 units.
This is a consequence of the competing factors which dictate
PHmax as shown by Eq. (6). An increase in the pK, of the
base by one unit will result in an increase in pHy,.x by one
unit. However, increasing the salt solubility product by an
order of magnitude (i.e. increasing the solubility of the salt)
or decreasing the intrinsic base solubility by the same amount
will result in a decrease in pHp,.x by one unit. Thus weaker
bases (lower pK,) or salt-base pairs where the salt-base
solubility ratio is very high will have lower pH,,.x values and
will be more susceptible to disproportionation. The low
pHmax value for benzocaine arises because it is a very weak
base. For miconazole, the low pH,,.x value is due to the very
low intrinsic solubility of miconazole base relative to that of
the mesylate salt. This result should be particularly alarming,
as the aqueous solubilities of new chemical entities continue
to decrease; one author estimates as many as two-thirds of
new compounds under investigation have solubilities below
100 pg/mL (23). Salts that provide the greatest solubility
advantage will yield lower pHy,.x values, translating to a
higher susceptibility of the salt to undergo conversion across a
wider range of effective ‘pH’ conditions.

Comparison of Disproportionation Tendency
of the Different Salts

Both miconazole mesylate and benzocaine mesylate
showed significant amounts of free base formation in the
presence of many of the basic excipients studied, even at the
earliest time point of 3 days. In the case of benzocaine
mesylate, all seven basic excipients appear to result in a
microenvironmental pH sufficiently above pH,,.x to facilitate
a large extent of disproportionation (Table IIT and Fig. 8).
For miconazole mesylate, disproportionation was only ob-
served in blends with some excipients; the highly water
soluble sodium phosphate salts and croscarmellose sodium
(Table IIT and Fig. 9). Given that the two salts have very
similar pHp,.x values, it is of interest to consider why
miconazole mesylate is more resistant to disproportionation
than benzocaine mesylate in the presence of certain
excipients.

The higher solubility and pK, and hence buffering
capability of miconazole mesylate relative to its benzocaine
counterpart, is the most likely explanation for the observed
differences between the two salts whereby magnesium
stearate, aDCP, TCP and MgO did not cause free base
conversion. If thin films of water are being formed between
the salt and the excipient, the microenvironmental pH will be
a function of the concentration of each species which in turn
will be dictated by solubility, and the acid-base properties of
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each component. Given the low aqueous solubilities of the
ineffective excipients in the case of miconazole mesylate, it
appears that sufficient API salt is able to dissolve to buffer
the effects of the excipients. Benzocaine mesylate is less
soluble with a lower pK,,, and thus a less efficient buffer. The
surface area of the salts did not appear to play any readily
ascribable role in the conversion; for instance the two
benzocaine salts had very similar surface area values, while
miconazole napsylate had the highest measured value. The
underlying reason for the effectiveness of croscarmellose
sodium at causing disproportionation of miconazole mesylate
is unknown at the present time. One possibility is the well
known swelling behavior of this excipient in the presence of
water, with a concurrent increase in molecular mobility which
may facilitate proton transfer beyond regions of surface
interaction (1).

Benzocaine napsylate showed evidence of a low extent of
disproportionation with a limited number of excipients while
no evidence of free base was found in any of the mixtures
containing miconazole napsylate and the basic excipients. The
lack of disproportionation of miconazole napsylate can
probably be accounted for by two factors. First, the measured
solubility of miconazole napsylate is below the intrinsic
solubility of the free base, as noted earlier hence there is no
thermodynamic driving force for crystallization of the free
base. Second, the calculated pH,,.x of miconazole napsylate is
6.79, which means that the microenvironmental pH would
have to be higher than this value for disproportionation to
occur. The corresponding value of pH,., for benzocaine
napsylate is 2.70, and the napsylate salt is more soluble than
the base. However, benzocaine napsylate is much less soluble
than the corresponding mesylate salt (Table 1), which in
conjunction with the observation that it also has a lower
hygroscopicity, probably explains why a much smaller extent
of disproportionation is observed.

Role of Excipient Properties

Important excipient properties that would be expected to
influence the extent of disproportionation include basicity,
aqueous solubility, physical state (e.g. amorphous or crystal-
line), and surface area. Since all seven basic excipients
produced some levels of free base in the benzocaine
mesylate/excipient blends, these results should provide insight
into the effect of excipient basicity and other factors on the
extent of conversion. Although a poor surrogate for the exact
microenvironmental pH conditions at a solid surface (25-29),
particularly for the less soluble/hygroscopic excipients, solu-
tion/suspension pH values for the excipients are listed in
Table II. Also listed in Table II are literature values of surface
pH and corresponding pH of 10% wt/vol. aqueous suspen-
sions where available; noteworthy differences from the
solution pH values can be seen, as well as disagreement
between values of surface pH reported. Some correlation was
observed between the extent of benzocaine mesylate dispro-
portionation and either measure of pH; generally higher
amounts of free base were observed for those excipients that
generated a higher corresponding value of solution pH,
although exceptions were observed. For example, aDCP
produced much lower levels of free base than TCP, despite
producing a higher suspension pH. This result may well be
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due to the much lower surface area of aDCP, and/or a less
basic microenvironmental surface pH relative to that of a
dispersion (see Table II). While surface area may seem to
offer some explanation for the results observed for benzo-
caine mesylate, the effect was opposite in the case of
benzocaine napsylate, illustrating the complexity of compet-
ing factors.

A surface area effect may also be responsible for the
effect of Mg stearate on benzocaine napsylate — although Mg
stearate does not have a high measured surface area, it is well
known that this lubricating excipient can coat the surface of
particles when blended with drug substances (30). The
solubility of the excipients is also clearly of relevance. The
sodium phosphate salts are highly soluble and are commencing
deliquescence at the storage RH of 57% RH. Disproportion-
ation of susceptible salts was seen in all instances in powder
blends with these compounds. Disproportionation with the
sodium phosphate salts was also seen in the case of benzocaine
mesylate, even when the storage RH was 33% RH, well below
any deliquescence point. Finally we have to consider the
amorphous or crystalline nature of the excipients. In the case
of miconazole mesylate, none of the insoluble excipients
resulted in disproportionation except croscarmellose Na which
is the only hydrophilic amorphous excipient.

Pharmaceutical Relevance

Detection of the free form can easily go unnoticed using a
technique such as liquid chromatography, as salt and free forms
may be indistinguishable due to the nature of their equilibrium
form in a particular buffer solution. However, both an
understanding of the factors which may lead to conversion to
the free form as well as the knowledge of techniques capable of
detecting the latter form may be extremely useful in avoiding
the manufacturing conditions and formulation variables capa-
ble of facilitating the conversion. Even frequently used
pharmaceutical excipients such as croscarmellose sodium and
magnesium stearate were able to facilitate significant amounts
of conversion to free base, highlighting the importance of the
PHmax relative to the microenvironmental pH provided by such
components. The conditions used in this study were not high
stress conditions, but represent moderate RH conditions which
may be expected to be present in many environments relevant
to both processing and long-term storage of the drug product.
In addition to the effects of disproportionation on performance
due to the properties of a less soluble form, liberation of the
free acid/base may cause additional stability/toxicity issues
within the formulation.

CONCLUSIONS

The solid-state disproportionation of a four model phar-
maceutical salts showed a dependence on a number of factors.
Both the salt and base aqueous solubility and pHy.x are
important factors in determining the extent of conversion, as
are the pH environments provided by the excipients. Insights
into the factors controlling pHy,.x were presented and the
significance of pHp.x was shown using the model salts. In
particular, a lower intrinsic solubility of the basic free form will
yield a salt that is much more susceptible to disproportionation
by producing a lower pHy,.x. A number of factors appear to be
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involved in the mechanism of disproportionation in the local
environment of the salt as influenced by the presence of
excipients. Both the solubilities of the salt and excipient were
important. The effectiveness of the excipients also appears to
depend on basicity, surface area, and physical state. Solution
pH measurements did not fully explain the results, suggesting
local effective pH is dependent on the moisture content and
other factors. The results showed evidence for solvation of the
salts within adsorbed moisture, and suggest the solubility and
mobility of the excipients play a vital role as well. Finally,
Raman spectroscopy has proven to be a useful technique for
the detection and quantification of the free form in the
presence of the salt and excipients.
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