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ABSTRACT: Ambroxol theophylline-7-acetate (ACE) is the salt obtained by reaction of
equimolar amounts of ambroxol (AMB), a drug showing mucolytic and expectorant
properties, and theophylline-7-acetic acid (TAA), a xanthine derivative with specific
bronchodilator activity. ACE is used for the treatment of bronchial and pulmonary
diseases (bronchitis, asthma, emphysema, chronic obstructive disease). Recrystalliza-
tion experiments of ACE resulted in the isolation of two polymorphs (monotropically
related) and four solvated forms. X-ray diffractometry, DSC, TGA, and HSM techniques
were used to investigate the forms that are obtained by thermal desolvation of the
solvates. The phase diagram of the TAA–AMB binary system was constructed by
performing thermal analyses on mixtures of TAA–AMB and of each component plus
the interaction compound (TAA–ACE and ACE–AMB). The Schroeder–Van Laar equa-
tion proved to be a very useful tool for checking the consistency between the experi-
mental data and the theoretical model related to the general system, showing complete
miscibility in the liquid phase and complete immiscibility in the solid phase.
� 2007Wiley-Liss, Inc. and the American Pharmacists Association J Pharm Sci 96:1139–1146, 2007
Keywords: solid state; polymorphism;
 pseudopolymorphism; X-ray powder diffrac-
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INTRODUCTION

The ability of an element or compound to exist in
multiple crystalline states with different struc-
tural arrangements is termed polymorphism.
When solvent molecules (water, in the great
majority of cases with pharmaceutical relevance)
are stoichiometrically entrapped in the crystal
structure of the compound, solvates are gener-
ated.1

Solid-state properties, for example, melting
point, density, solubility, morphology, flowability,
compactability, can differ dramatically from one
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polymorph to another. The same holds, of course,
for unsolvated/solvated forms, for solvates each
containing a different number of solvent mole-
cules, and, obviously, for polymorphs of the same
solvate. Polymorphic transitions and solvation/
desolvation phenomena can occur unwittingly, for
example, during unit processes such as grinding,
granulation, or drying. Moreover, a thermodyna-
mically metastable yet kinetically stable crystal
form could convert to a thermodynamically more
stable crystal form on storage. As a consequence,
the manufacturing process and the biopharma-
ceutical properties of a pharmaceutical dosage
form can be severely compromised, when new or
unexpected crystal phases of the active ingredient
or even of the excipients are involved. This leads to
the need for a thorough preliminary characteriza-
tion of the solid-state properties of each compo-
nent within the pharmaceutical formulation,
F PHARMACEUTICAL SCIENCES, VOL. 96, NO. 5, MAY 2007 1139



1140 FOPPOLI ET AL.
aiming to deal always with the same polymorphic
(or solvate) form.2

Ambroxol, (trans-((amino-2-dibromo-3,5-benzyl)
amino)-4-cyclohexanol CASNo. 18683-91-5, AMB,
Fig. 1a), generally used as the hydrochloride salt,
shows remarkable mucolytic and expectorant
properties and is the active pharmaceutical in-
gredient (API) of several marketed drug products
(Mucosolvan1 Boehringer Ingelheim, Fluibron1

Chiesi, Italy). Recently, AMB has also been
proposed for the treatment of pulmonary alveolar
proteinosis3 and for sicca keratoconjunctivitis
associated with Sjögren syndrome.4

Theophylline-7-acetic acid (1,2,3,6-tetrahydro-
1,3-dimethyl-2,6-dioxopurine-7-acetic acid, TAA,
Fig. 1b) is a derivative of theophylline, a xanthine
extensively used for its diuretic, cardiac stimu-
lant, and smooth muscle relaxant pharmacologi-
cal effects. With respect to the parent compound,
TAA has a similar but more specific bronchodi-
lator activity.5 The carboxylic function has been
exploited to prepare esters6 and various salts
with pharmacologically active organic bases (e.g.,
mepyramine,7N,N-diethylaminoethanol,8 xylocaine,9

procainamide,10 drotaverine,11,12 and AMB13).
Among these salts, Ambroxol theophylline-7-
acetate (acebrophylline, CAS No. 96989-76-3,
ACE, Fig. 1c) is the API ofmarketed drug products
(Broncomnes1 Bracco, Surfolase1 Pharmacia,
Ambromucil1 Malesci, Italy). It can be easily
prepared by the reaction of equimolar amounts of
TAA and AMB in an aprotic solvent and sub-
sequent precipitation. It shows the expectorant
and secretolytic activity of AMB and the bronch-
odilator activity of the theophylline derivative,
making it especially valuable for the treatment
of bronchitis, bronchial asthma, emphysema, and
chronic obstructive pulmonary disease.14,15
Figure 1. Structural formulas of (a) AMB, (b) TAA,
and (c) ACE.
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Regarding the solid-state chemistry of AMB,
TAA, and ACE, thus far the polymorphism of
both AMB and TAA has been investigated,16,17

whereas concerning the title compound ACE,
only the crystal structures of ambroxol theophyl-
line-7-acetate monohydrate18 and of a nickel(II)
compound containing uncoordinated theophyl-
line-7-acetate ion19 have been reported.

The present paper aims to give a comprehensive
picture of the solid-state properties of ACE.
Polymorphism and solvatomorphism of this com-
pound were investigated by analytical techniques
such as thermal analysis (DSC, TGA, HSM), and
X-ray powder diffractometry. Thermal data were
also used to trace the phase diagram of the TAA–
AMB binary system.
EXPERIMENTAL

Materials

AMB hydrochloride was purchased from ICN
Biomedicals Inc. (Aurora, OH) and TAA was a
generous gift of Erregierre SpA (San Paolo
d’Argon BG, I); both were used as received.
Certificates of analysis reflecting the purity
(>99.5%) of the starting materials were available
from the suppliers. AMB (free base) was obtained
by dissolving AMB hydrochloride in water (13 g/L
at 608C) and by adding dropwise, under stirring,
aqueous NaOH to a pH value of �9.5. The
resulting suspension was then allowed to stand
overnight at 48C, filtered under vacuum, washed
repeatedly with water, and air-dried at ambient
temperature.

ACE was prepared by dissolving equimolar
amounts of AMB and TAA in absolute ethanol and
evaporating the solvent by gentle heating under
vacuum.

Physico-chemical data of both AMB and ACE
(elemental analyses for CHN, FTIR as KBr disk
and NMR spectra in D2O) were consistent with
their structural formulas. The yield for the
crystallization of AMB and ACE was >95% in
all cases.

Binary mixtures were prepared by gentle
mixing of suitably calculated and accurately
weighed amounts of components in a mortar with
a spatula without exerting undue pressure.

All solvents used were of analytical purity
grade, and were dried before use over 3 Å molecu-
lar sieves.
DOI 10.1002/jps
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Methods and Apparatus

Recrystallization Procedures

Recrystallizations were conducted by dissolving
approximately 250 mg samples of ACE in the
minimum amount of solvent (water, methanol,
ethanol, 1- and 2-propanol, acetone, 1,4-dioxane)
or solvent mixture, at temperatures of a few
degrees below the boiling point of the solvent. The
saturated solution was then filtered while hot
(0.45mmnylonmicrofilter) and left to recrystallize
by spontaneous cooling and evaporation at
room temperature. Recrystallized products were
obtained in a period of 1–7 days (2 days on
average), isolated by suction filtration and air-
dried at ambient temperature prior to solid-state
analyses.
Thermal Analysis

Differential Scanning Calorimetry (DSC) and
Thermogravimetric Analysis (TGA)

Data were collected by means of TA instruments
(New Castle, DE), namely a DSC2010 calorimeter
and a TG2050 thermobalance, between ambient
temperature and approximately 2508C, under
nitrogen purging of 70 mL min�1. DSC runs were
performed on 2–3 mg samples in nonhermetically
sealed aluminum pans at a scanning rate of 10 K
min�1; TGA was performed on 15–20 mg samples
at 10 K min�1. As for binary mixtures, only first
heating runs were considered since evaporation/
decomposition of the low melting components
(AMB and ACE) occurred during DSC scans above
2008C.

All the reported values are the averages of at
least six determinations.

Hot Stage Microscopy (HSM)

A hot stage apparatus (HSF 91, Linkam Scientific
Instruments, Tadworth, UK) equipped with a
Table 1. Crystal Forms of ACE and Releva

Crystal Form Me

ACE I Crystallization from ace
ACE �H2O Crystallization from wa
ACE � 1,4-dioxane Crystallization from 1,4
ACE �nMeOH� Crystallization from me
ACE �nEtOH� Crystallization from eth
ACE II By heating ACE �H2O>

�The stoichiometry could not be assessed, see be

DOI 10.1002/jps J
microscope (Labophot II polarizing microscope,
Nikon, Tokyo, J) was used as supplementary
source of information. A 3CCD color video camera
module (XC-003P Sony, Tokyo, J), supported by
Image-Pro1 Plus 4.0 software, allowed the
recording of images during temperature scans.

Powder samples suspended in silicone oil were
observed under the hot stage microscope. The
evolution of bubbles on heating can be unequi-
vocally attributed to solvent loss, since no mass
change was observed in the same temperature
range for anhydrous ACE, thus suggesting that
the compound is stable with respect to decom-
position/sublimation processes.

Powder X-Ray Diffraction (PXRD)

A Philips PW1050/25 diffractometer (Philips
Analytical Inc., Natick, MA) using Cu-Ka radia-
tion (l¼ 1.5418 Å) generated with 40 kV and
20 mA was employed. The system was calibrated
with a silicon standard which yielded peak
positions of 28.45� 0.0182u before and after each
scan. All samples were packed in the same
aluminum sample holder for reproducibility of
conditions, taking care to also minimize preferred
orientation effects. Full PXRD traces (scan speed
1.08 2u min�1, step size 0.18 2u, 2u-range 5–358)
were recorded.
RESULTS AND DISCUSSION

Isolation and Characterization of Crystal Phases

One anhydrous and four solvated forms of ACE
were isolated by recrystallization trials. A second
anhydrous form was obtained by thermal deso-
lvation of the hydrate. This form could not be
isolated by recrystallization from solvent. Tab. 1
collects the information relevant to the prepara-
tion of ACE solid phases.
nt Methods of Preparation

thod of Preparation

tone, 1- and 2-propanol
ter and water/alcohol mixtures (1:1, v:v)
-dioxane
thanol
anol
1008C

low.
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PXRD patterns of ACE crystal forms at room
temperature are presented in Figure 2.

Distinctive peaks are detectable for all forms
but the methanol and ethanol solvates show a
close correspondence of peaks, suggesting the
isostructurality of these phases. This implies that
the three-dimensional arrangement of ACE is a
common structural motif in both the alcoholates
and that the included ethanol/methanolmolecules
occupy common crystallographic sites.

Both the alcoholates tend to convert to
ACE �H2O when exposed to ambient conditions
(over a timescale of 1 month).

DSC and TGA traces and the relevant thermal
data (peak Tonset and DH) are reported in Figure 3
and Tab. 2, respectively.

Two ACE anhydrous solid phases have been
obtained, with melting points (Tmax) at 219 and
2158C (Fig. 3a and b). According to the generally
accepted nomenclature for polymorphs, the high
melting polymorph was labeled Form I and
consequently the other Form II. No mass change
is observed up to the melting event; however a
remarkable weight loss due to drug decomposition
is observed above the melting temperature.
According to Burger and Ramberger’s heat of
fusion rule,20 Form II is in a monotropic relation-
ship with Form I and represents the metastable
polymorph. This is further demonstrated by the
conversion of Form II to Form I when suspended
in acetone.

Concerning the solvates from water and 1,4-
dioxane (Fig. 3c and d), the desolvation process is
Figure 2. PXRD patterns of ACE crysta
(c) ACE �H2O, (d) ACE � 1,4-dioxane, (e) ACE �
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clearly reflected by a distinct endotherm and a
single step mass loss in the TGA trace, closely
corresponding to the calculated w/w percentage
loss for a 1:1 stoichiometry (calculated weight
change¼ 2.84% and 12.5%, experimental weight
change¼ 2.79% and 12.18% for the water and
1,4-dioxane solvate, respectively). After solvent
removal, different anhydrous phases can be
recovered and identified unambiguously by com-
parison with traces shown in Figure 2: Form I
is obtained from the 1,4-dioxane solvate, as
evidenced by the subsequent melting endotherm
at 2198C, while ACE �H2O dehydrates to Form II
which readily converts (<1 h) into the original
monohydrate by exposure to ambient temperature
and humidity.

ACE �nMeOH and ACE �nEtOH present a
similar complex thermal behavior. The DSC
traces (Fig. 3e and f) display a broad and almost
flat endotherm within the room temperature–
1008C range, corresponding to desolvation. Due to
the flat nature of the endotherm, it was virtually
impossible to determine the onset temperature.
Also the percentage mass loss could not be
assessed with accuracy due to the high variability
of desolvation between samples. This variability
can be attributed to factors such as particle size
and exposed surface area, although no specific
quantitative assessment of these factors was
performed.

Subsequent to desolvation, another endotherm
was observed at approximately 1608C, immedi-
ately followed by an exothermic event. At this
l phases: (a) Form I, (b) Form II,
nMeOH, and (f) ACE �nEtOH.

DOI 10.1002/jps



Figure 3. DSC ( ) and TGA (---) traces of ACE crystal phases: (a) Form I, (b) Form II,
(c) ACE �H2O, (d) ACE � 1,4-dioxane, (e) ACE �nMeOH, and (f) ACE �nEtOH.

SOLID-STATE CHEMISTRY OF AMBROXOL THEOPHYLLINE-7-ACETATE 1143
temperature, TGA did not exhibit any mass loss.
By means of HSM it was observed that, between
160 and 1708C, the desolvated crystals undergo a
major physical change, involving the growth of a
new solid phase, with progressive variation in the
transparency of the crystals. The endo/exo event
in the DSC trace can be likely ascribed to a
polymorphic transition, involving the melting of
DOI 10.1002/jps J
the desolvation product and simultaneous recrys-
tallization to a mixture of Forms I and II.
Therefore, one interpretation of these results is
that a third polymorphic form of ACE, tentatively
labeled Form III, exists. Unfortunately, attempts
to isolate Form III by heating the alcoholates
above the desolvation temperature followed by
cooling to ambient conditions were unsuccessful.
OURNAL OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 5, MAY 2007



Table 2. DSC Data for ACE Solid Phases (Mean Values, n¼ 6, Standard Deviation In Parentheses)

Crystal Form

Desolvation Fusion Recrystallization Final Fusion

Tonset

(8C)
DH

(Jg�1)
Tonset

(8C)
DH

(Jg�1)
Tonset

(8C)
DH

(Jg�1)
Tonset

(8C)
DH

(Jg�1)

Form I — — — — — — 218.4 (0.7) 143.0 (8.6)
Form II — — — — — — 214.6 (0.7) 101.5 (3.0)
ACE �H2O 115.4 (9.1) 112.5 (14.6) — — — — 214.5 (0.8) 100.4 (1.7)
ACE � 1,4-dioxane 111.9 (2.6) 65.6 (2.6) — — — — 218.5 (0.3) 108.5 (2.7)
ACE �nMeOH nq� nq� 157.1 (1.0) 4.2 (2.7) 160.5 (10.1) �9.3 (1.5) 212.7 (0.5) nd��

217.8 (0.4)
ACE �nEtOH nq� nq� 157.7 (0.6) 4.3 (2.3) 164.3 (5.1) �7.8 (2.4) 212.5 (0.7) nd��

217.7 (0.5)

�Not quantifiable.
��Peaks not separated.
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Phase Diagram of the TAA–AMB Binary System

The TAA–AMB binary system was investigated
by performing thermal analyses (DSC, TGA, and
HSM) on mixtures of TAA–AMB and of each
component plus the interaction compound (TAA–
ACE and ACE–AMB).

Figure 4 reports the DSC and TGA traces of
pure components AMB and TAA and of the
interaction compound ACE. In Figure 5 the
thermal behaviors of mixtures with mole fractions
of AMB (xAMB)¼ 0.1, 0.3, and 0.8 are shown.

All binaries show the solid–liquid transition of
the low melting component AMB (�958C) and the
recrystallization exotherm of the interaction
compound within the 130–1608C temperature
range, as confirmed by HSM. The original binary
system composition at this point has changed from
TAA–AMB to ACE (for xAMB¼ 0.5), or to ACE plus
Figure 4. DSC and TGA traces of pure (a) AMB,
(b) TAA, and (c) ACE.

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 5, MAY 2007
the excess component (TAA or AMB). The
possibility of a metastable eutectic fusion was
excluded by evaluating the fusion enthalpies
around 958C which were, for all compositions
tested, proportional to the AMB content of each
mixture (for both systems, TAA–AMB and ACE–
AMB). This leads to the obvious conclusion that
neither the free acid, TAA, nor the salt, ACE, are
appreciably soluble in liquid AMB below 1608C.

All mixtures with xAMB< 0.5 show two distinct
endotherms above 1608C. The first, occurring at
fixed temperature (2128C), corresponds to the
eutectic fusion within the TAA–ACE binary
system (see Fig. 6). The second is a broad
endotherm representing the progressive solubili-
zation of the excess component (TAA or ACE) with
respect to the eutectic composition (xAMB¼ 0.44).
For mixtures containing xAMB> 0.5, in addition to
Figure 5. Thermal behavior of TAA–AMB mixtures
(curve a: xAMB¼ 0.1; curve b: xAMB¼ 0.3; curve
c: xAMB¼ 0.8).

DOI 10.1002/jps



Figure 6. Phase diagram of the TAA–AMB binary
system. Solid lines represent the calculated liquidus
curves; experimental points: (^) melting of AMB,
( ) recrystallization of the interaction compound,
(~) eutectic fusion, (*) final fusion, (&) melting of
pure solid phases (TAA, ACE, and AMB).

Figure 7. Scheme of relationships between ACE
polymorphs and solvates (~ refers to the addition of
heat).
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thermal events presented by all binaries, the
experimental thermal behavior is increasingly
different from the theoretical one. As anticipated,
the concomitant evaporation/decomposition of AMB
and ACE at high temperatures (above �2008C)
reasonably accounts for this deviation (see Fig. 4,
traces a and c).

Thermal data from DSC runs were used to
calculate the theoretical binary phase diagrams of
the TAA–AMB, TAA–ACE, and ACE–AMB sys-
tems. The Schroeder–Van Laar equation was
employed for this purpose:

ln x ¼ DHf
A

R

1

Tf
A

� 1

Tf

 !

where x is the mole fraction of the more abundant
component of amixture whosemelting terminates
at Tf (in Kelvin); ~Hf

A (cal mol�1) and Tf
A (also in

Kelvin) are the enthalpy of fusion and the melting
point of the pure component A, respectively; andR
is the gas constant, 1.9869 cal mol�1 K�1.

In Figure 6, the calculated liquidus curves
are traced versus composition in terms of inde-
pendent components (TAA and AMB). According
to the experimental data, the phase diagram can
be conveniently divided into two temperature
regions, on the basis of the temperature range
DOI 10.1002/jps J
relevant to the exothermal event (130–1608C)
related to the reaction between TAA and AMB,
leading to ACE.

In the lower region, TAA and AMB are present,
while in the upper region TAAþACE, ACE alone,
or ACEþAMB can be found.

The superposition of data derived from DSC
measurements on TAA–ACE, ACE–AMB, and
TAA–AMB mixtures clearly indicates a satisfac-
tory consistency only up to xAMB¼ 0.5 with the
theoretical model of a simple eutectic between
TAA and ACE.
CONCLUSIONS

Six crystal forms of ACE (two polymorphs and four
solvates) have been successfully isolated and
identified. The existence of a third nonsolvated
form, obtained from the alcoholates, can be
hypothesized even though thus far its isolation
at ambient condition could not be achieved.
The thermodynamic and structural relationships
between the various species are summarized in
diagrammatic form in Figure 7.

The Schroeder–Van Laar equation proved to be
a very useful tool for checking the consistency
between the experimental data (DSC and HSM)
and the theoretical model related to the general
system showing complete miscibility in the liquid
phase and complete immiscibility in the solid
phase.
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