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Purpose. To study the crystallization, polymorphism, and phase be-
havior of D-mannitol in binary mixtures with NaCl to better under-
stand their interactions in frozen aqueous solutions.
Methods. Differential scanning calorimetry, hot-stage microscopy,
Raman microscopy, and variable-temperature X-ray diffractometry
were used to characterize D-mannitol–NaCl mixtures.
Results. NaCl and D-mannitol exhibited significant melt miscibility
(up to 7.5% w/w or 0.20 mole fraction of NaCl) and a eutectic phase
diagram (eutectic composition 7.5% w/w NaCl; eutectic temperature
150°C for the � and � polymorphs of D-mannitol and 139°C for the �).
The presence of NaCl did not prevent mannitol from crystallizing
but, depending on sample size, affected the polymorph crystallized:
below 10 mg, � was obtained; above 100 mg, � was obtained. Pure
mannitol crystallized under the same conditions first as the � poly-
morph and then as the � polymorph, with the latter nucleating on the
former. KCl showed similar eutectic points and melt miscibility with
D-mannitol as NaCl. LiCl yielded lower eutectic melting points, in-
hibited the crystallization of D-mannitol during cooling, and enabled
the observation of its glass transition.
Conclusions. Despite their structural dissimilarity, significant melt
miscibility exists between D-mannitol and NaCl. Their phase diagram
has been determined and features polymorph-dependent eutectic
points. NaCl influences the polymorphic behavior of mannitol, and
the effect is linked to the crystallization of mannitol in two polymor-
phic stages.

KEY WORDS: D-mannitol; NaCl; eutectic; polymorph; phase dia-
gram.

INTRODUCTION

A previous study from our laboratories showed that
NaCl effectively inhibits the crystallization of D-mannitol in
frozen aqueous solutions, outperforming polyvinylpyrrol-
idone, polyethylene glycol, polysorbate, poloxamer, and aldi-
tols (1). For example, alditols [HOCH2(CHOH)nCH2OH],
the most effective non-salt inhibitors tested, prevented man-
nitol crystallization during cooling at a 1:1 alditol:mannitol
ratio, but NaCl was effective at 0.1:1 NaCl:mannitol ratio. To
better understand this phenomenon, the present study inves-
tigated how D-mannitol and NaCl, two structurally dissimilar
solutes frequently used in lyophilization, interact in binary
mixtures.

Understanding solute–solute interactions is pertinent to
the design of freeze-drying protocols. Once ice crystallizes,

the concentrated solutes may crystallize or remain amorphous
(2,3). Sucrose, for example, generally remains amorphous and
can inhibit the crystallization of other solutes (4,5). Phase and
state diagrams are effective tools for describing the interac-
tions between components and for selecting excipients and
their optimal concentrations (2,6,7).

D-Mannitol (hereafter abbreviated as mannitol) is a ver-
satile excipient whose physical state can be engineered to
meet the diverse requirements of formulation development.
When used as a bulking agent, mannitol is frequently induced
to crystallize (e.g., by annealing) (8,9). When used as a stabi-
lizer for the active pharmaceutical ingredient (API), mannitol
must be retained amorphous (10,11). To effectively control
the physical state of mannitol, it is necessary to understand
how other solutes affect its crystallization, both in the pres-
ence and absence of water. Although previous studies have
characterized the phase behavior of aqueous solutions of
mannitol (4,12), NaCl (6), and their combination (1,13), bi-
nary mixtures of mannitol and NaCl have not been studied.
This study investigated how NaCl affects the crystallization of
mannitol in binary mixtures to better understand the phase
behavior of their aqueous solutions.

This study was also motivated by a general need to better
understand the interactions between electrolyte and nonelec-
trolyte components in pharmaceutical formulations. Interac-
tions between nonelectrolytes of like structures are readily
visualized and predicted. For example, the sorbitol–mannitol
system has been characterized (14,15) and used to extrapolate
the glass transition temperature of mannitol, a property dif-
ficult to measure because of its strong tendency to crystallize
(16). Relatively little attention, however, has been paid to
electrolyte–nonelectrolyte interactions and the ensuing effect
on the physical states of freeze-dried solutes. This study dem-
onstrated that despite their dissimilar structures, NaCl and
mannitol have significant melt miscibility, and NaCl influ-
ences the polymorphism of mannitol.

EXPERIMENTAL

Materials

D-Mannitol (99+%, Sigma-Aldrich, MO) and salts (NaCl,
KCl, K2SO4, and LiCl; all 99+%, Fisher, NJ) were used as
received. To ensure uniform mixing, mixtures of mannitol and
NaCl were prepared by dissolving the components in a mini-
mum amount of water (e.g., 20 mg of NaCl and 180 mg of
mannitol dissolved in 3 ml of water) and drying at 80°C in
vacuum (25 mTorr). In the first step (dissolution), water was
slowly added to NaCl and mannitol until a visually clear so-
lution was obtained. The dryness of the mixtures was ensured
through thermogravimetric analysis (weight loss < 0.5% at
100°C).

Thermogravimetric analysis (TGA) was performed at
10°C/min under nitrogen purge in open Al pans using a TA
SDT unit (TA Instruments, DE). The balance was calibrated
against manufacture-supplied standard weights and verified
against the dehydration of sodium tartrate.

Differential scanning calorimetry (DSC) was performed
in crimped (non–hermetically sealed) Al pans with a TA 2920
(TA Instruments, DE) equipped with a refrigerated cooling
system. Indium melting (m.p. 156.8°C and the enthalpy of
fusion 3.28 kJ/mol) was used to calibrate the temperature and
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heat flow. In a typical analysis, the sample (ca. 5 mg) was
heated at 5°C/min to 200°C, held for 20 min, cooled at 5°C/
min to −30°C, and reheated at 5°C/min to 200°C. To deter-
mine the eutectic phase diagram, a lower heating rate of 1°C/
min was used. Other experimental conditions are detailed in
Results and Discussion.

Hot stage microscopy (HSM) was performed with a
Linkam THMS 600 hot stage and a Nikon Optiphot Pol 2
microscope. About 2 mg of a sample was heated at 10°C/min
to 180°C, held for 5 min, cooled at 10°C/min to 65–70°C, and
reheated at 5°C/min to 180°C.

Raman microscopy was performed with a Renishaw Sys-
tem 1000 micro-Raman Spectrometer. The excitation source
was a 17-mW HeNe laser (633 nm). Raman scattered signal
was dispersed with a 1200 lines/mm grating, providing a spec-
tral resolution of 2 cm−1, and detected by a deep depletion
CCD detector with Peltier cooling (–7°C). Wavelength cali-
bration was performed against Ne emission lines and checked
daily against the Raman spectra of single-crystal silicon or
cyclohexane. Raman spectra were recorded through a 50×
objective from an illuminated area of ca. 1 �m diameter. Poly-
morph assignment was made in reference to the spectra of
authentic mannitol polymorphs certified by XRD.

X-ray diffractometry (XRD) was performed with a Scin-
tag Model XDS 2000 diffractometer with a variable tempera-
ture stage (Micristar, Model 828D; working temperature
range of –190 to 300°C). Samples were placed on a copper
sample holder. Specific experimental details are provided in
Results and Discussion. XRD patterns were obtained with
CuK� radiation (45 kV × 40 mA) at a scanning speed of
5°(2�)/min and a step size of 0.03°(2�). During each scan, the
sample was maintained at a constant temperature.

RESULTS AND DISCUSSION

To systematically study the phase behavior of the man-
nitol–NaCl system, we first characterized a mixture contain-
ing 10% NaCl w/w and then analyzed mixtures of different
compositions. The first part investigated how NaCl affected
the melting, crystallization, and polymorphism of mannitol,
and the second part determined the binary phase diagram of
mannitol and NaCl. We also compared NaCl with other salts
in their ability to influence the crystallization and polymor-
phism of mannitol.

Mannitol-NaCl Mixture Containing 10% NaCl w/w

XRD analysis showed that the 10% NaCl w/w mixture
produced by dissolution and drying (see Experimental) con-
tained crystalline mannitol and NaCl (Fig. 1c), with mannitol
existing as a mixture of the � polymorph (major component)
and the � polymorph (minor component) (17). The purchased
mannitol (Fig. 1a), in comparison, was of the � polymorph.
Without NaCl, the same dissolution/drying procedure yielded
the � polymorph (Fig. 1b).

When the 10% NaCl w/w mixture was heated on the
microscope hot stage, melting was observed at 150°C signifi-
cantly below the melting points of the constituent mannitol
polymorphs (165.0°C for � and 165.5°C for �, Ref. 18). By
160°C, all crystals of mannitol melted, but cubic crystals of
NaCl remained up to 200°C (the final temperature of heat-
ing). On cooling, the sample recrystallized at 115°C into

spherulites that were characteristically “speckled” (Fig. 2a).
Raman microscopy showed that the spherulites comprised the
� polymorph of mannitol. On reheating, melting occurred at
139°C, followed immediately by recrystallization. The result-
ing crystals had different morphologies (Fig. 2b) and were
determined by Raman microscopy to be the � polymorph
(Fig. 2d). The melting temperature of 139°C was significantly
below that of the � polymorph (155°C). The “speckled”
spherulites likely resulted from the crystallization of NaCl
while mannitol crystallized from the melt.

DSC showed that the 10% NaCl w/w mixture melted at
150°C (Fig. 3b). On cooling the melt, a sharp crystallization
exotherm occurred at 112°C (not shown). On second heating
(Fig. 3c), a melting endotherm occurred at 139°C, which was
followed by a crystallization exotherm and another melting
endotherm at 150°C.

VTXRD was performed with a sample size (ca. 10 mg)
comparable to that used in the DSC (Fig. 3, lower panel).
When the sample was melted by heating to 200°C and cooled
to 25°C, the � polymorph crystallized (curve i). On reheating,
the � polymorph persisted up to 130°C (curve ii). At 140°C,
peaks unique to the � polymorph (e.g., at 2� � 9.6°) disap-
peared, and peaks characteristic of the � polymorph appeared
(curve iii). No further changes in the XRD pattern occurred
up to 145°C (curve iv). At 160°C, all mannitol peaks disap-
peared, but peaks unique to NaCl remained.

Collectively, the results of hot stage microscopy, Raman
microscopy, DSC, and VTXRD establish that in the presence
of NaCl, the polymorphs of mannitol melted at approximately
15°C below the respective melting points. These results also
reveal that mannitol crystallized as the � polymorph in the
presence of NaCl in the HSM, DSC, and VTXRD experi-
ments.

The last observation deserves some attention because of
the difficulty of obtaining the pure � polymorph in large quan-
tities. Between room temperature and its melting point, the �

Fig. 1. X-ray diffraction data of (a) mannitol as purchased (� poly-
morph), (b) mannitol produced by dissolution in water and vacuum
drying (� polymorph), and (c) mannitol–NaCl mixture (10% NaCl
w/w) produced by dissolution in water and vacuum drying (mainly �

polymorph with trace amount of �). Peaks unique to the � form have
been marked with *. A peak caused by NaCl is seen at 31.6°2� in
curve c.
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polymorph is metastable to the � and � polymorphs (18).
Burger et al. suggest that the � polymorph is enantiotropically
related to the � and � polymorphs, with the transition tem-
peratures lying below room temperature (18). Whereas the �
and � polymorphs are readily crystallized from water and
ethanol-water mixtures, respectively, the � polymorph has
been more difficult to produce (18,19). Once harvested from
solution, crystals of the � polymorph must be immediately
filtered and dried to prevent polymorphic conversion. Low
temperatures seem to favor the � polymorph, as it frequently
occurs in freeze-dried materials (18).

When pure mannitol was melted and cooled (in the same
way as the 10% NaCl w/w mixture), crystallization occurred
at ca. 120°C. XRD showed that within the limit of detection,

Fig. 2. (a) Spherulites of the � polymorph of mannitol obtained after
cooling a melt of the mannitol–NaCl mixture (10% w/w NaCl) from
200°C at 10°C/min. (b) The � polymorph formed after heating the
sample in (a) to 145°C. (c) Same as (a), but the sample was pure
mannitol. (d) Raman spectra of the polymorphs of mannitol obtained
on the hot stage.

Fig. 3. Differential scanning calorimetry (top) and X-ray diffraction
(XRD; bottom) data acquired on heating a mannitol–NaCl mixture
(10% w/w NaCl). Top panel: (a) Melting of pure mannitol (� poly-
morph); (b) eutectic melting of mannitol (� and � polymorphs) with
NaCl; (c) second heating after (b), showing eutectic melting of man-
nitol (� polymorph) with NaCl, recrystallization to the � polymorph,
and its eutectic melting. Bottom panel: XRD patterns obtained after
a melt (produced by heating to 200°C) was cooled 5°C/min to 25°C
and reheated 1°C/min to 25°C (i), 130°C (ii), 140°C (iii), and 145°C
(iv). The NaCl peak (31.6°2�) persists.
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the product was the � polymorph; however, careful examina-
tion by HSM and Raman microscopy revealed that mannitol
frequently crystallized in two stages: first as the � polymorph
and then as the � polymorph, with the latter nucleating on the
former (Fig. 2c). As a result, the � polymorph was frequently
found at the centers of the spherulites of the � polymorph.
This and related results have been examined elsewhere and
led to the surprising conclusion that seeds of one polymorph
can nucleate another (20).

The different crystallization products obtained in the
presence and absence of NaCl demonstrate that NaCl influ-
enced the polymorphic outcome and aided the isolation of the
metastable � polymorph. Because of the two-stage mecha-
nism of mannitol crystallization (Fig. 2c), the effect of NaCl
on the polymorphic outcome may stem from retarded nucle-
ation of the � polymorph, inhibition of the �→� transforma-
tion, or both.

To take advantage of the effect of NaCl on polymorphic
outcome to produce larger quantities of the � polymorph,
we scaled up the sample size of the VTXRD experiment from
10 mg to 100 mg. At the increased sample size, however, the
� polymorph was not consistently obtained. Only one in three
attempts yielded the � polymorph, and the other two gave the
� polymorph. We interpret this finding also as a result of the
two-stage crystallization of mannitol. Once nucleated, the �
polymorph will grow to consume the remaining liquid; hence,
increasing the sample size should increase the time of crys-
tallization and in turn the likelihood of nucleating the � poly-
morph and increasing its abundance in the product.

Binary Phase Diagram

To construct the binary phase diagram, we analyzed dif-
ferent NaCl and mannitol mixtures by DSC (Fig. 4). These
mixtures were prepared by the dissolution/drying procedure
described in Experimental and contained the � polymorph
(major component) and the � polymorph (minor compo-
nent). All the samples showed an endotherm with onset at
150°C; several samples also showed another endotherm at

higher temperature. Above 8% w/w NaCl, only the 150°C
melting endotherm appeared, without the higher-melting en-
dotherm even up to 240°C (the upper limit of temperature
scan that corresponded to the onset of decomposition of man-
nitol according to TGA). These data are consistent with a
eutectic phase diagram (Fig. 5), with the first endotherm cor-
responding to eutectic melting and the second to the liquidus
line (the depressed melting of mannitol in the presence of
NaCl). The eutectic temperature is 150°C and the eutectic
composition is approximately 7.5% w/w NaCl (0.20 mole frac-
tion in NaCl). Although the sample comprised the � and �
polymorphs (Fig. 1c), their eutectic melting endotherms were
not resolved, which resulted from the small melting-point dif-
ference (0.5°C) between these polymorphs (18). Thus, we as-
sign 150°C as the eutectic melting point of both the � and �
polymorphs with NaCl. The appearance of only the eutectic
melting endotherm at high NaCl concentration indicates that
the solubility of NaCl in mannitol does not change signifi-
cantly with temperature. In other words, its liquidus line is
likely to be nearly vertical near the eutectic point. This is not
surprising given the large difference in melting point between
the two components (800 vs. 166°C).

Additional experiments were performed to confirm the
eutectic composition. When mixtures containing 7 and 7.5%
w/w NaCl were heated at 1°C/min, a shoulder on the low-
temperature edge of the eutectic endotherm was observed.
This shoulder was not resolved even at a slower heating rate
of 0.1°C/min. The unresolved thermal events corresponded to
the eutectic melting and the melting (dissolution) of mannitol.
To resolve these events, the sample was held at 151°C, just
above the eutectic temperature, for 1 h to ensure complete
eutectic melting. It was then cooled to 147°C. On reheating,
the eutectic melting peak was not present, indicating no eu-
tectic recrystallization on cooling, and the mannitol melting
could be better discerned (Fig. 6). At low NaCl concentra-

Fig. 4. Differential scanning calorimetry heating curves (1°C/min) of
different mixtures of mannitol and NaCl. The NaCl concentration
(% w/w) in the mixture was (a) 2, (b) 3, (c) 4, (d) 5, and (e) 7. Above
8% w/w NaCl, only the eutectic melting endotherm was observed.

Fig. 5. Phase diagram of NaCl–mannitol. Te is the eutectic tempera-
ture. The liquidus line of D-mannitol (the � and � polymorphs) was
determined by both scanning (�) and isothermal (�) experiments
(Fig. 6). The Tes of the polymorphs of D-mannitol are distinguished
by symbols: (�) for � and � and (�) for �. The eutectic composition
is 7.5% w/w NaCl. The hypothetical NaCl solubility line is nearly
vertical in this temperature range because its solubility does not de-
pend strongly on temperature.
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tions where sufficient resolution existed, the mannitol melting
points determined by DSC, with and without isothermal hold,
were identical. At concentrations close to 7% w/w, however,
differences were evident between the mannitol melting points
from the two methods. The two sets of measurement are
distinguished in the phase diagram (Fig. 5). At 8% w/w, the
reheating curve showed no further melting, thus confirming
that the eutectic composition was below 8% w/w. The pres-
ence of crystalline NaCl was evident from its characteristic
peak in the XRD pattern at 31.6°(2�). When this peak was
monitored at different concentrations around the eutectic,
VTXRD results showed that the 7% w/w NaCl mixture (be-
low the eutectic composition) fully melted at 160°C leaving no
crystalline NaCl. Above 8% w/w NaCl, however, the NaCl
peak persisted up to 230°C and showed no decrease in inten-
sity with temperature (data not shown). These results indicate
that the eutectic composition of NaCl and mannitol (the �
and � polymorphs) is approximately 7.5% w/w NaCl.

When mannitol–NaCl mixtures were melted and cooled,
the � polymorph of mannitol crystallized from the melt. Re-
heating in the DSC (Fig. 3c) revealed the eutectic tempera-
ture of NaCl and the � polymorph. The resulting data yielded
the lower horizontal line in Fig. 5 at 139°C. The � polymorph
immediately converted to the � after melting, which pre-
cluded the determination of the liquidus phase boundary of
the � polymorph and the eutectic composition in the manner
illustrated in Fig. 4. Despite this difficulty, the steepness of the
NaCl liquidus line implies that the eutectic composition of the
� polymorph is close to that of the � and � polymorphs (7.5%
w/w NaCl).

It is instructive to compare the observed eutectic point
with that predicted by the equation of melting-point depres-
sion,

1�T = 1�Tm − �R��Hm�lnx (1)

where Tm is the melting point of a pure substance, �Hm the
corresponding heat of melting, R the ideal gas constant, x the
mole fraction of the solvent in the presence of an impurity (in
our case mannitol in the presence of NaCl), and T the de-
pressed melting point. Equation (1) is based on the assump-
tion of ideal liquid mixing. Equation (1) reproduces the melt-
ing-point depression curve reported for the mannitol–sorbitol
system to good precision (14). From the reported Tm and
�Hm of mannitol (18) and the eutectic temperatures of this
study, we obtained xe (mannitol) � 0.59, which translates to
a NaCl concentration of 0.41 in mole fraction and 19% w/w.
These values are significantly higher than those observed
(0.20 and 7.5% w/w) and indicate that NaCl depresses the
melting point of mannitol more effectively than the prediction
of Eq. (1) based on ideal mixing. The nonideality of the Na-
Cl–mannitol solution is not surprising given the dissimilarity
of their structures. If NaCl is treated as an un-ionized mol-
ecule, its depression of the melting point of water predicted
by Eq. (1) is significantly lower than that observed (21). This
discrepancy arises from the ionization of NaCl into Na+ and
Cl− in water. It would be interesting to determine whether
NaCl also ionizes in mannitol, causing more effective depres-
sion of mannitol’s melting point.

NaCl vs. Other Salts

The significant miscibility between NaCl and mannitol
and the effect of NaCl on the polymorphism of mannitol are
unexpected, given their dissimilar structures. It was of interest
to determine whether other salts exhibit similar effects. We
analyzed the mixtures of mannitol with K2SO4, KCl, or LiCl
(10% w/w salt) prepared with the same dissolution and drying
method. As in the case with NaCl, mannitol existed in these
mixtures as the � and � polymorphs. Some had traces of the
� polymorph. Figure 7 shows the DSC data of the mannitol–
salt mixtures. Table I summarizes transition temperatures of
interest. The endotherm observed in the first heating scan is
attributed to the melting of the mannitol–salt eutectic. The

Fig. 6. Isothermal differential scanning calorimetry experiments to
obtain the eutectic composition. Samples were heated to 151°C (1 to
2), held for an hour 9(2 to 3), cooled to 147°C (3 to 4), and reheated
(5 to 6). The scanning rate was 1°C/min. Data are shown for four
NaCl concentrations.

Fig. 7. Differential scanning calorimetry data of mannitol–salt mix-
tures (10% w/w salt, mannitol as a mixture of � and � polymorphs).
The sample was scanned at 5°C/min with the following temperature
program: first heating from 25°C to 190°C, cooling to −25°C, and
second heating to 190°C.
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DSC features of the KCl-mannitol mixture are similar to
those of the NaCl-mannitol mixture, indicating that the cor-
responding phase diagrams are similar. K2SO4 did not cause
pronounced changes in the DSC behavior of mannitol, indi-
cating no significant melt miscibility between the two compo-
nents. Among the salts tested, LiCl depressed the melting
point to the greatest extent and thus had the highest melt
miscibility with mannitol.

When the melts were cooled to room temperature, only
LiCl inhibited the crystallization of mannitol. It is remarkable
that the inhibitory effect of LiCl on mannitol crystallization
was greater than that of sorbitol, a stereoisomer of mannitol,
at the same concentration (10% w/w) (16). On reheating, the
LiCl–mannitol mixture showed a glass transition at 21°C. This
Tg is higher than the Tg of mannitol (10.7°C) (16), confirming
the incorporation of LiCl in amorphous mannitol. Further
heating caused the crystallization of mannitol at 80°C. With
the other salts, mannitol crystallized during cooling, and the
subsequent reheating revealed the polymorphic outcome of
crystallization in each system (Fig. 7). The DSC profile of the
KCl–mannitol mixture is similar to that of the NaCl–mannitol
mixture, indicating that KCl also aided the isolation of the
metastable � polymorph. With the K2SO4–mannitol mixture,
a weak endotherm was observed at 145°C, which was absent
in the first heating. This endotherm is attributed to the �→�
polymorphic transition during heating, which is sometimes
detected in pure mannitol (18). Collectively, the results ob-
tained with other salts demonstrate that the melt miscibility
between mannitol and NaCl, though unexpected because of
their structural dissimilarity, occurs with other salts. Although
some salts are not pharmaceutically acceptable, this compari-
son reveals the generality of the phenomenon.

Pharmaceutical Relevance

The significant melt miscibility observed in this study
between mannitol and NaCl suggests a degree of affinity be-
tween the two structurally dissimilar substances. This affinity
helps explain the strong inhibitory effect of NaCl on mannitol
crystallization identified by our previous study (1). It is im-
portant to note, however, that the miscibility exists only in the
amorphous state. In this study, melting created the amor-
phous state; in frozen solutions, the residual water in the
freeze concentrate is necessary to hold mannitol and NaCl
together in the amorphous phase. During primary drying,
when ice sublimes but the residual water remains in the freeze
concentrate, NaCl is able to inhibit the crystallization of man-
nitol and, in this role, outperforms many other excipients (1).
During secondary drying, when the residual water is removed
from the freeze concentrate, crystallization of mannitol and
NaCl is expected to occur. Thus, to suppress mannitol crys-
tallization in secondary drying requires another component,

which may be the API itself or other formulation ingredients
(4,5,10,11) introduced for this purpose or by necessity. The
accumulated understanding of how different components in-
fluence the crystallization of mannitol in different drying
stages promises rational design and control of the physical
state of this important excipient in lyophilized products.

CONCLUSIONS

Using DSC, HSM, Raman microscopy, and VTXRD, we
determined that significant melt miscibility exists between
NaCl and mannitol (7.5% w/w NaCl) and that NaCl influ-
enced the polymorphism of mannitol. The mannitol–NaCl
phase diagram is of the eutectic type with the eutectic tem-
perature depending on the polymorph of mannitol (150°C for
� and � and 139°C for �) and the eutectic composition being
7.5% w/w NaCl. Isothermal experiments in the vicinity of the
eutectic composition aided the determination of the liquidus
phase boundary. The presence of NaCl did not prevent the
crystallization of mannitol but influenced the polymorphic
form obtained. At small sample size (<10 mg), � was obtained;
at large sample size (>100 mg), � was obtained. The depen-
dence of the polymorphic outcome on sample size was linked
to the crystallization of mannitol polymorphic modifications
in two stages. The salt effect on mannitol crystallization and
polymorphism is not unique to NaCl. KCl showed approxi-
mately the same eutectic melting point with mannitol as NaCl,
indicating similar melt miscibility. K2SO4 had little effect on
the crystallization of mannitol. LiCl inhibited the crystalliza-
tion of mannitol during cooling and enabled the observation
of its glass transition. The results are relevant to the rational
design and control of the physical state of mannitol in freeze-
dried products.
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