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Purpose. To evaluate crystallization behavior and collapse tempera-
ture (Tg’) of buffers in the frozen state, in view of its importance in
the development of lyophilized formulations.
Methods. Sodium tartrate, sodium malate, potassium citrate, and so-
dium citrate buffers were prepared with a pH range within their
individual buffering capacities. Crystallization and the Tg’ were de-
tected during heating of the frozen solutions using standard DSC and
modulated DSC.
Results. Citrate and malate did not exhibit crystallization, while suc-
cinate and tartrate crystallized during heating of the frozen solutions.
The citrate buffer had a higher Tg’ than malate and tartrate buffers at
the same pH. Tg’ vs. pH graphs for citrate and malate buffers studied
had a similar shape, with a maximum in Tg’ at pH ranging from 3 to
4. The Tg’ maximum was explained as a result of a competition
between two opposing trends: an increase in the viscosity of the amor-
phous phase because of an increase in electrostatic interaction, and a
decrease in the Tg’ because of an increase in a water concentration of
the freeze-concentrated solution.
Conclusion. Citrate buffer was identified as the preferred buffer for
lyophilized pharmaceuticals because of its higher Tg’ and a lower
crystallization tendency.

KEY WORDS: lyophilization; freezing; buffers; collapse; glass tran-
sition; DSC.

INTRODUCTION

Many pharmaceuticals contain a buffer to control pH, to
ensure optimal chemical and physical stability of a drug mol-
ecule. Buffering capacity and a possibility of a buffer-specific
catalysis are the major buffer properties which are usually
taken into consideration in development of liquid pharma-
ceutical formulations (1). For lyophilized formulations, there
are two additional physical chemical parameters to consider,
i.e., buffer crystallization potential at sub-ambient tempera-
tures, and the collapse temperature. A buffer component may
crystallize during freezing producing significant pH changes
(2) that are usually undesirable and should be avoided. Crys-
tallization and pH changes of phosphate buffer at sub-zero
temperatures were studied in detail in the presence of differ-
ent metal ions and in a wide range of pH and concentration
(3–7). Systematic studies of equilibrium freezing behavior of

phosphate buffer were performed by van den Berg et al. in
1950–1960. In these studies, liquid (unfrozen) portions of a
frozen solution was physically separated at sub-zero tempera-
tures, and the pH and composition of the liquid portion were
measured at room temperature (2–4). Later, other methods
were used such as measurements of pH at sub-zero tempera-
tures with a low-temperature electrode (5,6,8,9) and pH in-
dicators (10), X-ray diffraction measurements at sub-ambient
temperatures (7), and DSC studies (11–13). Significant pH
changes were observed depending on a metal ion type and
experiment setup (sample size, cooling rate). Based on these
results, phosphate buffer is generally regarded to be undesir-
able for lyophilized formulations, at least if high buffer con-
centrations are required to maintain high buffer capacity (14).
There are some studies of other buffers of pharmaceutical
interest (citrate, glycine, succinate, carbonate) in very narrow
ranges of solution pH and concentration (9,10,15).

Another physical chemical parameter critical for lyophi-
lization is the collapse temperature (16). Freeze drying above
the collapse temperature produces loss of the cake-like struc-
ture that one desires. Obviously, materials with a higher col-
lapse temperature can be freeze-dried at a higher tempera-
ture, hence providing a faster and more robust lyophilization
cycle. If the collapse temperature of a formulation is relatively
low, it is more difficult and sometimes impossible to lyophilize
such a formulation in a practical process. As a rule, presence
of amorphous buffer in a formulation decreases the collapse
temperature resulting in recommendations to minimize buffer
concentration in lyophilized formulations (17). The collapse
temperature can be measured by different techniques, with
freeze drying microscopy and DSC being the methods of
choice in most cases. With DSC, a thermal transition denoted
Tg’ is measured as the temperature of an endothermic step
which precedes the melting endotherm on DSC heating
curves of frozen solutions (16). It should be stressed that
interpretation of the physical nature of the Tg’ thermal event
is still controversial. There are two alternative interpretation
of the Tg’. The Tg’ thermal event has been explained as either
a glass transition of the freeze-concentrated solution (18,19),
or onset of ice melting marked as Ts (softening temperature)
(20), or Tm (21). Despite of this controversy, there is a com-
mon agreement that the Tg’ corresponds closely to the col-
lapse temperature, the collapse temperature normally being
higher by 1–3°C (16). Frequently, one detects a second very
weak apparent glass transition roughly 20°C lower than Tg’.
This lower transition is denoted Tg”, and does not appear to
be related to the collapse phenomena. The Tg’ of several
acids and bases (ascorbic acid, citric acid, glycine, HEPES,
TRIS) and buffers (citrate, TRIS, acetate, glycine, and histi-
dine) has been determined in (12,15,22–25). In majority of
these studies, the Tg’ was determined at a single pH value
(with exceptions (25) for histidine and (15) for glycine). There
is a lack of systematic data on collapse temperatures and
crystallization behavior as a function of pH for buffers of
pharmaceutical significance.

In the present study, crystallization behavior and col-
lapse temperature of several buffers (citrate, succinate, ma-
late, tartrate) have been studied using DSC. Each buffer was
prepared at different pH to cover the buffering range of the
particular buffer. It should be emphasized that variation of
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pH is equivalent to variation of the molecular/ionic species in
solution as pH variations alters the extent of ionization of
buffer. Significant changes in the crystallization behavior, and
the Tg’ were observed as a function of solution pH. An un-
expected pattern of Tg’ changes with solution pH was ob-
served for all buffers studied with Tg’ having a maximum
around pH 4. In addition, it appeared that a metal ion type
(i.e., Na vs. K) has a significant impact on Tg’ of a citrate
buffer.

MATERIALS AND METHODS.

Materials

Reagent grade succinic acid and DL-malic acid were pur-
chased from Fisher Scientific and Sigma, respectively. Citric
acid of USP grade, L-(+)-tartaric acid of NF grade, and so-
dium hydroxide of NF grade were obtained from JT Baker. In
addition, DL-tartaric acid of reagent grade from EM Science
was used. Deionized water was used to prepare all of the
buffer solutions that were studied. Citric acid, succinic acid,
tartaric acid, malic acid were prepared as 0.25M solutions.
The acids were titrated with 0.25M sodium hydroxide to the
desired buffer pH. In addition, citric acid/potassium hydrox-
ide solutions were prepared by the same methods. Weight of
the added base was measured. The pH range studied was
chosen as to be within the pH range where the buffer system
had significant buffering capacity (1).

DSC Experiments

DSC experiments were performed with a Perkin-Elmer
Pyris 1 instrument and TA Instruments modulated DSC 2920
instrument equipped with Refrigerated Cooling System. Ap-
prox. 15 ml of solution were placed in aluminum pans, and
empty aluminum pans were used as a reference with both
instruments. Other details of the experiments performed with
the Perkin-Elmer instrument are as follows. The instrument
was calibrated using melting points of indium at heating rate
10°C/min. The calibration was checked using de-ionized wa-
ter. The uncertainty in the temperature calibration was esti-
mated to be within 1.5°C. Samples were cooled to −60°C at
10°C/min, then held at −60°C for 5 min, and then heated from
−60°C to 25°C at 10°C/min. The Tg’ and Tg” temperatures
were determined as extrapolated onset temperatures using
Pyris software. Experiments were performed with the TA
instrument as follows. Calibrations were performed using in-
dium as standard at a heating rate 10°C/min and 1°C/min for
standard and modulated method, respectively. The purge gas
used was nitrogen with a flow rate at 50 ml/min. Samples were
run in two different modes: (i) Standard DSC mode, which
the samples were cooled to −60°C at 10°C/min, equilibrate at
−60°C for 5 min, and then heated to 25°C at 10°C/min. (ii)
Modulated DSC mode, which the samples were cooled to
−60°C and then heated to 25°C at the same heating and cool-
ing rate of 1°C/min. The run was modulated with an ampli-
tude ±0.5°C and a period 100 seconds. The Tg’ and Tg” tem-
peratures were determined as extrapolated onset tempera-
tures using TA universal analysis software.

RESULTS

Typical DSC curves of sodium and potassium citrate
buffer are shown in Figs. 1a and 1b, respectively (ice melting

endotherm is not shown). Two consecutive endothermic
events, Tg” and Tg’, were observed in majority of cases which
is typical for frozen aqueous solutions (18–21). There is a
common agreement that a higher temperature event (Tg’)
corresponds to the collapse temperature.

A “dip” in the baseline was observed on DSC heating
curves of sodium citrate at pH’s from 5 to 7. Such “dip” on a
DSC heating curve could be due to an exothermic event such
as crystallization; if this is the case, assignment of the Tg’
event is uncertain. To determine if crystallization occurred in
these samples, two types of DSC experiments were per-
formed. In the first experiment, a thermal cycling study was
performed; thermal cycling allows one to separate reversible
thermal transitions (such as glass transition and melting) from
irreversible transitions (such as crystallization) and artifacts
(such an event associated with a change in a sample shape in
the DSC pan) (20,26). In this thermal cycling experiment, the
frozen solution was first heated to −44.5°C (which is the onset
temperature of the thermal event under consideration) fol-
lowed by cooling to −65°C, and then heated from −65 to 25°C.
If the thermal event under consideration is the (ice) crystal-
lization exotherm, the second DSC heating curve should have
a different appearance because crystallization would occur
only during the first run and thus would be irreversible. In
particular, the temperature of the first endothermic step
would be shifted to higher temperature (if ice crystallize) or
to the lower temperature (if solute crystallizes). Results of the
thermal cycling experiment are shown in Fig.2a. It can be seen

Fig. 1. Representative DSC heating curves of citric acid/NaOH (A)
and citric acid/KOH (B) solutions. Magnified low-temperature por-
tions of the DSC scans are shown. Numbers present solution pH.
Scanning rates: 10°C/min. The experiments were run with Perkin-
Elmer Pyris-1 DSC.

Shalaev, Johnson-Elton, Chang, and Pikal196



that first and second heating curves are practically identical,
i.e., the position of the first endothermic step did not change
on the second scan. Hence, the results of the thermal cycling
experiment suggested that crystallization did not occur during
heating of the sodium citrate buffer solution.

In addition, modulated DSC experiments were per-
formed. Modulated DSC allows separation of irreversible
(such as crystallization) and reversible (such as glass transi-
tion) thermal events (19). Modulated DSC heating curves are
shown in Fig. 2b. The reversing heat flow curve shows two
consecutive endothermic events (Tg” and Tg’), similar to a
regular DSC scan. The nonreversing heat flow curve shows
that there is perhaps some crystallization, as evident from the
weak exothermic peak centered at −45°C; however the mag-
nitude of the exotherm is very small, and the modulated DSC
data are not consistent with a significant amount of crystalli-
zation occurring during heating the frozen solution. Tg’ tem-
perature determined from the modulated DSC run is slightly
lower than determined from the regular DSC scan; however,
the difference is close to the estimated experimental error.
Both thermal cycling and modulated DSC experiments indi-
cate that regular (non-modulated) DSC scans can be used to
measure Tg’ and Tg” of the sodium citrate solutions at pH 5
to 7. We did not attempt to investigate the origin of the ap-
parent “dip” which was observed prior to the Tg’ event for
sodium citrate solutions at pH 5 to 7 in more detail. Figure 3
shows Tg’ and Tg” as a function of pH for sodium citrate and
potassium citrate. There is good agreement between results
obtained with the two different DSC instruments and with

different sample preparations. For sodium citrate, both Tg’
and Tg” passed through a maximum at pH ∼4. Similarly, for
potassium citrate, Tg’ passed through maximum between pH
3 and 4.

DSC curves of malic acid/NaOH solutions had a similar
appearance to the citrate buffer solutions with one or two
endothermic steps (Tg” and Tg’) followed by ice melting peak
(curves are not shown). Tg” and Tg’ of malate buffer as a
function of solution pH are shown in Fig. 4a. Again, Tg’ goes
through a maximum at pH 4.

Succinic acid/NaOH and tartaric acid/NaOH solutions
demonstrated a different thermal behavior. Representative
DSC heating curves of succinic acid/NaOH and tartaric acid/
NaOH systems are shown in Figs. 5 and 6, respectively. Buffer
crystallization occurred in all three succinic acid/NaOH mix-
tures studied (pH 4, 5, 6) as evidenced from observation of
both the exothermic peak (D) and endothermic peaks (M)
prior to ice melting. A weak endothermic step immediately
before the crystallization exotherm, which was observed at
pH 5 and 6 in succinate buffer (Fig. 5, inset), may be assigned
to either Tg’ or Tg”. We did not attempt to characterize this
transition in more detail. Crystallization was not detected in
pure succinic acid. Lack of crystallization observed for the
free acid indicates that a salt (not the free acid) crystallized
during heating of frozen succinic acid/NaOH solutions. In

Fig. 2. Thermal cycling (A) and modulated DSC (B) runs of citric
acid/NaOH solution with pH 6. The data were obtained with TA
DSC.

Fig. 3. Tg’ and Tg” of citric acid/NaOH (A) and citric acid/KOH (B)
solutions as a function of pH. h: Tg’ measured with TA DSC; j: Tg’
measured with Perkin-Elmer DSC; h: Tg” measured with TA DSC;
d: Tg” measured with Perkin-Elmer DSC; n: Tg’ measured with TA
MDSC; .: Tg” measured with TA DSC; L: Tg’ measured with TA
DSC in thermal cycling experiment; X: Tg” measured with TA DSC
in thermal cycling experiment. Each data point corresponds to a
single DSC run. Lines are given as an visual aid.
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agreement with this hypothesis, both crystallization exo-
therms and melting endotherms were stronger in succinate
solution with pH 6 (solution with a higher salt content). In
addition, multiple melting peaks were observed at pH 4 and 5,
indicating that several crystalline succinate salts were formed
(i.e., perhaps mono- and di-sodium succinate and their hy-
drates).

A Tg’ event followed by a strong crystallization peak was
observed in a solution of L-(+)-tartaric acid/NaOH at pH 3
(Fig. 6a). In addition, a weaker exotherm was observed in
solution of pH 4. We note that a solution of DL-tartaric acid/
NaOH at pH 3 had a much weaker exothermic event (scan is
not shown) indicating that the racemic reagent had a lower
crystallization tendency. Fig. 4b shows Tg’ and Tg” vs. pH for
tartaric acid/NaOH system. Despite of the difference in crys-
tallization behavior, there was no significant difference in the
Tg’ between solutions prepared with either L-(+)-tartaric acid
or DL-tartaric acid. Both Tg’ and Tg” for tartaric acid/NaOH
solutions were slightly higher at more acidic pH (pH 3) than
at pH 5.

DISCUSSION

Tg’ vs. pH profiles with a maximum were observed for
citrate and malate buffers. Such behavior has not been re-
ported in the literature. The lack of literature precedent is not

surprising. Indeed, there is only one systematic study of Tg’
vs. pH described in the literature (25). It was observed that
Tg’ of frozen histidine solutions decreased with an increase in
pH (25). Such a decrease in Tg’ was explained as due to
increased salt concentration.

In this work, an opposite trend in Tg’ vs. pH was ob-
served, i.e., Tg’ first increased with increasing salt concentra-
tion. To illustrate this point, Tg’ is presented as a function of
NaOH/citric acid mole ratio (Fig. 7). An increase in sodium
content initially produced a significant increase in Tg’ (which
is opposite to the trend reported in (25) for histidine), fol-
lowed by a gradual decrease in Tg’ with further increase in
sodium content.

An increase in Tg’ with increasing sodium content can be
rationalized in terms of increasing ionic interactions as the
concentration of ionic species increases. Indeed, salts fre-
quently have higher glass transition temperatures than the
corresponding free acids. For the organic acid, indomethacin,
Tg of the free acid was ∼75°C lower than that of the sodium
salt (27). Hence, the initial increase in Tg’ in citrate and ma-
late buffers when pH increased from 2.5 to 4 can be explained
on the same basis. That is, ionization allows electrostatic in-
teractions between species and corresponding higher viscos-
ity. However, this ”electrostatic interaction” concept alone
cannot account for the maximum of Tg’ vs. pH. Clearly an-
other effect must be important. Note that, in a freeze-
concentrated solution, viscosity (and Tg’) depends not only

Fig. 4. Tg’ and Tg” of malic acid/NaOH (A) and tartaric acid/NaOH
(B) solutions as a function of pH. All data point but open squares in
Fig. 4B correspond to solutions prepared with L-(+)-tartaric acid, and
open squares correspond to solutions prepared with DL-tartaric acid.
See Fig. 3 for other symbols. Each data point corresponds to a single
DSC run. Lines are given as a visual aid.

Fig. 5. Representative DSC heating curves of succinic acid/NaOH
solutions. Inset shows magnified portions of DSC curves with a non-
identified thermal event (which may be either Tg’ or Tg”). Scanning
rates: 10°C/min.
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on solutes present (e.g., on salt amount) but also depend
strongly on the water content in the unfrozen fraction. We
suggest that as pH and salt content in a solution increases
further, water content in the freeze-concentrated solution in-
creases to a point where the plasticizing effect of water ulti-
mately results in a decrease in Tg’. Indeed, an increase in the
unfrozen water content with salt concentration was reported
for sucrose/NaCl solutions (17). The above considerations
suggest that, at pH ∼4 (i.e., at pH where Tg’ maximum is
observed) there is a balance between increase in Tg’ because
of the electrostatic interaction effect, and decrease in Tg’ be-
cause of the plasticization effect of unfrozen water in the
freeze-concentrated solution. The observed difference in be-
havior of sodium and potassium buffers support the sugges-
tion that a decrease in Tg’ is due to an increase in water
content in freeze-concentrated solution and not due to a dif-
ferent degree of ionization. Indeed, if this were an extent of
ionization effect, a constant difference in Tg’ between sodium
citrate and potassium citrate would be expected because the
state of ionization is independent of the metal ion species
present. Different patterns for Tg’ of sodium citrate and po-
tassium citrate provides indirect support for the “unfrozen
water” explanation. The bigger impact of pH on Tg’ for po-
tassium citrate buffer at pH > 5 (i.e., the significant drop in
Tg’) is consistent with this interpretation. That is, more water
remains unfrozen with potassium than with sodium ion. To
verify this interpretation, water contents in freeze-concen-
trated solutions would need to be determined. Alternately,
one could measure glass transition temperatures of anhydrous
salts as a function of sodium or potassium content. An ob-
served monotonic change of Tg with salt content would lend
support to the interpretation.

Crystallization results obtained in the present study
agree with a study of pH changes during freezing reported in
the literature (10). Here, pH changes during freezing in a
number of buffers were evaluated using pH indicators. In
particular, succinic acid/NaOH solution at pH 5, and citrate
acid/sodium citrate solution at pH 5.5 (i.e., solution pH values
before freezing) were studied. In agreement with the DSC
results reported here, pH in the citric buffer did not change
during freezing which agrees with the lack of crystallization
observed in the present DSC study. For succinate buffer, DSC
results obtained in this work indicate that succinate crystal-
lized but only during heating of the frozen solutions. Hence,
we expect that, during freezing, succinate buffer does not
crystallize and significant pH changes during freezing are not
expected, which agrees with (10) where pH changes for suc-
cinate buffer were not observed during freezing.

Practical Consideration: Implications for Freeze-Drying

One of the most important physical chemical parameters
of a material from a freeze-drying perspective is the collapse
temperature. It was demonstrated that collapse temperature
as measured using freeze-drying microscope was very close to
Tg’ as determined by DSC (within 1-3°C) (16). Materials
which have higher Tg’ can be freeze-dried at a higher tem-
perature during primary drying, hence providing a faster and
more robust lyophilization cycle. As a rule, pharmaceutical
formulations contain several components (drug itself, buffer,
bulking agent, stabilizer, preservative, etc.). The Tg’ of a mix-
ture depends on Tg’ and weight fractions of individual com-
ponents with an expectation that individual components

Fig. 7. Tg’ and Tg” of citric acid/NaOH solutions as a function of
NaOH/citric acid mole ratio. j: Tg’; h: Tg”. Error bars represent
standard deviations. Lines are given as a visual aid.

Fig. 6. Representative DSC heating curves of L-(+)-tartaric acid/
NaOH solutions. Scanning rates: 10°C/min.

Thermophysical Properties of Buffers at Sub-Zero Temperatures 199



which have higher Tg’ provide a higher Tg’ for the mixture
(28).

Tg’ as a function of pH for the buffers studied is given in
Fig. 8. Citrate buffer has the highest Tg’ over the pH range
studied. Potassium citrate buffer has the highest Tg’ at pH
from 2.5 to 4.5 whereas sodium citrate has the highest Tg’ at
pH 4 to 7. Hence, if consider Tg’ alone, sodium citrate would
be the preferred choice at pH 2.5 to 4.5, and potassium citrate
would be the choice in the pH range of 4.5 to 7.

Another consideration in a buffer choice is its tendency
to crystallize in the frozen state. Buffer crystallization is an
undesirable process because it causes significant pH changes
(several pH units). In particular, relatively high crystallization
potential of a phosphate buffer is a reason why it is not usu-
ally recommended for use in freeze-dried formulations (14).
In this study, we observed crystallization of succinate and
tartrate buffers, whereas malate and citrate did not crystallize
under the conditions of DSC experiment. Hence, citrate and
malate buffers would be the choice from the perspective of
crystallization potential.

It should be stressed that the lack of crystallization ob-
served during the DSC experiment does not necessarily mean
that citrate and malate will not crystallize during an actual
freeze-drying run. Crystallization behavior depends on
sample size, cooling rates, and both concentration and type of
nucleation centers, the latter being very hard to control. In-
deed, it has been shown for phosphate buffer that sample size
has a large impact on crystallization tendency (5). Solutions
that did not crystallize during DSC experiments did crystallize

during low-temperature powder X-ray diffraction and pH
studies where a larger sample volume was used (5). In addi-
tion, cooling rates during freeze-drying are usually much
lower than the 10°C/min which was used in our DSC experi-
ments. Lower cooling rates favor crystallization. Hence, any
quantitative prediction of crystallization behavior for a par-
ticular buffer (or other excipients) during freeze-drying
should be treated with some skepticism. However, DSC data
can be used to provide qualitative comparisons between dif-
ferent buffers.

Citrate would appear to be the buffer of choice for ly-
ophilized formulations because it has a lower crystallization
potential and a higher collapse temperature. It should be
stressed, however, that, in addition to the specific lyophiliza-
tion parameters considered here (i.e., collapse temperature
and crystallization potential), other factors such as specific
buffer catalysis and buffering capacity, should be considered
when finalizing the choice of buffer (1). Moreover, we do not
suggest that buffers with a relatively low collapse temperature
and relatively high crystallization potential (i.e., succinate
buffer) cannot be used in lyophilized formulations. Both col-
lapse temperature and crystallization ability can be modified
using other excipients. In particular, if a formulation contains
significant amount of an (amorphous) bulking agent or drug
itself, collapse temperature can be increased significantly, and
buffer crystallization may be suppressed (29). The amount of
an amorphous component required to suppress crystallization
or to provide for an acceptable Tg’, however, would be lower
in case of a buffer with a higher Tg’ or with a lower crystal-
lization potential.

CONCLUSION

Unexpected Tg’ vs. solution pH trends were observed for
several buffers with Tg’ passing through a maximum at pH 3
to 4. Such complex Tg’ behavior has been explained as be-
cause of the balance between increase in viscosity due to
increase in the electrostatic interactions with increasing pH,
and a decrease in viscosity due to increase in amount of un-
frozen water in the freeze-concentrate solution. Use of citrate
buffer in freeze-dried formulations should be beneficial be-
cause of its relatively low crystallization potential and a
higher collapse temperature.
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