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Abstract

A new method to determine the onset relative humidity for a glass transition and crystallization processes in amorphous
or partially amorphous materials was developed using dynamic gravimetric vapor sorption (DVS). Water vapor can act as a
plasticizing agent in amorphous materials, thus lowering the glass transition temperature below room temperatures. Additional
water sorption can lead to a crystallization event below the glass transition temperature. On spray-dried lactose the glass transition
RH and crystallization RH values were 30 and 58% at@5respectively. Glass transition and crystallization RH values were
also measured at 5, 15, 25, 35, and’@%n a spray-dried salbutamol sulfate sample. The glass transition RH values for the
salbutamol sulfate sample ranged from 64.5% RHJpto 32.8% RH (45C) while the crystallization RH values ranged from
81.0% RH (5C) to 50.4% RH (45C). The results clearly show that the glass transition and crystallization humidity values
decrease as the sample temperature increases.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 1997. The existence of amorphous materials can gen-
erally be attributed to one of three circumstances. First,
The characterization of amorphous or partially the material (drug, excipient, or delivery system) may
amorphous pharmaceutical materials has been of par-be deliberately manufactured in an amorphous state.
ticular interest in recent yearsléncock and Zografi, = Second, the material may be inherently amorphous or
partially amorphous at processing or delivery condi-
"+ Corresponding author. Tel.: +1 610 798 8299; tions. Third, the amorpho_us material may be prqduced
fax: +1 610 798 0334, unintentionally through milling, compression, or intro-
E-mail addressburnett@smsna.com (D.J. Burnett). duction of impurities Graig et al., 1999
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Whether intentional or accidental, the presence of at 5, 15, 25, 35, and 4% using a gravimetric vapor
amorphous materials in pharmaceutical systems cansorption apparatus.
directly affect the processing, storage, bioavailabil-
ity, and delivery properties of these materials. There-
fore, full characterization of any amorphous mate- 2. Theory
rial is paramount in the development of successful
drug systems. Of particular concern is the stability As an amorphous material passes through the glass
during processing and storage. Even in very small transition it often transforms from a glassy, hard, brit-
amounts, the presence of amorphous phases may sigtle material to a less viscous, ‘rubber’ stagpérling,
nificantly affect the long-term stability and batch-to- 1986. Additionally, there is a shift in the molecu-
batch variations in performance. Changes in temper- lar mobility of amorphous compounds at the glass
ature or solvent vapor pressure can increase molec-transition Roos, 199% This transition will typically
ular mobility and free volume within the amorphous occur at a characteristic temperature or temperature
region, thus lowering the activation energy barrier to- range, commonly called the materialg. Above the
wards crystallization. In fact, low molecular weight glass transition, the molecular mobility increases as
amorphous materials will typically revert to their crys- evidenced by a decrease in viscosity and increasing
talline state over a certain temperature range. Addi- flow. Plasticizers, often at a lower molecular weight
tionally, ever-present water vapor can have a dramatic than the bulk, can decrease the oveiigjl The ex-
effect on amorphous materials. Amorphous solids of- tent of Ty depression depends on the concentration
ten absorb relatively large amounts of water vapor of the plasticizer and its interaction with the amor-
compared to their corresponding crystalline phases. phous material. Water is a common plasticizer for a
Sorbed water can act as a plasticizing agent, thus sig-range of materialsRoos, 1995 thus the water con-
nificantly lowering the glass transition temperature be- tent in amorphous foods, polymers, and pharmaceu-
low the storage temperature and cause phase transitical materials can have a significant lowering effect
tions and lyophile collapseRpos and Karel, 1991 on the glass transition temperature. For these materi-
There is often a critical humidity at which the glass als, the glass transition is a direct function of relative
transition will occur at a particular temperature. There- humidity.
fore, determining the necessary threshold temperature  If the humidity surrounding an amorphous material
and humidity conditions to prevent a glass transition is linearly ramped from 0% relative humidity (RH) to
is critical for storage and processing of amorphous a humidity above the water vapor induced glass transi-
materials. tion, then a shift in vapor sorption characteristics will

This paper describes a technique to determine the be evident. Below the glass transition, water sorption
critical relative humidity storage conditions of anamor- will typically be limited to surface adsorption. As the
phous or partially amorphous material to prevent a glass material passes through the glass transition, molecular
transition and a water-induced crystallization at a par- mobility increases, allowing water absorption into the
ticular temperature. Lactose was used as model phar-bulk structure. Therefore, the shift in sorption charac-
maceutical excipient, because its crystallization behav- teristics can be used as a measure of the glass transition.
ior and polymorphic forms have been well character- Asin determining thd@y (Frick and Richter, 1995the
ized and it is used in a variety of solid dosage forms glass transition RH (Rf) depends on the time scale
(Wade and Weller, 1994 Salbutamol sulfate, a com-  of the experiment. Faster RH ramping rates will yield
mon drug used for the treatment of asthma, was cho- higher glass transition RH values. If a series of experi-
sen as a model pharmaceutical active because its amorments are completed over a range of relative humidity
phous and crystalline phases have been well character+amping rates, then the Rldan be plotted versus ramp-
ized (Ticehurst et al., 1994; Ward and Schultz, 1995; ing rate. If a correlation exists, then the inherentgRH
Feeley et al., 1998; Columbano et al., 2002; Young can be found by extrapolating the correlation to a zero
et al., 2004 The critical glass transition and crys- ramping rate.
tallization humidities were determined for spray-dried Above the glass transition, many low molecular
lactose at 25C and for spray-dried salbutamol sulfate weight amorphous materials will relax to their more
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stable, crystalline state. As mentioned above, the amor-  Partially amorphous lactose was prepared by Glax-
phous material will typically have a greater water vapor oSmithKline (Collegeville, PA, USA) by dissolving
sorption capacity than the crystalline material, due to crystalline lactose in water (10%, w/w) and spray-
increased void space, free energy, and/or surface areadrying at 190°C. Partially amorphous salbutamol sul-
This can be measured directly using gravimetric tech- fate was prepared by Bath University, School of Phar-
niques and has been used previously to determine amor-maceutical Sciences (Bath, UK) by dissolving crys-
phous contentsSaleki-Gerhardt et al., 1994; Buckton talline salbutamol sulfate in water (10%, w/w) followed
and Darcy, 1995; Mackin et al., 2002Vhen the mate- by spray-drying at 180C. The spray-dried materials
rial undergoes an amorphous to crystalline transition, were stored over desiccant (anhydrous calcium sulfate)
the water sorption capacity typically decreases drasti- at 6°C, to limit any crystallization. The same batch of
cally. Thisresultsinan overall mass loss as excess waterspray-dried lactose and salbutamol sulfate was used for
is desorbed during crystallization. Therefore, this mass the respective studies to minimize any particle size, sur-
loss can be used to identify the particular humidity at face area, amorphous content, or similar batch-to-batch
which crystallization occurs (RH). As with the glass  effects.
transition, a series of experiments at different ramp- For the water sorption experiments, the samples
ing rates can be performed to elucidate the threshold (~10 to 90 mg) were placed into the DVS-1 instrument
crystallization relative humidity. at the desired temperature where they were initially
The determination of both the Rfand RR values driedina 200 sccm (standard cubic centimeters) stream
are based on detecting a change in moisture sorptionof dry air (<0.1% RH) for several hours to establish a
properties. Their determination is not related to an ab- dry mass. The samples were then exposed to a linearly
solute amount of water sorbed. Therefore, particle size increasing relative humidity environment up to 90%
and surface area differences between samples shouldRH. The glass transition RH was taken as the inflec-
have a minimal effect on the RHand RH determi- tion point between surface adsorption and absorption
nation. Additionally, the material’s inherent Btand in the bulk structure of the material. The crystallization
RH; are determined by extrapolating the ramping rate RH was taken as the point where the sample mass de-
to zero. Also, the RHlis the onset glass transition and creases drastically due to relaxation to the crystalline
RHc is taken as the onset of crystallization. Thus, both state. Multiple experiments & 3) were performed on
water sorption and crystallization kinetic limitations the spray-dried lactose sample at the same humidity
would be minimized. ramping rate to establish the reproducibility of the mea-
surements. Only one run was performed at each tem-
perature and humidity ramping rate for the salbutamol
3. Experimental sulfate. Crystallinity of the end material was verified
by performing a second humidity ramp from 0 to 90%
Dynamic gravimetric vapor sorption (DVS) is a RH. Absence of the mass loss feature at high relative
well-established method for the determination of va- humidity values was taken as an indication of complete
por sorption isotherms. The DVS-1 instrument (Sur- crystallinity of the end material.
face Measurement Systems, London, UK) used for = For comparison, inverse gas chromatography (IGC)
these studies measures the uptake and loss of va-experiments were performed to measure the glass tran-
por gravimetrically using a Cahn D200 recording sition temperature]y, of spray-dried lactose over a
ultra-microbalance with a mass resolutiorted.1.9. range of relative humidity values. IGC is a gas phase
The high mass resolution and baseline stability be- technique used to study the surface and bulk properties
low 0.5pg/h allow the instrument to measure sub- of particular and fibrous materials. IGC has been used
tle changes in vapor uptake. The vapor partial pres- previously to measure thg, for a wide range of ma-
sure around the sample is controlled by mixing sat- terials and the theory and details have been described
urated and dry carrier gas streams using electronic in detail elsewherel@voi and Guillet, 1969; Braun
mass flow controllers. The desired temperature is main- and Guillet, 1976; Hamieh et al., 1995; Thielmann and
tained at+0.1°C, by enclosing the entire system in a  Williams, 200Q. In short, theTg is determined via IGC
temperature-controlled incubator. by measuring the differential heat of sorption for a par-
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ticular probe molecule with the surface under investiga- features in the mass response with linearly increasing
tion over a range of temperatures. The glass transition RH. At low RH values (below 30% RH), the water
(or any second order phase transition) will result in a uptake is relatively low. The moisture uptake in this
discontinuity in the relationship of the heat of sorp- region is probably dominated by surface adsorption.
tion with temperature. The location of this discontinu- Above 40% RH there is a sharp increase in moisture
ity is taken as the glass transition temperature. For this sorption, most likely due to bulk absorption dominat-
study, an IGC-2000 instrument (Surface Measurement ing the sorption mechanism. The glass transition rel-
Systems, London, UK) was used to measurelijief ative humidity (RH,)) was measured at the transition
spray-dried lactose (between 250 and 350 mg) from 15 point between surface adsorption and absorption into
to 35% RH. Ethanol was used as the probe molecule the bulk (denoted by intersection of dashed lines in
for all IGC experiments. Fig. 1, ~875min and 37% RH).
The amorphous to crystalline transition is clearly
illustrated inFig. 1 by the sharp loss in mass around

4. Results and discussion 1150 min. After crystallization, the sample has a much
lower moisture sorption capacity. The corresponding
4.1. Spray-dried lactose relative humidity was taken as the crystallization RH

(RHc). Previous researchers have observed a simi-

A typical net percent change in mass (based on dry lar decrease in mass when amorphous lactose was
mass) versus time plot for spray-dried, partially amor- €xposed to conditions above 50% RH at°Z5and
phous lactose is displayed Fig. 1 The solid trace attributed this phenomenon to sample crystallization
follows the net percent change in mass as a function of (Buckton and Darcy, 1995; Price and Young, 204
time, while the dotted trace displays the sample relative Using AFM (Price and Young, 2004and optical mi-
humidity in the DVS. This particular experiment was ~croscopy Buckton and Darcy, 199®ther researchers
done with a 6.0% RH/h ramping rate. There are several have confirmed that lactose remains amorphous be-
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Fig. 1. Relative humidity ramping experiment (6.0% RH/h) for spray-dried lactose sample a€250lid line shows the net change in mass
while the dotted line shows the RH profile.
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Fig. 2. Net change in mass for spray-dried lactose at 25 for a range of relative humidity ramping rates.

tween 30 and 50% RH, but crystalline when stored phous and completely crystallizes to fommlactose
above 60% RH, thus supporting the assignment of the monohydrate, the sample would retain 5.26% water
sharp mass loss above 50% RH as the crystallization (18.01 amu/HO molecule/342.35 amu/anhydrous lac-
RH in this study. For this particular experiment, the tose moleculex 100% =5.26%). Based on the mea-
crystallization RH was measured at 65.5% RH. There sured uptake compared with the theoretical uptake,
is a nearly 30% relative humidity gap betweenthegRH the lactose used for this study is 37.1% amor-
and RH. Even though the sample passes through the phous (1.95% measured water retention/5.26% the-

glass transition, molecular mobility must be signifi-
cantly increased before crystallization occurs.

The sample retains a significant amount of mois-
ture above the glass transition, due to the formation
of a stable hydrate. Under the experimental condi-
tions (25°C in 200 sccm stream of dry air) this hy-
drate will remain, even if the sample is gently dried
at 0% RH. In its amorphous state, lactose is anhy-
drous, but when it crystallizes, lactose can form a sto-
ichiometric monohydrate. The formation of this hy-
drate species was observed for all humidity ramping
experiments at 25C. This phenomenon is well char-

oretical 100% amorphous retentigrl00%). Again,
the above calculation assumes that the amorphous
lactose completely crystallizes to form-lactose
monohydrate.

Fig. 2 displays the results for similar experiments
from 2% RH/h to 10% RH/h. Ifrig. 2, the net change
in mass is plotted versus the sample RH(%) to high-
light the effects of changing ramping rates. Notice
that all features remain over the entire range of ramp-
ing rates. Both the Rjland RH values appear to
decrease with decreasing ramping rate. The ramping
rates and corresponding BMalues and Rilvalues at

acterized and can be used as a means to quantify amor25.0°C are listed inTable 1and displayed graphically

phous contentBuckton and Darcy, 1995By apply-
ing this method, it is possible to estimate the amor-

inFigs. 3 (RH) and 4RHc). Multiple runs at the same
ramping rateri= 3) indicate error margins for Rf-hnd

phous content for this lactose sample. The lactose sam-RH. are+0.5% RH. Error bars have been included in

ple after crystallization and drying retains 1.95% of
its weight in water. If the lactose was 100% amor-

Figs. 2 and 3o reflect the first standard deviations for
these measurements.
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Fig. 3. RH;, vs. relative humidity ramping rate for spray-dried lactose at 26.0olid line and equation represent linear fit.
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Fig. 4. RH; vs. relative humidity ramping rate for spray-dried lactose at 26.0olid line and equation represent linear fit.
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Table 1
Relative humidity ramping rates and correspondinggRidd RH
values for spray-dried lactose at 25@

Rate (% RH/h) Rig (% RH) RH, (% RH)
10.00 40.8 70.4

8.00 39.4 68.3

6.00 375 65.5

4.00 34.4 63.5

2.00 317 60.3

As Fig. 3indicates, there is a clear linear relation-
ship between the RH ramping rate and thegRFhe
resulting line yields an excellent fit, with a correlation
coefficient better than 0.97. Extrapolating the results
to a zero ramping rate yields an Rigf 29.8% RH.
Therefore, the critical storage and processing relative
humidity for this partially amorphous lactose sample
to prevent a glass transition is 30.0% RH at°25
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sharply, illustrating the plasticizing effect of water. In
the IGC experiments 8y of 22.2°C (295.2K) was
measured at 30% RH. This value differs only slightly
from the 30% RH and 25C (298 K) value determined
via DVS.

Similar results have been observed using differential
scanning calorimetry (DSC), where thgdropped sig-
nificantly with increasing lactose water conterR®6s
and Karel, 1990, 1991DSC results on amorphous lac-
tose at 33% RH yielded a glass transition temperature
of 29.1°C (T4 onset). This value is very close to the
30% RH and 25.0C values obtained in this study.

For further comparison, the Gordon—Taylor approx-
imation can be used to predict the glass transition tem-
perature of binary mixtures as shown below:

w1Tg1 + kwokg2

Ig= 1)

w1 + kwsy

To prevent any moisture-induced phase changes, thewhereTy; and Ty, are the glass transitions for the pure

spray-dried lactose should be stored well below 30%
RH at 25°C.

Using atomic force microscopy (AFM) to visual-
ize the crystallization behavior of spray-dried lactose,
Price and Young (2004)bserved a rapid and distinct
morphological change at 30% RH and“Z5 They at-
tributed this transformation to a rubbery transforma-
tion on the surface of the particles. Furtheechuga-
Ballesteros et al. (2003)etected an internal structure
change in spray-dried lactose around 30% RH and
25°C using isothermal calorimetry techniques. The
authors define this point as a threshold for molecu-
lar mobility. When spray-dried lactose was stored be-
low this point, there were no detectible morphologi-
cal changes in the materidléchuga-Ballesteros et al.,
2003. Therefore, current results and previous work on

spray-dried lactose support the presence of a moisture-

induced glass transition in lactose around 30% RH at
25°C.
The results were verified using IGC. We have previ-

materialswi andw; are the corresponding weight frac-
tions andk is an empirical constant specific to the par-
ticular binary system. The glass transition temperatures
of lactose (374 K) and water (138 K) and thealue for

the lactose/water system (6.56) have been previously
determined via DSC experimenRdos, 1995 Using
these values, the predicted Gordon-Taylgrvalues

are showrfig. 5.

The DSC values are slightly higher than IGC and
DVS values. Considering the different approaches and
the uncertainties in measuring thgby the three meth-
ods, the small differences in the DVS, DSC, and IGC
values are not surprising. Also, the glass transition oc-
curs over a range of temperatures, so the actual glass
transition temperature can vary whether reported as the
onset, middle, or end of the transformation. The DVS
values presented here would represent the onset of this
transformation and the IGC values would be the mid-
dle of this transformation. The*€ difference between
the DVS and DSC results (both based on onset tem-

ously performed similar experiments to measure glass peratures) may be due to the different approaches to

transition temperatures of maltose as a function of rel-
ative humidity Thielmann and Williams, 2000The

controlling humidity. In the DVS, the humidity is con-
trolled in situ during the experiment, but for the DSC

Ty was measured over a range of humidity values. The experiments the sample is equilibrated at a particular
humidity values were correlated to the amount of wa- RH, then sealed and run in the DSC. As the tempera-
ter sorbed at each humidity by comparisons with DVS ture changes during the DSC experiment, the relative
experiments (data not showrfig. 5shows the spray-  humidity inside the DSC pan is not constant. The
dried lactoseTy as a function of water content. As is strongly dependent on humidity, so even if there is
the water content (and RH) increases, Thelecreases  a slight change in humidity, thgy can change by sev-
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Glass Transition Temperature of Amorphous Lactose versus Weight Fraction of
Water
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Fig. 5. Glass transition temperaturgy) as a function of weight fraction of water, measured by IGC on spray-dried lactose. Gordon-Taylor
prediction (solid line) for a water/lactose binary system is included for comparison.

eral degrees. Also, the DSC values used a temperaturemidity ramp at 25.0C. The salbutamol sample un-
ramp (5°C/min) while the DVS values were extrapo- dergoes similar sorption mechanisms to the lactose
lated to an equilibrium value and the IGC experiments sample discussed previously. Initially water sorption is
are done at defined, equilibrated temperatures. Fasterdominated by surface adsorption, which is followed by
ramping rates can lead to higher glass transition values, bulk absorption at higher humidity values. The tran-
which could help explain the differences between the sition between these two regimes was taken as the
DVS, IGC and DSC results. glass transition; around 47% RH Fig. 6. The glass
Fig. 4also shows a linear relationship for the crys- transition temperature for amorphous salbutamol sul-
tallization RH as a function of relative humidity ramp- fate is 64 C as measured by DS@ard and Schultz,
ing rate. The resulting line shows and excellent cor- 1995. Therefore, sorbed water acts as a plasticizing
relation coefficient (0.995) with an intercept of 58.1% agent and lowers the glass transition temperature to
RH. Therefore, the inherent Riheasured at 25C for the measurement conditions (Z5). With further in-
this spray-dried lactose sample is approximately 58% creases in humidity, the salbutamol sample shows a
RH. The current study favors well with other studies as sharp mass loss (around 71% RHRig. 6). This is
water-induced crystallization behavior for amorphous most likely due to a water-induced crystallization pro-
lactose samples around 60% RH af25has been ob-  cess. As the sample crystallizes, the surface area and
served previouslyRuckton and Darcy, 1995; Price and energy of the sample decreases, which leads to a de-

Young, 2004; Elamin et al., 1995 creased water sorption capacity and a net mass loss.
A similar mass loss has been observed previously and
4.2. Spray-dried salbutamol sulfate attributed to sample crystallization for partially amor-

phous salbutamol sulfate at 80 and 55% RH\\Vard

RH ramping experiments were also performed on and Schultz, 199fnd 25 C and 75% RHColumbano
a spray-dried salbutamol sulfate sample. A represen- et al., 2002. The 71% relative humidity value ob-
tative mass response is shownFig. 6, where ap-  tained in these studies at 26 agrees quite favorably
proximately 10mg was exposed to a 5% RH/h hu- with previous work at 25C. Again, there is a signifi-



D.J. Burnett et al. / International Journal of Pharmaceutics 287 (2004) 123-133 131
Spray-Dried Salbutamol Sulfate [Tomp: 260 &
I Net Change in Mass ==+ == Sample RH J
14, Recrystallization r 90
\ . |lso
12 4 /
_ I’ —
& Bulk Absorptonand / riZ9
010 rface Adsorption =
8 Surface Adsorptio 60 2
= T
8 -
£ Glass Transition - 50 I
8 o2
€5 _ 40 &
£ Surface Adsorption @
o (7]
5 - 30
=z 41
- 20
2 o
10
—
0 ; T ; T T T T 0
0 200 400 600 800 1000 1200 1400 1600
Time/mins

Fig. 6. Relative humidity ramping experiment (5.0% RH/h) for spray-dried salbutamol sulfate sample’&.250ld line shows the net change

in mass while the dotted line shows the linear RH profile.

cant humidity gap between the Bldnd crystallization
RHc.
Similar RH ramping experiments were performed

on the same spray-dried, partially amorphous salbu-

tamol sulfate material at 2, 5, and 10% RH/h and 5,
15, 25, 35, and 45C. The RH; (Table 2 values were

values were obtained. These values are listddbie 2
These extrapolated values could be used as the thresh-
old storage humidity (at each temperature) to prevent
moisture-induced transformations.

Comparing extrapolated values at 0% RH/h rate re-
veals that increasing experiment temperature leads to

recorded at each ramping rate and temperature. Thedecreasing Rilvalues (sedable J. As temperature

RHy values plotted versus ramping rate for each tem-
perature indicate a clear, linear correlation (5&g 7).

is increased, molecular mobility is increased within
the salbutamol sulfate samples. Therefore, less water is

The values at each temperature were fit to a straight necessary to induce a glass transition. Clearly there is
line using least squares analysis. The slopes of the fitsa strong dependence on both storage temperature and

appear to be relatively unchanged at the five temper-
atures, indicating the same dominant mechanism over
the temperature range studied. From the resulting lin-

ear fits, the extrapolated 0% RH/h glass transition RH

Table 2
Relative humidity ramping rates and corresponding;Rblues for
spray-dried salbutamol sulfate at 5, 15, 25, 35, and 45.0

humidity on the sample’s glass transition.

The RH, was also obtained at each ramping rate
and temperature (seble 3 and are plotted versus
ramping rate at each temperature fig. 8 Again,

Table 3
Relative humidity ramping rates and RNalues for spray-dried
salbutamol sulfate at 5, 15, 25, 35, and 450

Rate (% RHgat RHgat RHgat RHgat RHgat Rate (% RHcat RHcat RHcat RHcat RHcat

RH/h) 5°C 15°C 25°C 35°C 45°C RH/h) 5°C 15°C 25°C 35°C 45°C
0 64.5 58.0 44.4 39.0 32.8 0 81.0 74.1 66.4 57.8 50.4
2 65.8 58.8 45.3 39.7 33.0 2 82.2 74.8 67.5 58.9 51.5
5 67.0 60.9 475 40.7 341 5 86.8 78.2 70.5 64.3 57.1

10 70.3 63.1 49.8 42.4 34.7 10 90 80 73.7 67.3 60.4
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RH, versus Ramping Rate
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there is a clear trend: as ramping rate decreases,in Table 3 Again, Fig. 8 illustrates there is lit-
the RH. decreases. As before, the trends were sub- tle change in slope with temperature, indicating the
jected to a linear fit to extrapolate the values to a same crystallization mechanism dominates at each
0% RH ramping rate. The resulting values are given temperature.
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As with the RH;, the RH: decreases dramatically
with increasing temperature (séable 3. Again, the
higher temperatures increase the molecular mobility
of the sample, thus driving the crystallization process

and requiring less sorbed water necessary to force a
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tamol sulfate used in this study. Also, we would like to
thank Dr. Philippe Letellier of Servier for his thought-
ful discussions on glass transitions.
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