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Purpose. Use RH-perfusion microcalorimetry and other analytical techniques to measure the

interactions between water vapor and amorphous pharmaceutical solids; use these measurements and

a mathematical model to provide a mechanistic understanding of observed calorimetric events.

Materials. Isothermal microcalorimetry was used to characterize interactions of water vapor with a

model amorphous system, spray-dried raffinose. Differential scanning calorimetry was used to measure

glass transition temperature, Tg. High-sensitivity differential scanning calorimetry was used to measure

enthalpy relaxation. X-ray powder diffraction (XRPD) was used to confirm that the spray-dried samples

were amorphous. Scanning electron microscopy (SEM) was used to examine particle morphology.

Gravimetric vapor sorption was used to measure moisture sorption isotherms. Thermogravimetric

analysis (TGA) was used to measure loss on drying.

Results. A moisture-induced thermal activity trace (MITAT) provides a rapid measure of the

dependence of molecular mobility on moisture content at a given storage temperature. At some relative

humidity threshold, RHm, the MITAT exhibits a dramatic increase in the calorimetric rate of heat flux.

Simulations using calorimetric data indicate that this thermal event is a consequence of enthalpy

relaxation.

Conclusions. RH-perfusion microcalorimetry is a useful tool to determine the onset of moisture-induced

physical instability of glassy pharmaceuticals and could find a broad application to determine

appropriate storage conditions to ensure long-term physical stability. Remarkably, thermal events

measured on practical laboratory timescales (hours to days) are relevant to the stability of amorphous

materials on much longer, pharmaceutically relevant timescales (years). The mechanistic understanding

of these observations in terms of enthalpy relaxation has added further value to the use of RH-perfusion

calorimetry as a rapid means to characterize the molecular mobility of amorphous solids.

KEY WORDS: amorphous; enthalpy relaxation; glass transition temperature; hydration limit;
microcalorimetry; MITAT; structural relaxation.

INTRODUCTION

The metastable nature of amorphous pharmaceutical
solids is well known. Despite this challenge to their develop-
ment into products, the improvement in key pharmaceutical
properties of an amorphous drug could provide significant
advantages. In many cases, this enables products that might
not otherwise be developed. For example, the apparent
solubility and/or dissolution rate of a crystalline drug with
poor aqueous solubility can be improved by formulating and
processing it to produce an amorphous solid. Also, many
therapeutic proteins have greater physical and chemical
stability when formulated in molecular dispersions with
certain amorphous excipients. Though an amorphous drug
product is sometimes deliberately developed, oftentimes,

amorphous material is unintentionally produced during
processing (e.g., during milling, precipitation from solution,
compaction, lyophilization, etc.). Regardless of intent, the
greater molecular mobility (relative to the crystalline state)
of amorphous material could lead to physical events (i.e.,
collapse, crystallization) that adversely affect mechanical and
morphological properties, which could ultimately impact
product performance. Furthermore, chemical stability is
often controlled by molecular mobility. Thus, a key challenge
in the development of a partially or fully amorphous
formulation lies in the ability to ensure that the formulation
has acceptable long-term stability under pharmaceutically
relevant storage conditions. Because of the cost and time
necessary to conduct long-term stability studies, improving
the ability to predict long-term chemical and physical
stability has been an active area of research in our and
others_ laboratories.

In many cases, long-term stability is often synonymous
with low Bmolecular mobility.^ For diffusion-controlled
chemical reactions, translational and/or rotational molecular
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mobility often determines chemical degradation rates. Be-
cause water vapor or residual moisture is often present
during manufacture, storage, and use of pharmaceutical
solids, there is a need to experimentally identify temperature
and humidity conditions under which relaxation times (i.e.,
the time scale for long-range molecular motion) of an
amorphous solid exceed the expected storage time. Several
analytical methods [e.g., DSC (1), dielectric resonance
spectroscopy (2), thermally stimulated depolarization current
(3), NMR (4), isothermal microcalorimetry (5), and dynamic
mechanical analysis (6)] have been used to estimate charac-
teristic relaxation times. However, most studies involve
assessment of the molecular mobility of dried materials
(i.e., at or near zero water content); until recently, few
studies have provided information on the effect of water
content on characteristic relaxation times (7Y10).

In a previous paper, we reported on the use of water
vapor-perfusion or BRH-perfusion^ microcalorimetry to
measure interactions between water and amorphous materi-
als (11). For a given amorphous material, this analytical
technique was used to produce the moisture-induced thermal
activity trace, abbreviated here as BMITAT.^ This plot of the
thermal or calorimetric power as a function of relative
humidity is a measure of the total, non-specific rate of heat
flux due to interactions between a solid sample and water
vapor. Figure 1 shows the MITAT of spray-dried (amor-
phous) raffinose at 25-C. The ordinate axis is referred to as
calorimetric or thermal power, and is proportional to the rate
of production or absorption of heat. In these experiments,
exothermic thermal events are expressed as positive values.

The MITATs of many amorphous materials exhibit
common features. For raffinose (see Fig. 1), there is a low
activity region below 20% RH, a Btake-off^ point at about
20% RH, followed by a region of high exothermic activity
between 20 and 40% RH. In this work, we designate this
peak as the Ba-peak.^ Similar behavior has been observed for
other amorphous materials, including synthetic polymers,
proteins, and hydrophilic and hydrophobic drugs (see Fig. 2).

The so-called take-off point of a given amorphous
material, RHm, is assigned as the extrapolated onset of the
!-peak, and is assessed using the intersections of lines drawn
tangent to the calorimetric trace before and after the onset of
this peak. The take-off point is of particular interest because
it correlates with long-term physical stability. For example,
the take-off point of amorphous sucrose is 12% RH at 25-C.
Makower and Dye (12) found that sucrose remained
amorphous for more than 2 years when stored at or below
this relative humidity. In contrast, sucrose began to recrys-
tallize within 200 days when stored at a slightly higher
relative humidity, 16% RH. Based on this observation and
experience with the development of amorphous formulations
in our laboratories, RH-perfusion microcalorimetry has
already proved to be a useful tool to quickly assess conditions
that ensure physical stability over pharmaceutically relevant
storage times.

In addition to a useful correlation between physical sta-
bility and RHm, in previous work, we noted the correlation
between the water sorption (BET) monolayer and RHm. This
so-called Bmonolayer^ is the origin of the subscript used to
describe the take-off point. One objective of this work is to
further investigate these and other correlations to elucidate
the underlying physical phenomenon that gives rise to a take-
off point.

In one sense, RH-perfusion microcalorimetry can be
considered as the relative humidity analog of differential
scanning calorimetry (DSC). Whereas DSC is used to
monitor a sample_s energetic response to an imposed heating
profile (Btemperature scanning^), RH-perfusion microcal-
orimetry monitors the response of a material to a changing
RH or residual water content. Because temperature is often a
critical parameter for the processing, handling, and storage of
a pharmaceutical product, DSC is a widely used characteriza-
tion tool. Its widespread acceptance is a result of consider-
able efforts to understand and interpret observed thermal
events, often using orthogonal analytical techniques (e.g.,
spectroscopy, X-ray powder diffraction, hot-stage microsco-
py). In contrast, despite the relevance of relative humidity
conditions and residual water to the long-term stability of
pharmaceutical solids, a review of the literature shows that
RH perfusion calorimetry has only found limited use in the
pharmaceutical and food science fields (13Y15). This is in
part due to the difficulties in interpreting thermal events
induced by interactions of water vapor with a sample, which
becomes especially challenging when the composition of the
sample continuously changes during water vapor sorption or
desorption.

Calorimetry is an extremely versatile analytical tech-
nique because all processes result in the absorption or
production of heat. However, its non-specific nature makes
it challenging to interpret and understand the origin of
thermal events. The present study describes more recent
work in our laboratories to add specificity and to quantita-
tively understand the key thermal events observed in the
moisture-induced thermal activity traces of many amorphous
materials. In this work, we used several other analytical
techniques, including mathematical modeling, to elucidate
the origin of the thermal events of the MITAT of a model
amorphous material. Furthermore, we show the relevance of
thermal events measured on practical laboratory timescales

Fig. 1. Moisture-induced thermal activity trace of spray-dried

raffinose (25-C). The indicated Tg values are based on a cubic spline

interpolation of Tg(RH) data. Inset: MITAT trace for an experiment

in which the RH ramp began at 3.5% RH to avoid artifact introduced

at low RH (see text for details).
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(hours to days) to the stability of amorphous materials on
pharmaceutically relevant timescales (years).

MATERIALS

Raffinose pentahydrate was obtained from Ferro-
Pfanstiehl (Waukegan, IL). Polyvinylpyrrolidone (PVP) K-
90 was obtained from Fluka. Gentamicin sulfate was
obtained from Long March Pharmaceuticals (China).
Ursodeoxycholic acid and bovine serum albumin (Fraction
V) were obtained from Sigma. All chemicals were of 99%
purity or better.

To prepare amorphous raffinose, an aqueous solution of
2.0 wt.% solids content was spray-dried using a modified
Büchi 190 spray-dryer. The (controlled) inlet and (measured)
outlet gas temperatures were 120 and 75-C, respectively. To
reduce structural relaxation of the amorphous powder during
spray drying, the collector was cooled using a water bath at
ambient temperature (about 20-C). Powder was stored in a
drybox and handled in a glovebox at less than 3% RH at
ambient temperature. Spray-dried gentamicin sulfate was
prepared and handled in a similar manner, except the inlet

and outlet gas temperatures were 125 and 80-C, respectively.
Wide-angle X-ray powder diffraction was used to confirm
that both spray-dried powders were amorphous.

To prepare amorphous ursodeoxycholic acid, a powder
sample was cryogenically milled using a Spex SamplePrep
6750 Freezer/Mill. Approximately 1.8 g of crystalline powder
were enclosed in a tube containing a magnetic impactor bar.
The sample tube was immersed in liquid nitrogen and pre-
cooled for 10 min, and then milled for 80 cycles, with each
cycle consisting of alternating 1-min milling and 1-min resting
(to dissipate heat) periods. The impactor bar shuttled along
the length of the tube at a frequency of 10 Hz, which is
equivalent to 20 impacts per second. Wide-angle X-ray
powder diffraction was used to confirm that the milled
powder was amorphous.

EX SITU RH EQUILIBRATION OF POWDER

To pre-equilibrate powder at discrete RH values, samples
in open vials were stored in the vapor headspace of saturated
salt solutions in vacuum desiccators, which were placed in a
temperature-controlled incubator at 25-C (VWR, Model

Fig. 2. The moisture induced thermal activity traces (MITAT) of several amorphous materials at 60-C. From top to bottom: PVP (raw

material, as received), spray-dried gentamicin sulfate, spray-dried bovine serum albumin, and cryogenically milled ursodeoxycholic acid.

Arrows indicate estimated RHm values. All MITATs measured at a 6% RH/h scan rate, except for gentamicin sulfate (measured at 3% RH/h).
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1915). Each of the following salt solutions was used to provide
an environment of a given relative humidity at 25-C (16): LiBr
(6.4% RH), LiCl (11.3% RH), LiI (17.6% RH), KC2H3O2

(22.5% RH), MgCl2 (32.8% RH), K2CO3 (43.2% RH),
Mg(NO3)2 (52.9% RH), NaBr (57.6% RH), CoCl2 (64.9%
RH), and NaCl (75.3% RH). All salts used were of 99%
purity or better.

ISOTHERMAL MICROCALORIMETRY

The interactions of water with spray-dried amorphous
raffinose were studied using a heat-conduction isothermal
microcalorimetric system, Thermal Activity Monitor (TAM)
Model 2277 (Thermometric AB, Sweden). At a given
temperature, this technique measures the heat flux, P
(typically measured in mW), or thermal power due to all
energetic events. In each experiment, a powder sample was
placed into a stainless steel ampoule and connected to a Gas
Pressure Controller Device (GPCD) (Model 2255-120 Ther-
mometric AB, Sweden) that accurately controls the relative
humidity (RH) within the measurement ampoule (0 to 90 T
0.1% RH) as a step function or a linear ramp (17). An empty,
closed ampoule was used as a reference cell. Dry N2 was used
as the carrier gas at a constant flow rate (160 standard cm3/h).
The relative humidity was controlled by splitting the total flow
of the carrier gas into two streams. One stream was fed directly
to the sample ampoule, (i.e., the Bdry stream^), while the other
(Bwet^) stream was fed to two successive humidification
chambers. A stream of a given relative humidity was then
produced by controlling the ratio of the flow rates of the
wet and dry streams using mass flow controllers. This
method requires a mathematical correction to the relative
humidity in order to account for the increase in mass flow
rate as the nitrogen stream passes through the humidifica-
tion chambers. This correction was used throughout this
work.

In the RH-perfusion experiments of this work, an
amorphous sample was exposed to a vapor stream of
continuously increasing RH. About 10 to 15 mg of powder
were placed into a stainless steel ampoule and dried in situ by
flowing a dry nitrogen stream ($0% RH) until there was no
measurable thermal activity (i.e., P was within the range from
j1 to +1 mW). The RH was then increased in a linear ramp
from 0 to 90% RH over the following 30 h (i.e., at 3% RH/h).
In some cases, RH scans were started at some low, non-zero
RH in order to avoid an artifact introduced by the mass flow
controllers used to control RH (discussed later). The heat
flow resulting from the moisture interaction with the solid
sample was measured as a function of time. An identical
experiment was performed using an empty ampoule. This
background contribution was subtracted from all data
reported here.

MODULATED DIFFERENTIAL SCANNING
CALORIMETRY

The glass transition temperature, Tg, of a given sample
was measured using a TA Instruments Model Q1000 dif-
ferential scanning calorimeter equipped with a refrigerated

cooling system (New Castle, Delaware). The sample cell was
purged with dry nitrogen at a flow rate of 50 cm3/min.
Aluminum pans that contained between 2 and 10 mg of
powder were hermetically sealed. For an open-pan modulated
DSC experiment, the lid of the pan was pierced just prior to
the run. The scans were performed at a heating rate of 2-C/
min and a modulation amplitude and period of T 0.318-C and
60 s, respectively. These modulation conditions result in a
Bheat only^ modulation cycle. Each reported Tg corresponds
to the extrapolated onset of the transition.

HIGH SENSITIVITY DIFFERENTIAL
SCANNING CALORIMETRY

Isothermal enthalpy relaxation experiments were con-
ducted using a Setaram Micro DSC III (Setaram Inc.,
Caluire, France). Prior to an experiment, each powder
sample was pre-equilibrated at a given RH for several days
and then sealed into a 0.85 cm3 stainless steel ampoule. To
reduce the effect of moisture redistribution between the
powder and the headspace in the ampoule, the headspace
volume was minimized by tamping the powder so that
approximately 300 Y 800 mg powder fit into the ampoule. In
the worst-case scenario (i.e., the highest temperature
experiment), calculations show that approximately 0.014 mg
water would evaporate into the ampoule headspace, resulting
in a water content change of less than 0.01 wt.% H2O. The
enthalpy associated with moisture equilibration would be less
than 50 mJ. Thus, these experiments can be assumed to occur
at nearly constant water content (though, due to the
temperature-dependence of moisture sorption isotherms,
the equilibrium RH inside the ampoule will depend on the
temperature).

The thermal history of each amorphous sample was
controlled by heating at 1-C/min to 10-C above Tg and then
cooling at the same rate to an aging temperature (below Tg)
at which enthalpy relaxation was monitored for 24 h. To
reduce the effects of moisture redistribution and the presence
of temperature gradients across the sample during establish-
ment of thermal equilibrium, the first 10 min of data were
ignored in the analysis of isothermal enthalpy relaxation.
Relaxation or Bisothermal aging^ measurements were per-
formed at several temperatures on a single sample with a
given water content. Between isothermal aging experiments,
the thermal history of the sample was erased by reheating the
sample at 1-C/min to 10-C above Tg, and then cooling at the
same rate to the next aging temperature.

X-RAY POWDER DIFFRACTION

X-ray powder diffraction (XRPD) studies were per-
formed using an XRD-6000 diffractometer (Shimadzu Corpo-
ration, Japan). Samples were scanned from 3 to 40-2q, at
3-2q/min, with a step size of 0.04-2q, using a Cu radiation
source with a wavelength of 1.54 Å operated at 45 kV and
30 mA. To control the RH above the powder sample, an
Anton Paar TTK 450 (Austria) environmental chamber
attachment was integrated with a VTI Corporation (Hialeah,
Florida) RH-200 humidity generator.
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WATER VAPOR SORPTION/DESORPTION

Gravimetric water vapor sorption/desorption studies
were conducted with a DVS-1000 dynamic vapor sorption
system (Surface Measurement Systems, UK). The powder
samples (10 to 20 mg) were initially dried at 25-C until a
constant weight was achieved. The relative humidity was then
increased from 0 to 90% in increments of 5% RH. At each
step, the RH was held constant until the rate of mass change
(dm/dt) was less than the programmed equilibrium criterion,
0.001%/min. For a Bramp^ experiment, the sample was dried
in the same manner as above, and then it was exposed to a
linear ramp in RH from 0 to 90% RH at 3% RH/h.

THERMOGRAVIMETRIC ANALYSIS

The weight loss upon drying was measured using a TA
Instruments Model TGA-2950 Hi-Res instrument (New
Castle, DE). A sample mass between 5 and 15 mg was used
for each experiment. Each sample was heated from 25 to
110-C at 2-C/min. The temperature was then held at 110-C for
at least 90 min. The weight loss upon drying was calculated
using the initial sample mass and that at the end of the
isothermal step.

SCANNING ELECTRON MICROSCOPY

Scanning electron microscopy (SEM) was used to
observe the morphology of the spray-dried particles before
and after exposure to moisture. Samples were mounted on
silicon wafers that were then mounted on top of double-sided
carbon tape on an aluminum SEM stub. The mounted
powders were then sputter-coated with gold/palladium in a
Denton sputter-coater for 60 to 90 s at 75 mTorr and 42 mA.
This produces a coating thickness of approximately 150 Å.
Images were taken with a Philips XL30 ESEM operated in
high vacuum mode using an EverhartYThornley detector to
capture secondary electrons for the image composition. The
accelerating voltage was set at 20 kV using a LaB6 source.
The working distance was between 5 and 6 mm.

DISCUSSION AND RESULTS

Throughout this work, results are most often interpreted
and expressed in terms of RH rather than water content. This
convention is used here because RH is the independent
variable in RH-perfusion calorimetry, which is the focus of
this work. Water content and RH are interconvertible; at a
given temperature, a material_s moisture sorption isotherm
relates its water content to the RH. Though RH is most
commonly a measure of a sample_s environment (and water
content is a measure of the sample itself), RH is also
sometimes described as a sample property (e.g., the concept
of water activity used in the food science literature). To
support the use of either convention in this work, method
development work was done to evaluate the differences
between experiments on equilibrated samples (static mea-
surements) and results from dynamic measurements in which
the sample_s composition (wt.% H2O) and its environment
(RH) change continuously.

RH-PERFUSION CALORIMETRY METHOD
DEVELOPMENT

The previously mentioned analogy between RH-perfu-
sion microcalorimetry and differential scanning calorimetry
provides a useful basis of comparison for readers who are
familiar with DSC. Whereas DSC is used to monitor the
energetic response (Bheat flow^) to an imposed heating
profile (Btemperature scanning^), RH-perfusion microca-
lorimetry monitors the energetic response of a material to a
changing RH. To ensure quasi-equilibrium conditions in a
DSC experiment, the heating rate is limited by the thermal
diffusivity of the sample material. In a similar fashion, in an
RH-perfusion experiment, the diffusivity of water in the
material places a limit on the maximum RH scan rate that
can be used for a given sample size.

Because water uptake tends to be a diffusion-limited
process, development of an RH-perfusion microcalorimetry
method requires optimization of the following parameters:
sample mass and geometry, RH ramp rate, and carrier gas
flow rate. The equation relating these parameters to the
cumulative mass of perfused water at a given relative
humidity, m(RH), is given by:

m RHð Þ
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ms

Psat Tð Þ &
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100RT
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2
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where Psat(T) is the vapor pressure of water at the experiment
temperature, T, M is the molecular weight of water, R is the
universal gas constant,

&
V is the volumetric flow rate of the

carrier gas, ms is the sample mass, and
&

RH is the rate at which
relative humidity is linearly increased. To ensure Bsink^
conditions within the calorimetric ampoule, the incoming gas
stream must supply an excess of water relative to that
adsorbed or absorbed. Based on the above equation, the
preferred combination of parameters would be the use of a
small sample, a high carrier gas flow rate, and a low RH ramp
rate. However, a sufficiently large sample must be used to
provide an acceptable signal to noise ratio. Also, the design of
the gas pressure controller device (GPCD) limits the carrier
gas flow rate. Because one of the incoming carrier gas streams
is saturated with water by passing it through the hydrator
vessels of the calorimetric flow cell, a sufficiently low flow rate
of the carrier gas must be selected to ensure an adequate
contact time between the carrier gas and the water in the
hydrator vessels. Practical considerations around the duration
of the experiment place a lower bound on the RH ramp rate.
Furthermore, at high temperatures, low RH ramp rates may
not be possible because of depletion of the water in the
hydration vessels during a long (weeks) experiment.

When interpreting results measured using dynamic tech-
niques (RH-scanning experiments in either gravimetric vapor
sorption or RH-perfusion calorimetry experiments, or tem-
perature-scanning DSC experiments), it is emphasized that
the sample in each of these techniques is in quasi-equilibrium.
For RH-perfusion calorimetry experiments, method develop-
ment is necessary to optimize experiment parameters and to
assess the extent of deviation from equilibrium when using
those parameters.

A statistical design of experiments was conducted to
determine the optimum sample mass, RH ramp rate, and
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carrier gas flow rate. The approach to equilibrium was
assessed by comparison of the results of two types of
experiments. First, a spray-dried PVP-K90 sample was
exposed to an RH ramp from 0 to 20% RH (at 25-C), and
the total integrated heat was determined for this RH range.
In the second type of experiment, the total integrated heat
was determined when the RH was increased to 20% RH in a
single step and sufficient time was allowed for sorption to
proceed to completion. In the stepwise experiment, the
sample is assumed to be in moisture sorption equilibrium,
and the absolute value of the integrated heat represents the
maximum possible value for any ramp experiment.

For method development purposes, this material and
RH range was chosen to ensure that all heat effects were due
only to moisture sorptionVi.e., because PVP was well below
its Tg at all RH values, all events were energetically
reversible. Spray-dried PVP was also selected because it
would be expected to be similar to other amorphous systems
with respect to its hygroscopicity, specific surface area, and
the diffusivity of water within the solid. Based on the RH
ramp method used here, the integrated heat from the ramp
experiment (3% RH/h) was 94% of that from the RH-step
experiment, indicating that quasi-equilibrium conditions
were attained. In comparison, for spray-dried raffinose, the
integrated enthalpy from the ramp experiment (3% RH/h)
was 95% of that from the RH-step experiment. Thus, the
method used here provides a high flow rate of carrier gas, a
modest RH ramp rate, and a sufficiently low sample mass,
yet enough sample material to ensure a suitable signal to
noise ratio.

Though the above approach reduces the departure from
equilibrium moisture sorption, it does not eliminate it. To
assess a material under static conditions, one approach is to
conduct experiments at several RH scan rates and then
extrapolate results to zero scan rate. Because of the weak
dependence of results on RH scan rate and because the signal
to noise ratio suffers when using very low scan rates, this
extrapolation approach was not used in this work.

RAFFINOSE AS A MODEL SYSTEM

For much of the work of this study, raffinose was
selected as a model amorphous material for several reasons.
First, this trisaccharide readily forms an amorphous solid
upon spray-drying and has a sufficiently high glass transition
temperature, Tg, to enable studies over a broad RH range (or
range of water content). Second, raffinose remains amor-
phous following exposure to moderately humid conditions,
including those that depress the Tg of the hydrated raffinose
below ambient conditions. This enables Berasure^ of its
thermal history (by scanning to temperatures above Tg)
without the risk of crystallization. Finally, from work in our
own and others_ laboratories (18 Y 20) there is a substantial
amount of fundamental physicochemical data for this com-
pound.

Figure 3 shows the Tg and water content of raffinose as a
function of RH. Here, water contents were determined using
two different techniques. The moisture sorption isotherm was
determined using gravimetric vapor sorption. Also, the mois-
ture contents of powder samples equilibrated (for at least
1 week) at several RH values were determined based on the

loss on drying measured using thermogravimetric analysis.
The good agreement between the results of these techniques
indicates that the (dynamic) gravimetric moisture sorption
experiments were conducted over a sufficient timescale to
ensure attainment of equilibrium moisture sorption.

From Fig. 3, the calorimetric Tg of dry raffinose is about
116-C (heating at 2-C/min); upon sorption of water vapor, Tg

decreases to ambient temperature (25-C) at about 43% RH
(see Fig. 3). Because its stable crystalline form, raffinose
pentahydrate, contains 15.2 wt.% H2O, recrystallization from
the amorphous state is retarded below this water content.
Figure 4 shows the X-ray powder diffraction patterns of
raffinose following long-term exposure to several RH values
at 25-C; the onset of recrystallization is detected at 53% RH,
at which Tg = 11-C. This RH is consistent with a water
content of about 11.5 wt.% H2O. Crystallization at this
overall water content, a lower water than that of raffinose
pentahydrate, could be due to a gradient in moisture content
incurred during exposure of the samples to water vapor. That
is, surface material could have experienced a higher local
water content, leading to crystallization.

In a DSC experiment to measure Tg, the temperature is
increased at a constant rate. In contrast, in an RH-perfusion
experiment, the temperature is constant and the Tg of the
sample continuously decreases from its initial, Bdry^ value as
RH is increased. The MITAT of raffinose contains several
qualitative features that are also observed for many other
amorphous materials. First, at 0 to 5% RH, there is a
shoulder with a superimposed peak due to the onset of
moisture sorption. Much of this initial peak is an artifact of
the experimental apparatus; at 0 to about 3% RH, the mass
flow controller for the humid gas stream is unable to deliver
gas at extremely low flow rates. As the RH setpoint increases
slightly (above 3% RH), the mass flow controllers resume
the ability to accurately deliver the gas streams in the correct
proportions. The high thermal activity is due to the sudden
Bburst^ in water vapor delivered to the sample and pressure-
volume work (due to the sudden increase in overall mass flow

Fig. 3. Calorimetric glass transition temperature and water content

of spray-dried raffinose as a function of relative humidity (25-C).

Water content was determined using gravimetric vapor sorption.

Loss on drying results, as determined from loss on drying measure-

ments using thermogravimetric analysis, for discrete samples equi-

librated at various RH values are provided for comparison.
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rate). This hypothesis has been tested by using a previous
version of the RH-perfusion apparatus that instead uses a
flow switch to control the proportions of the dry and Bwet^
gas streams. In that case (not shown), the thermal power at
low RH rises much more slowly. To avoid this artifact when
using mass flow controllers, RH ramp experiments of other
experiments have been started at a modest RH (e.g., 3% RH),
though this results in loss of continuous data at lower RH
values (see inset of Fig. 1).

Interpretation of the thermal events the MITAT trace
requires knowledge of the glass transition temperature as a
function of RH. To this end, the MITAT in Fig. 1 has been
annotated with Tg(RH) data. The take-off point or onset RH,
RHm, of spray-dried raffinose is determined by the intersec-
tion of the linear extrapolation of the baseline prior to the
exothermic peak (Ba-peak^) and the line tangent to the front
of the peak. The take-off point of raffinose occurs at about
20% RH. For an experiment conducted at 25-C, raffinose is
28-C below its Tg at this RH (see Fig. 3).

As RH is increased beyond RHm, a broad, exothermic
peak (Ba-peak^) occurs. At an RH slightly beyond the peak
maximum, the thermal power Blevels off^ at a local minimum.
As RH is increased further, there is a sudden decrease in
thermal power. Materials that crystallize will exhibit another
peak, the sign (i.e., endothermic or exothermic) of which
depends on whether an anhydrous or hydrated crystal forms
and whether water vapor is absorbed or liberated upon
crystallization. Materials that do not crystallize (e.g., many
synthetic polymers and proteins) will continue to adsorb and /or
absorb water at increasing rates (and increasing thermal power).

Because sorption is highly energetic and will contribute
greatly to the MITAT, it is desirable to know whether the
take-off point is related to a change in the rate of moisture
sorption. In a separate approach to decouple the thermal
events due to moisture sorption from those due to other
energetic processes, the rate of moisture sorption was
gravimetrically measured using a gravimetric vapor sorption
instrument (using the same RH ramp rate used in the
calorimetric experiment). To enable comparison with RH-

perfusion data, the rate of moisture sorption was calculated
from the first derivative of the water uptake versus time data.
Figure 5 shows a comparison of the time derivative of the
water uptake data and the calorimetric (MITAT) results.
Though, due to its increased sensitivity, the calorimetric profile
has less noise, the derivative (gravimetric) data exhibits some
features that are qualitatively similar to those in the MITAT.

For example, at about 47% RH, the MITAT and
gravimetric (dm/dt) data both exhibit a decrease in rate.
Based on Tg(RH) data, the Tg at this RH is about 20-C.
Other workers have shown that, when the Tg of an
amorphous material decreases below the experiment tem-
perature, viscous flow can occur, eventually leading to
collapse (21,22). This has been proposed to occur when the
material reaches a critical viscosity for flow to occur over the
time scale of observation (23). For fine particles observed
over several hours, the critical viscosity is about 109Y1011 Pa s
(24), which is typically attained when Tg decreases to 5 to
15-C below the measurement temperature. This is consistent
with previous results from our laboratory (11)Vthe collapse of
spray-dried raffinose particles, as determined by a decrease
in specific surface area, begins to occur somewhere between
31 and 43% RH (at the latter RH, Tg = 25-C). SEM images
(Fig. 6) show that raffinose remains as discrete particles
following storage as high as 38% RH (25-C); gross moisture-
induced physical changes occur at higher RH values. Thus, the
reduction in specific surface area results in a decrease in the
moisture sorption rate, as measured both calorimetrically and
gravimetrically.

Despite their similarities, note that the gravimetric data
neither exhibit a well-defined take-off point nor a peak
profile similar to that observed in the MITAT. Thus, the
calorimetric take-off point and !-peak are not directly related
to the amount or rate of moisture sorption. Nevertheless,
analysis of derivative gravimetric moisture uptake data does
provide a useful means to detect the RH threshold that leads
to macroscopic structural collapse of an amorphous material.
This phenomenon alone is known to be a main failure mode

Fig. 5. Gravimetric (dm/dt; solid trace) and calorimetric (dashed

trace) measurements during moisture uptake at 25-C as a function of

RH. In both cases, RH was increased linearly at 3% RH/h. The spike

in the gravimetric data at 0 to 5% RH is an artifact of the

performance of mass flow controllers at low flow rates.

Fig. 4. X-ray powder diffraction patterns of spray-dried raffinose

following exposure to the given relative humidities (at 25-C) for

more than 8 weeks. Traces are vertically offset for clarity.
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for amorphous food powders (25) and lyophilized protein
formulations (2).

Labeling the MITAT with the Tg values measured
using DSC facilitates interpretation of its key features.
However, care must be taken when inferring the Tg of a
sample in an RH-perfusion experiment based upon DSC
measurements on samples pre-equilibrated at given RH
values. These two analytical techniques do not measure the
Tg over the same observation period (or at an equivalent
frequency). If the width of a typical glass transition event is
about 15-C for a sample heated at 2-C/min in a DSC
experiment, then the period of observation is about 500 s.
For an RH scan, however, the observation period is much
longer. For example, in the region of Tg = 25-C (see Fig. 3)
the Tg of raffinose decreases by about 15-C for every 10%
increase of RH. For an RH scan rate of 3% RH/h, this RH
change occurs over more than 3 h. Thus, the observation
period for the RH-perfusion experiment is about 20 times
greater than that for a DSC experiment at 2-C/min. Because
of this difference, the estimated Tg from an RH perfusion
experiment would be expected to be lower than that
estimated from a DSC experiment. Hancock et al. (26) show
the effect of DSC heating rate on the measured Tg of several
amorphous solids; for each order of magnitude decrease in
scanning rate, Tg decreased by about 7-C. Because the
frequency dependence on Tg is slight (within a few degrees),
and because the sample is in quasi equilibrium during an RH
scan, these two effects will partially compensate one another,
and the impact on our results will be minimal.

Inspection of Fig. 1 shows that the Tg of the plasticized
raffinose at the end of the !-peak approaches the experi-

mental temperature (25-C). This suggests that this peak is
related to enthalpy relaxation (and only indirectly to
moisture sorption), a phenomenon that occurs during storage
at temperatures below Tg. Enthalpy relaxation occurs spon-
taneously for an amorphous material stored below its fictive
temperature, the temperature of the (metastable) equilibrium
supercooled glass with the same enthalpy as that of the real
glass. Because the fictive temperature (based on enthalpy) of a
freshly prepared sample is often within a few degrees (K) of
Tg, we neglect the differences between the fictive tempera-
ture and Tg as we attempt to relate the observations of the
MITAT with structural relaxation. Volume and enthalpy
relaxation phenomena have been extensively studied, and for
a more thorough explanation, the reader is directed to the
physics, food science, materials science, mineralogy, and
pharmaceutics literature [please see Hodge (27), Angell
et al. (28), Moynihan (29), Struik (30), Liu et al. (5), Tool
(31), Narayanaswamy (32), and McKenna (33)].

The relaxation function, �, relates the time-dependent
relaxation enthalpy, $Hr, to the enthalpy change to relax to
the Bequilibrium^ glass, $H1r :

� ¼ 1� $Hr

$H1r
ð2Þ

A relaxation model relates the rate of change of the
relaxation function with time to more physically meaningful
parameters. The KohlrauschYWilliamsYWatts (KWW)
stretched exponential function (34,35) has been used to
model several molecular processes, among them, volume
(30,36) enthalpy (37), and dielectric relaxation (35), protein

Fig. 6. SEM images of spray-dried raffinose following exposure to the given relative humidities (25-C)

for more than 8 weeks. Raffinose remains as discrete, spherical particles following storage as high as

38% RH; at higher RH values (e.g., 43.2% RH), viscous flow results in bridging of particles.

Recrystallization occurs at even higher RH values, as indicated by angular features in the image at 69%

RH (as confirmed by X-ray powder diffraction resultsVsee Fig. 4).
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aggregation (38), and NMR data. The KWW equation is
given by:

� ¼ exp � t

t

� ��� �
ð3Þ

where t is a characteristic relaxation time and ��� is the degree
of non-exponentiality. This Bstretching^ parameter, ���, is also
considered to be a measure of the width of the distribution of
Trelaxation times and the fragility of the glass; lower ��� values
denote a broad distribution of relaxation times and a more
fragile glass. For organic glass formers and mixtures thereof,
typical ��� values are reported to be between 0.3 and 0.7 (39).

Note that there is no universally accepted model for
relaxation processes-several other equations have been
proposed [e.g., bi- and tri-exponential models (40), double
KWW functions to model processes with slow and fast
relaxation processes, the modified stretched exponential
[MSE] Eq. (5)]. Because the KWW model is able to describe
relaxation data for the materials of this study reasonably
well, we chose it for its simplicity-most models use more
adjustable parameters than the two parameters used in the
KWW model.

To determine the contribution of enthalpy relaxation to
thermal power, P, the differentiated form of the KWW
equation is used (5):

P ¼ d�

dt
¼ $H1r

�

t
t

t

� ���1

exp � t

t

� ��� �
ð4Þ

By assuming that the heat capacity difference between
the glass and the supercooled liquid, $Cp, is independent of
temperature and that the fictive temperature equals the glass
transition temperature, $H1r can be estimated using:

$H1r � $CP � Tg � T
� �

ð5Þ

Many workers have used enthalpy relaxation or enthalpy
recovery measurements to probe molecular mobility in
amorphous pharmaceutical solids stored below their Tg (1,
2, 5, 38). Enthalpy recovery measurements are commonly
made using DSC or modulated DSC. Using DSC, the extent
of enthalpy recovery is measured for samples aged for
different times at a given storage temperature. To determine
relaxation parameters, discrete values of recovered enthalpy
versus time data are fit to a relaxation model. In recent years,
isothermal microcalorimetry has enabled continuous moni-
toring of enthalpy relaxation (5). Besides the collection of
more data points, the isothermal microcalorimetry approach
allows determination of relaxation parameters from a single
experiment (as compared to the multiple experiments
required for a typical DSC-based method).

In this work, high-sensitivity DSC experiments were
used to estimate relaxation parameters for samples of fixed
composition (residual water content). This technique pro-
vides the advantages of both the DSC and isothermal
microcalorimetric methods-high sensitivity to enable real-
time monitoring of enthalpy relaxation, and the ability to
scan temperature, which enables precise control of a sample_s
thermal history. The benefits (and disadvantages) of high-
sensitivity DSC compared with other methods used to

estimate relaxation parameters will be the subject of another
paper.

To determine the effect of residual moisture on molec-
ular mobility using high-sensitivity DSC, measurements were
conducted on powders that were pre-equilibrated at various
RH values (at 25-C). Figure 7 shows enthalpy relaxation data
at several sub-Tg temperatures for a raffinose sample that
had been pre-equilibrated to 22.5% RH (25-C). In such
experiments, the calorimetric power (positive values indicate
exothermic processes) is proportional to the rate of enthalpy
relaxation, assuming that there are no other energetic
processes that occur. As expected, the rate of enthalpy
relaxation increases as the storage temperature approaches Tg.
As previously noted, to reduce the contribution of transient
effects (e.g., heat conduction, moisture re-equilibration), the
first 10 min of each data set was ignored in the analysis of
isothermal enthalpy relaxation data.

To estimate relaxation parameters, the LevenbergY
Marquardt algorithm was used to perform a non-linear least
squares minimization (Microcal Origin, version 6.0) of each
set of relaxation data using the differential form of the KWW
equation [Eq. (4)]. Convergence was improved when time
was expressed in units of hours (rather than units of seconds
used in data acquisition). Kawakami and Pikal (41) have
noted that, because of opposite trends in the values of t and
���, t � tends to be less sensitive to curve fitting uncertainty
than t. We have also found this to be the case. Furthermore,
as an amorphous material undergoes relaxation, t increases
and ��� tends to decrease. Kawakami and Pikal noted that
these changes tend to offset one another, making t � a more
Bstable^ parameter.

In recent years, such isothermal enthalpy relaxation
measurements have become more routine in the develop-
ment of stable amorphous pharmaceutical formulations. With
some effort, the relaxation parameters of a given, fixed
composition, can be determined at several temperatures of
interest (37). In contrast, in an RH-perfusion experiment, the

Fig. 7. Enthalpy relaxation of raffinose that has been equilibrated at

22.5% RH/25-C, as measured using high-sensitivity DSC (isothermal

microcalorimetry). Calorimetric power was monitored for 24 h at

seven annealing temperatures between 10 and 40-C below Tg.

Annealing temperature decreases from right to left.
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sample composition and Tg are changing in a non-linear
manner with respect to time (or RH). Because of this
complexity (and the non-exponentiality and non-linearity of
enthalpy relaxation), it is difficult to envision the calorimetric
manifestation of enthalpy relaxation as RH (and moisture
content) continuously changes.

Figure 8 shows the results of fitting isothermal enthalpy
relaxation data of raffinose to the differentiated form of the
KWW equation [Eq. (4)]. These data represent the results of
36 separate 24-h isothermal relaxation experiments on
amorphous raffinose equilibrated at 6.4, 11.3, 22.5, and
32.8% RH. Figure 8a shows the characteristic relaxation
function, t�, of spray-dried raffinose as a function of an-
nealing (or aging) temperature. At any temperature, the
characteristic relaxation time increases as water content (or
RH) is reduced, as expected. When expressed in terms of the
storage temperature interval below Tg, TgjT, this collection
of points collapses to a narrow band (see Fig. 8b). This

demonstrates that, over this range of water content (or RH),
there is a superposition of the effects of moisture and
temperature. That is, when expressed on the basis of the
storage temperature interval below Tg, different hydrated
raffinose samples exhibit similar relaxation behavior and this
behavior is a strong function of TgjT.

To visualize the contribution of enthalpy relaxation to the
calorimetric power, [Eq. (4)] can be simplified for the special
case in which the observation period is much shorter than the
characteristic relaxation time, which occurs when relaxation
has not occurred to any significant extent (� $ 1), giving:

P � $H1r
�

t
t

t

� ���1

t << tð Þ ð6Þ

In this simplified case, the thermal power is proportional to ���
and the driving force for enthalpy relaxation, $H1r , and
inversely proportional to the characteristic relaxation time.
These qualitative relationships will be critical to understand-
ing the MITATs of raffinose and other amorphous solids.

The trends in these quantities (the driving force for
relaxation and the relaxation rate) with RH can be
estimated by interpolating results determined from experi-
ments conducted at discrete RH values. Figure 9 shows that
the estimated relaxation rate (given as the reciprocal of the
characteristic relaxation time) at 25-C as a function of TgjT.
Comprehension of the conceptual basis of this figure is
essential to understanding the origin of the take-off point and
the associated !-peak of amorphous materials. At low RH,
the driving force for enthalpy relaxation ($H1r ) is large,
yet the relaxation rate is low because the storage temperature
is far below the sample_s Tg. In contrast, as RH increases and
the Tg decreases toward the storage or experiment temper-
ature, the relaxation rate increases and the $H1r value
decreases to zero at Tg (or the fictive temperature, Tf).
Finally, at some relative humidity denoted as RHg, the Tg of
the sample equals the experiment temperature. These

Fig. 8. Characteristic relaxation function, t� , of spray-dried raffinose

as a function of (a) annealing temperature, or (b) temperature

interval below the glass transition, TgjT. In both cases, t is

expressed in units of days. Results for powders equilibrated at

several RH values are shown (powders were RH-equilibrated at

25-C, aging experiments conducted at several temperatures). Relax-

ation parameters t and b are based upon non-linear least squares

fitting of enthalpy relaxation data to Eq. (4).

Fig. 9. The rate (1/t) and driving force ($H1r ) for enthalpy relaxation

of spray-dried raffinose as a function of RH (25-C). Relaxation

parameters are based upon non-linear least squares fitting of

relaxation data to [Eq. (4)]. $H1r is estimated using Eq. (5). The

concepts illustrated in this figure are essential to the understanding of

the origin of the take-off point and the associated a-peak.

2300 Miller and Lechuga-Ballesteros



opposite trends with RH illustrate that, at some intermediate
RH, there is a maximum in thermal power due to enthalpy
relaxation. Note that, because of the logarithmic scale used to
plot the relaxation rate, this maximum is not necessarily
located at the intersection of the two curves.

Hodge and Berens (42) simulated the glass transition
and enthalpy relaxation response of a given material during a
DSC heating scan by treating the heating profile as a series of
small temperature steps punctuated by isothermal holding
periods [other workers (43) used a finite-element approach].
In an analogous fashion, a continuous RH scan in an RH-
perfusion experiment can be envisioned as a series of small
RH steps interspersed with (imaginary) observation periods,
the duration of each which is related to the RH scan rate.
Each step is followed by holding the sample at constant RH
for a duration given by:

$t ¼ RH
&

RH
ð7Þ

where �RH is the linear rate of increase of RH.
To estimate the effect of increasing RH on enthalpy

relaxation, we conducted a simulation using the KWW
relaxation parameters (t and ���) of raffinose samples equil-
ibrated at discrete temperatures and several moisture con-
tents (see Fig. 8). To model the calorimetric output due to
enthalpy relaxation as a function of relative humidity, $Cp,
and Tg must also be known as a function of RH [see Eq. (5)].
Using Engineering Equation Solver (F-Chart Software,
Madison, WI), t and ��� values determined from (KWW)
analyses of high-sensitivity DSC experiments were fit as a
function of RH. The RH-dependences of Tg and $Cp were
determined from DSC experiments on powder samples pre-
equilibrated at several RH values (see Table I). These data
were used to estimate the dependence of $H1r on RH using
Eq. (5). To simulate the calorimetric power due to enthalpy
relaxation as RH is increased in an RH-perfusion experi-
ment, the RH range from 0 to RHg at 25-C (43% RH) was
discretized into $RH steps of 1% RH. For a scan rate of 3%
RH/h, the duration at each RH step is 0.33 h. Based on
values of t, ���, $Cp, and Tg as a function of RH, the mean
calorimetric power at each RH interval was calculated using
Eqs. (3) and (4). These calculations assume that, at each RH
step, the fictive temperature of the amorphous material was
equal to its Tg. This assumption is unlikely to be accurate at

high RH values, conditions under which the Tg of the
material approaches the storage temperature. Under such
conditions, appreciable enthalpy relaxation occurs over the
timescale of the experiment, leading to a complex thermal
history (i.e., the fictive temperature continuously decreases in
a non-linear fashion during the experiment). In contrast, at
RH values near the take-off point, the extent of relaxation is
sufficiently small such that this assumption (Tg = Tf) is
reasonable. Because the location (i.e., the RH value) of the
take-off point is most relevant to long-term stability, the
uncertainty introduced by a complex thermal history (at
higher RH values) is of a lesser practical concern.

Figure 10 shows the comparison between the measured
MITAT and the simulated contribution of enthalpy relaxa-
tion at two different RH scan rates. The close agreement
between the simulated and measured take-off points provides
convincing evidence for the origin of the !-peak. The
skewness of the !-peak in the MITAT is qualitatively
reproduced in the calculated curve. Because the MITAT is
the sum of the rates of enthalpy change of all thermal events,
it is difficult to quantitatively compare the measured and
simulated curves. However, the contribution of moisture

Table I. Calorimetric Data of Hydrated Raffinose

RH at 25-C (%) wt.% H2O Tg (-C) DCp (J gj1 Kj1)

0 0 116 0.58

6.4 2.0 75.2 0.62

11.3 3.0 66.7 0.63

22.5 4.9 49.7 0.66

32.8 6.3 37.8 0.66

43.2 8.7 24.3 ND

52.9 ND 11.6 ND

ND No data.
DCp values are based on the mass of the hydrated sample.
Residual water contents were determined from loss on drying
measurements using TGA (collapse of the sample equilibrated at
52.9% RH resulted in incomplete drying in TGA experiments).

Fig. 10. MITAT of a single spray-dried raffinose for RH scan rates

of either 1 or 3% RH/h (25-C): (a) measured MITAT and (b)

simulated contribution due to enthalpy relaxation.
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sorption to the thermal power can be estimated by linear
extrapolation from the value at the take-off point to that at
the end of the !-peak. In this case, given the uncertainty in
the estimations of relaxation parameters, the agreement
between the order of magnitude of the enthalpies (given by
Tthe peak areas) of the measured and simulated results is
good. Furthermore, the trend in the simulated calorimetric
traces as a function of RH scan rate is consistent with the
measured MITAT. Based on these results, we conclude that
the !-peak is due to enthalpy relaxation induced by moisture
sorption. In principle, using an iterative algorithm of the
above simulation, the enthalpy, skewness, and location of this
peak could be used to estimate KWW relaxation parameters
(t and ���.)

To further investigate the proposed origin of the !-peak,
the MITATs of two samples of different BRH history^ were
measured. The MITAT of a spray-dried raffinose sample was
measured during an RH scan from 0 to 36% RH. The sample
was aged for almost 24 h at 36% RH and then dried at 0%
RH. Following this treatment, the sample remained as
discrete particles with no significant change in specific
surface area. Because the sample stored at 36% RH was
only 9-C below its Tg, it underwent appreciable enthalpy
relaxation. After drying for several days at 0% RH, the
MITAT of the sample exposed to 36% RH was measured
(Fig. 11). Due to the enthalpy relaxation that occurred during
storage at 36% RH, the extent of its enthalpy relaxation was
less than that of the untreated, initial sample, as evident from
the greater (extrapolated) area under the curve of the initial
sample. Also, note that the take-off point also shifted to a
higher RH value due to enthalpy relaxation during storage at
elevated RH; values determined from the 0 and 36% RH
samples were about 20 and 33% RH, respectively. The
increase in the take-off point of the sample stored at 36%
RH reflects the increase in its characteristic relaxation time.
This is not unexpected; because the enthalpy relaxation rate

depends on the state of the glass, the characteristic relaxation
time will increase as structural relaxation proceeds.

Note that, for a given amorphous solid, the take-off
point, RHm, is not a strictly defined threshold relative
humidity. Because enthalpy relaxation occurs at a finite rate
at all temperatures below the fictive temperature, the
determined value of RHm will depend on the sensitivity of
the calorimeter (or other analytical technique used to assess
moisture-induced relaxation). For example, the characteristic
relaxation time at the take-off point can be estimated by
assuming that the take-off point can be detected as a change
above the sorption baseline of 2 mW for a 10 mg sample.
Based on values typical for the amorphous solid materials we
have studied: ��� = 0.4, $Cp = 0.6 J/g -C, the t value at the
take-off point can be estimated as a function of TgjT at the
take off point based on a rearrangement of Eq. (6) given by:

t �
$Cp � Tg � T

� �

P
� t��1

� �1=�

t << tð Þ ð8Þ

Figure 12a shows simulated values of C at RHm for a few
values of ��� (based on $Cp = 0.6 J/g -C). Typically, at the
take-off point, the Tg value is between 20 and 40-C above the
experimental temperature. For organic glasses that typically
have ��� values near 0.3, these TgjT values correspond to
characteristic relaxation times between 100 days and 4 years,
respectively. For the raffinose MITAT at 25-C, RHm = 20%
RH and TgjT = 53-Cj25-C = 28-C. Based on ��� = 0.3, the
estimated characteristic relaxation time from Fig. 12 is about
1 year. Note that the characteristic relaxation time estimated
in this manner will be a strong function of the b value.
However, when the simulated values are expressed as t� as a
function of TgjT (see Fig. 12b), there is a much weaker
dependence on ���. As discussed previously, the relative

invariance of t� has been reported by Pikal and coworkers.
This point is mathematically reflected in Eq. (7), which can
be rearranged to give:

t� �
Cp � Tg � T

� �

P
� t��1 t << tÞð ð9Þ

Comparison on the basis of t� is preferred not only for its
relative invariance (Fig. 12b), but also because it incorporates
both the characteristic relaxation time and the width of the
distribution of relaxation times. Using Eq. (8) (or Fig. 12b),
the t� value of a given formulation (with $Cp = 0.6 J/g) can be
estimated based on the take-off point measured using RH-
perfusion calorimetry and the Tg and $Cp measured (e.g.,
using DSC) for a sample equilibrated at the RH of the take-off
point. In this manner, the t� values of several amorphous
formulations can be compared.

Because the ��� value is related to the distribution of
relaxation times, it has an important bearing on molecular
mobility. Shamblin et al. (44) emphasized that attempts to
correlate stability with structural relaxation should consider
the distribution of relaxation times. As an example, if the
take-off point occurs at TgjT = 30-C, Fig. 12a shows that
characteristic relaxation times could be range from 20 days to
more than 1 year for 0.3 < ��� < 0.5. Thus, without a priori
knowledge of ���, it is not possible to estimate t (however,
recall that lumped parameter t� is relatively invariant for

Fig. 11. MITAT of a spray-dried raffinose sample before and after

aging for 36 h at 36% RH (25-C), an RH at which Tg = 34-C. Arrows

indicate RHm values of original ($20% RH) and annealed ($33%

RH) samples.
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typical values of ���, see Fig. 12b). One simple approach to
estimate ��� is to first use the procedure outlined by Hancock
et al. in which the fragility, m, is estimated from the width of
the glass transition event, typically measured in a single DSC
experiment (26). Then, the fragility can be related to ��� by the
empirical relation proposed by Böhmer et al. (39):

m ¼ 250� 320 � ð10Þ

It is cautioned that this methodology provides a rough
estimate of ���. Other, more intensive approaches, such as
estimating the fragility from the heating rate dependence of
Tg, could lead to better estimates of m and ��� (26).

The above results show that for instruments (e.g.,
Thermometric TAM 2277, Setaram Micro DSC III) capable
of measuring thermal events on the order of 1 mW,
characteristic relaxation times on the order of years can be
determined from RH-perfusion experiments. Based on the

results shown in Fig. 8, the relaxation time at RHm increases
by several orders of magnitude as the temperature is
decreased below Tg. For a DSC scan rate of 10-C/min, the
characteristic relaxation time at the calorimetric Tg is
reported to be on the order of 400 s (29), though the
universality of this value has been debated (45). For a typical
pharmaceutical glass (��� < 0.3) with a relaxation time of 400 s
at Tg, and a take-off point that occurs at about TgjT = 30-C,
the characteristic relaxation time is on the order of years at
RHm, as shown in Fig. 12a. Thus, current instruments are
sufficiently sensitive for determination of relaxation times
relevant to long-term storage (e.g., 2 years) of amorphous
pharmaceutical solids. In the future, additional gains in
sensitivity could enable the detection of moisture-induced
beta relaxations in proteins and other materials.

To make practical use of estimated relaxation times, it is
necessary to consider the relationship between structural
relaxation and the processes that lead to physical or chemical
instability. A characteristic relaxation time is a measure of
molecular mobility. In turn, molecular mobility is related to
phenomena involving physical instability, such as viscous flow,
collapse, and crystallization. At temperatures below Tg,
viscous flow and collapse do not occur to any significant
extent. However, crystallization is known to occur at storage
temperatures below Tg (46). Though the characteristic time
constant for enthalpy (or volume) relaxation might not be
equivalent to the time constant for other processes, such as
nucleation and crystal growth, their relationship with molec-
ular mobility enables practical use of relaxation times to
estimate conditions that are likely to provide long-term
physical stability.

Up to this point, this report has focused on determina-
tion of enthalpy relaxation as the origin of the sub-Tg thermal
event (B!-peak^) observed in the MITAT. However, the
underlying mechanism for the moisture-induced relaxation
remains an open question. Plasticization of amorphous
materials by water and other small molecules is a well-known
phenomenon. In previous work, we noted the correlation
between the water sorption (BET) monolayer and RHm.
Though the BET model has been used to successfully fit
moisture sorption isotherm data for many amorphous sys-

Fig. 13. Annotated events of the moisture-induced thermal activity

trace of spray-dried raffinose (25-C).

Fig. 12. Estimated characteristic relaxation time at RHm as a

function of the temperature interval below Tg at which RHm is

observed. Results expressed in terms of (a) t and (b) t� . Simulations

made using Eqs. (8) and (9) (respectively), with P = 0.2 mW/mg at

the take-off point and $Cp = 0.6 J/g -C, and an observation time

equivalent to 0.33 h.
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tems at low-to-moderate RH values, it must be noted that the
water sorption monolayer for amorphous systems is not
physically well defined because both absorption and adsorp-
tion occur (47).

Though there are questions about the physical meaning
of a water monolayer for a given amorphous material
calculated using the BET and other models, there is
undoubtedly a critical moisture content below which long-
term stability is observed. One explanation is that an
amorphous solid contains a finite amount of hydrophilic sites
that become saturated at some critical moisture content.
Above this moisture content, ad/absorbed water molecules
have a greater molecular mobility. Thus, water exhibits
different behavior below and above this critical moisture
content. This water-binding site saturation hypothesis is
supported by calorimetric measurements that show that,
above RHm, the heat of water sorption approaches the
enthalpy of condensation of water.

Regardless of the underlying mechanism, the correla-
tion of RHm with long-term physical stability has practical
value. This work demonstrates the utility of RH-perfusion
calorimetry at providing a rapid, straightforward technique to
estimate the combined effect of temperature and RH on the
stability of amorphous solids. The ability to compare
formulations based on molecular mobility below Tg provides
significant advantages over formulation screening based on
Tg alone. Furthermore, RH perfusion experiments conducted
on a material at several temperatures provides a means to
prepare a long-term stability diagram that is useful for
determining RH and temperature conditions that ensure
stability of pharmaceutical materials during processing,
handling, and use. Such diagrams will be the subject of a
forthcoming research article.

CONCLUSIONS

RH-perfusion microcalorimetry can be considered as the
relative humidity analog of differential scanning calorimetry;
instead of the thermal response of an imposed temperature
profile, RH-perfusion calorimetry provides a measure of the
thermal response to a programmed relative humidity profile.
This technique provides a rapid measure of the interactions
between water vapor and amorphous pharmaceutical solids.
The resulting calorimetric trace, known as the moisture
induced isothermal activity trace (MITAT), shows general
behavior for many amorphous pharmaceutical solids. At
some relative humidity threshold, RHm, the MITAT exhibits
a substantial increase in the calorimetric power, which is
proportional to the rate of heat production. Below this RH
value, long-term physical stability (i.e., on the order of years)
is observed. Our observations, reinforced with literature data
demonstrating long-term physical stability, provide support
for RHm as a meaningful indicator of long-term physical, and
perhaps chemical, stability.

Because of the non-specific nature of calorimetry,
multiple solid-state characterization techniques were used to
further interpret and understand the origin of thermal events
comprising the MITAT of a model amorphous material. The
calorimetric events in the moisture-induced thermal activity
trace of spray-dried raffinose (25-C) have been annotated in
Fig. 13. Macroscopically detectable events such as collapse

and crystallization were determined using X-ray powder
diffraction and gravimetric vapor sorption. Though the
take-off point was not found to be associated with a sudden
increase in the rate of moisture sorption, analysis of derivative
gravimetric moisture uptake data did provide a useful means
to detect the RH that leads to macroscopic structural collapse
of an amorphous material. Other events, such as recrystalliza-
tion, could also be assessed using both calorimetric and
(derivative) gravimetric techniques.

Because of its relevance to long-term stability, under-
standing the take-off point was the primary objective of this
work. Isothermal enthalpy relaxation measurements (using
high-sensitivity differential scanning calorimetry) on hydrated
samples of fixed composition were used as inputs to a
mathematical simulation of enthalpy relaxation induced by
moisture uptake. This model correctly predicted the take-off
point and was able to explain the shape of the subsequent peak
in thermal activity. These results indicated that the origin of
the take-off point is the onset of detectable enthalpy relaxa-
tion. The mechanistic understanding of these observations
adds further value to the use of RH-perfusion calorimetry as a
rapid means to characterize the molecular mobility of
amorphous solids. Further modeling work showed that
commercially available microcalorimeters are able to deter-
mine relaxation times relevant to long-term storage of
amorphous pharmaceutical solids.

Though the underlying molecular-level mechanism for
moisture-induced relaxation remains an open question, RH
perfusion calorimetry still has considerable practical value.
The ability to compare formulations on the basis of molecular
mobility at temperatures below Tg provides significant advan-
tages over formulation screening based on Tg alone or based
on rules of thumb, such as recommending a storage temperature
at least 50 K below Tg. RH-perfusion calorimetry measurements
at several temperatures provide a means to estimate the
combined effect of temperature and RH on the stability of
amorphous solids. Most remarkably, thermal events measured
on practical laboratory timescales (hours to days) are relevant
to the stability of amorphous materials on much longer,
pharmaceutically relevant timescales (years).
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