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The use of a new sample holder for dynamic mechanical analysis (DMA) as a means to characterise the Tg

of powdered hydroxypropyl methyl cellulose (HPMC) has been investigated. A sample holder was con-
structed consisting of a rectangular stainless steel container and a lid engineered to fit exactly within the
walls of the container when clamped within a TA instruments Q800 DMA in dual cantilever configuration.
Physical mixtures of HPMC (E4M) and aluminium oxide powders were placed in the holder and subjected
to oscillating strains (1 Hz, 10 Hz and 100 Hz) whilst heated at 3 ◦C/min. The storage and loss modulus
signals showed a large reduction in the mechanical strength above 150 ◦C which was attributed to a glass
morphous powders
ynamic mechanical analysis (DMA)
morphous content
lass transition
PMC
owder holder

transition. Optimal experimental parameters were determined using a design of experiment procedure
and by analysing the frequency dependence of Tg in Arrhenius plots. The parameters were a clamping
pressure of 62 kPa, a mass ratio of 0.2 HPMC in aluminium oxide, and a loading mass of either 120 mg
or 180 mg. At 1 Hz, a Tg of 177 ± 1.2 ◦C (n = 6) for powdered HPMC was obtained. In conclusion, the new
powder holder was capable of measuring the Tg of pharmaceutical powders and a simple optimization

, usefu
protocol was established

. Introduction

The solid state characterisation of novel pharmaceuticals and
olymeric materials frequently involves the measurement of a glass
ransition temperature (Tg) (Craig et al., 1999; Pijpers et al., 2002).
he Tg is a vitally important feature of a pharmaceutical material,
ecause it marks a dramatic change in viscoelastic properties which
as implications not only for the material’s mechanical behaviour
ut also for its stability (Angell, 1995; Debenedetti and Stillinger,
001). Dynamic mechanical analysis (DMA) is used to characterise
olid materials by monitoring their mechanical properties, storage
odulus (G′) and loss modulus (G′ ′), during heating (Menard, 1999;

rice, 2002). DMA is highly sensitive to the decline in mechanical
trength over the glass transition region of amorphous or partially
morphous solids. However, the application of DMA is restricted to

elf-supporting systems, for example bars, films or fibres (Menard,
999; Price, 2002; Bandi and Schiraldi, 2006), and the literature
eports of the use of conventional DMA to characterise the Tg of

powdered pharmaceutical are rare (Royall et al., 2005). Nev-
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ertheless the analysis of Tg associated with powdered materials
is essential for the development of amorphous drugs and phar-
maceuticals, for example amorphous solid solutions of drugs and
polymers, milled or spray dried particles and stabilised protein for-
mulations (Fragiadakis et al., 2005; Mao et al., 2006).

The primary method for analysing the Tg of powders is differ-
ential scanning calorimetry (DSC), whereby the step change in the
heat capacity, as the sample is heated, indicates the glass transition
region (Craig et al., 1999). A large proportion of pharmaceuti-
cal polymers and macromolecular protein and peptide materials
are classified as strong glass formers, thus having relatively small
changes in their heat capacity over Tg (McPhillips et al., 1999;
Huang and McKenna, 2001). Therefore, when analysing strong glass
formers or when the amount of amorphous content is low, DSC
encounters difficulties detecting Tg (McPhillips et al., 1999). DMA’s
high sensitivity towards the glass transition (Kararli et al., 1990)
indicates that it is an interesting alternative for the detection and
measurement of Tg for powdered samples when other techniques
fail. Thus the aim of this study was to evaluate a new DMA sample
holder designed to measure glass transition temperatures associ-

ated with powders and to determine the experimental parameters
that will provide accurate and repeatable values of Tg.

Dynamic mechanical analysis applies a sinusoidal deformation
to a material. In the instrumental setup used, the oscillating defor-
mation is controlled to a fixed maximum amplitude which is often

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:denny.mahlin@farmaci.uu.se
dx.doi.org/10.1016/j.ijpharm.2008.12.039
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the lid on the powder bed within the holder. The sample holder
was mounted in the instrument in a dual cantilever clamp so that
during measurement the DMA oscillated the sample perpendicular
to the base plane of the sample holder by a vertical motion of the
middle clamp (Fig. 1).
D. Mahlin et al. / International Journ

eferred to as strain. The strain is determined from a ratio of
imensions, i.e. the changed dimensions divided by the original
imensions and so is a dimensionless quantity. The oscillating force
er unit area required to maintain the set maximum deformation
mplitude or fixed maximum strain is measured. Therefore, the pri-
ary signals measured are the stress, measured as a force per unit

rea (Pa), and the phase angle between strain and stress phases (ı).
These are converted to the analysed parameters storage modu-

us (G′), loss modulus (G′ ′) and tan ı (G′ ′/G′).
The frequency of deformation is normally fixed at a single fre-

uency or varied across a frequency range to explore the time
ependant nature of the sample’s transitions. Typically, the sample

s heated in a controlled linear manner, in the range of 1–5 ◦C/min.
he range of the glass transition is frequency dependent and will
ncrease as the measurement frequency increases because it is
ime dependent in nature (Menard, 1999). The storage modulus
s a measure of a material’s resistance to deformation and indi-
ates its elastic nature. In simple terms it is an indication of how
uch mechanical energy is stored in the material during deforma-

ion that will be recovered when the stress is released. Conversely,
oss modulus reflects the material’s viscous nature, i.e. how much

echanical energy is lost during deformation. This can be thought
f as how much energy is converted to heat through molecular
ovements to release stress in the material whilst under defor-
ation. The ratio G′ ′/G′ is equal to tan ı, the value of which gives an

ndication of the viscoelastic nature of the material. For instance,
tan ı lower than unity implies an elastic nature of the material
hereas when the ratio is above unity the material is more viscous.

. Materials and methods

.1. Sample preparation

.1.1. Materials
Hydroxypropyl methyl cellulose (HPMC) was selected for its sta-

ility, film forming properties and its very small step change in
eat capacity over the glass transition region (Kararli et al., 1990;
uang and McKenna, 2001). Thus this material was a good test for
ur new powder sample holder. HPMC-Methocel E4M premium
SP/EP IF10200 Batch No.: SL09012N01 was kindly donated by Col-
rcon Limited UK, and was used as received. (HPMC E4M has an
verage molecular mass of 95,000, a methoxyl and hydroxypropyl
ontent of 29.3% and 8.4% respectively.) Aluminium oxide (Al2O3,
esh < 100 �m, 99.9%) was obtained from Sigma–Aldrich, UK and

sed as received.

.1.2. Powder mix preparation
HPMC and aluminium oxide were mixed in appropriate pro-

ortions (for details see Section 2.2.3) by weighing into glass vials
hich were sealed and rotated and tapped by hand repeatedly (at

east 50 times) to make a homogenous mixture and to avoid either
f the components sticking to the glass wall or the cap.

.1.3. HPMC film preparation
For reference measurements in a conventional clamp, films of

ure HPMC were produced by pouring a 2% (w/v) water solution
f the HPMC (McPhillips et al., 1999) onto a levelled glass plate.
fter overnight drying at room temperature the film that formed
as removed from the plate and stored in an evacuated desiccator

ver silica gel for at least 24 h.
.2. DMA

.2.1. Instrumentation
A TA instruments Q800 Dynamic Mechanical Analyser in con-

unction with a liquid nitrogen cooling system was used throughout
harmaceutics 371 (2009) 120–125 121

the study. All measurements were performed using a heating rate of
3 ◦C/min from either 0 ◦C or 80 ◦C to 240 ◦C. The DMA was operated
by the application of a sinusoidal deformation to the powder sam-
ple holder (details see below) at a fixed strain. The amplitude was
20 �m and the frequency of deformation (oscillating frequency)
was alternated between 100 Hz, 10 Hz and 1 Hz, as the temperature
was increased.

2.2.2. Powder sample holder
The new powder sample holder was designed and custom made

to generate a defined geometry to contain powder. The sample
holder consisted of a rectangular stainless steel open container with
inner dimensions of 60 mm × 11 mm × 1 mm (Fig. 1) and a lid. A pre-
weighed mass of powder was evenly spread within this shallow
container, and the upper plate (lid) was then placed onto the top
surface of the powder. The dimensions of the lid were engineered
to allow an exact fit within the walls of the container. This config-
uration was then loaded into the dual cantilever configuration and
the clamps tightened to the required pressure. The clamps apply
pressure to the sample via the three raised blocks on the upper
tray. Adjustment of the clamping pressure using a torque wrench
enabled control and even distribution of the pressure exerted by
Fig. 1. (A) The new powder DMA sample holder, which consists of a rectangular
stainless steel open container with inner dimensions of 60 mm × 11 mm × 1 mm into
which the powder mix was placed. (B) Holder clamped into the DMA with the pow-
dered sample sandwiched between the bottom of the holder and the detachable
lid.
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Table 1
Parameter values chosen in high/low design of experiment.

Parameters Low High
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Fig. 2. Mechanical response of 1.8 mg pure HPMC to increasing temperature in the
powder sample holder. From top to bottom, storage modulus, loss modulus and tan ı.
Heating rate 3 ◦C/min, data recorded at oscillation frequencies of 1 (light grey), 10
(dark grey) and 100 Hz (black).

Fig. 3. Signals from thermal analysis of the HPMC by MDSC and DMA. (a) Reversing
heat flow signal of MDSC on 10 mg of HPMC powder in a pin-holed Al pan, run
on a TA instruments Q2920. Modulation amplitude was set to 0.5 ◦C, the period to
40 s, and the heating rate 3 ◦C/min. (b) 1 Hz tan ı signal from DMA using powder
otal loading mass 120 mg 180 mg
lamping pressure 14 kPa 62 kPa
eight fraction HPMC in powder mixture 0.2 0.5

.2.3. Design of experiment
After some preliminary experiments using small amounts of

PMC alone (1–10 mg) and in ∼30% mixture with aluminium oxide
100–200 mg) three experimental parameters were picked to be
aried systematically to determine the optimum conditions for the
owder holder; total loading mass, mass fraction (w/w) of HPMC
iluted by aluminium oxide and clamping pressure. Two values
ere chosen, one high and one low on a scale within the operational

ange of each parameter (Table 1). Measurements on all possible
ombinations of these parameters were performed in triplicate.

.2.4. Data analysis
The Tg was determined from plots of storage modulus, G′, loss

odulus, G′ ′, and tan ı as a function of temperature using the
oftware provided with the instrument (Universal Analysis, TA
nstruments). Tg was taken as the mid-point of the step change on
he G′ curve and temperature at signal peak max for the G′ ′ curve
nd tan ı curves.

.3. Modulated temperature differential scanning calorimetry
MDSC)

MDSC performed on TA Instruments Q2920 was also used to
etermine the Tg of powder samples of the HPMC. 7–11 mg of pow-
er was weighed into 50 �l pin-holed aluminium pans and then
nalysed by applying a temperature programme where the oscil-
ating amplitude was 0.5 ◦C and each oscillation period 40 s. The
nderlying heating rate was 3 ◦C/min going from 0 ◦C to 240 ◦C. The
uns were performed under a dry nitrogen purge. Tg was deter-
ined from the mid-point in the step transition of the reversing

eat flow signal.

. Results and discussion

.1. Powder holder

Initial DMA runs on 1–10 mg of pure HPMC gave results as those
hown in Fig. 2. The low sample mass range was used to reduce the
isk of overflow of de-vitrified HPMC post Tg. For all the samples a
oss of mechanical strength was observed above 160 ◦C, indicated
y the drop in G′ which reflects the occurrence of a glass transi-
ion (Menard, 1999). This event is seen as a peak in G′ ′ and tan ı.
he response of the HPMC powder to the thermal ramping was
imilar to what was observed for the HPMC films when clamped
nto conventional tensile clamp. Furthermore, the Tg showed the
requency dependence which is normally seen in the DMA anal-
sis of glass transitions associated with self-supporting materials
Menard, 1999).

In some experiments after the heating cycle was complete, it
as difficult to remove the lid from the holder because the poly-
er effectively served as glue. To minimize the possible effect of

nteractions between the powder and holder and also to attain an
ven distribution of the powder in the sample holder, we intro-

uced the procedure of using a diluent. The sample powder was
ixed with an inert and free-flowing powder of aluminium oxide

efore being loaded into the sample holder. The use of a diluent
nabled convenient reuse of the holder by easy removal of the lid
nd washing of the parts. Fig. 3 shows that the magnitude and posi-

sample holder. 180 mg of a physical mix of HPMC with Al2O3, weight fraction of
HPMC 0.2 mg, 36 mg of HPMC in total 62 kPa clamping pressure. (c) 1 Hz tan ı signal
from conventional DMA using standard tensile film clamp on a HPMC film prepared
from the evaporation of a 2% (w/w) solution. The signal associated with the glass
transition is much stronger when detected by DMA. The peak maximum temperature
obtained by powder DMA overlaps the one from conventional DMA.
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ion of the peak in the tan ı signal is preserved when the diluent
s introduced. It can be clearly seen that the response of the HPMC
owder to heating corresponds closely to the response for HPMC
lms when clamped into conventional tensile clamp and that their
eak maxima overlap. Furthermore, the appearance and location
f the storage modulus step transition and loss modulus peak at Tg

ere very similar to the results without diluent (data not shown).
lso in Fig. 3 for comparison, the reversed heat signal from the
DSC analysis of the HPMC is shown. It highlights the difficulties

o determine the Tg with DSC, due to the very small change in the

eat capacity of HPMC.

It should be noted that all of the DMA signals reflect the mechan-
cal response of the holder, the diluent and the sample powder
ombined. However, the holder and the diluent alone showed a
at, transitionless response when heated and therefore any peaks

ig. 4. Reciprocal Tg plotted against the natural logarithm of frequency (ln f). Tgs were det
odulus step change. Each line with connected data point markers corresponds to a sing

4 kPa (hollow markers) and 62 kPa (solid markers), 0.2 weight fraction (triangle markers)
luminium oxide. Reproducibility was evaluated by comparing the position of the data poi
nd third repeat respectively). Linearity of the plots was used as the second evaluation cr
harmaceutics 371 (2009) 120–125 123

or step transitions can be attributed to the transitions of the
sample.

3.2. Optimization of experimental parameters

A design of experiment procedure was applied in order to find
the optimum conditions for using the powder holder to analyse
HPMC powders. Three experimental parameters were considered
to be important to evaluate; the total weight of powder mix used,
the ratio between the sample powder (HPMC) and the diluent, and

the clamping pressure. Two values, one high and one low on a scale
judged to be within the operational range of each parameter, were
picked (23 design) in order to efficiently explore the design-space of
interest with a practical number of experiments. By keeping within
the operational range of each parameter, and guided by the prelim-

ermined from peaks in (A) loss modulus, (B) tan ı and (C) mid-point of the storage
le set of parameters: 120 mg (dashed line) and 180 mg (solid line) sample weight,
and 0.5 weight fraction (square markers) of HPMC sample in powder mixture with

nts on the y-axis between the repeats (left, mid and right column being first, second
iteria for optimal parameter setup.
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nary results, we judged that the response was likely to be either
onotonic or nearly so within these limits. The rationale for specific

elections were as follows; the weight of powder mix loaded was
imited, on the lower end, by the need to attain an even distribution
f the powder mix in the holder and, on the upper end, by the need
o avoid overfilling and thus overflow of material above Tg. The high
nd low values for the ratio between the sample powder (HPMC)
o the diluent were dictated by the balance between good powder
ow, provided by the diluent, and enough amorphous material to be
etected. The clamping pressure value was chosen to avoid spikes
nd noise in the data which would result from excessive movement
f the powder within the holder. Hence, in the optimization exper-
ment, the total weight of powder mix used was either 120 mg or
80 mg, the weight fraction between the sample powder (HPMC)
n the diluent (alumina oxide) either 0.2 or 0.5, and the clamping
ressure either 14 kPa or 62 kPa.

The data analysis involved two stages. Firstly, parameter com-
inations that did not produce reproducible peak maximum
emperatures (Tgs) in the tan ı and G′ ′ signals were considered sub-
ptimal. Secondly, the frequency dependence of Tg was used as an
ndicator of the optimal parameters. HPMC is a strong glass for-

er, and as such displays Arrhenius behaviour whereby Tg increases
hen the frequency of oscillation is raised (Huang and McKenna,

001). This Arrhenius behaviour was confirmed when the recip-
ocal of Tg was plotted against the natural logarithm of oscillation
requency, because linear relationships were observed for nearly all
f the parameter combinations (Fig. 4). Thus the parameter com-
inations which produced linear regression coefficients, R2 values,
losest to 1 in the Arrhenius plots were considered optimal. In Fig. 4
his is evaluated by comparing the reproducibility of the data val-
es between the repeats, i.e. the value consistency between plots
ithin each row of diagrams, and by looking at the linearity of the
lots for each setup. For example, many of the samples run at low
lamping pressure (unfilled markers) could be excluded since they
ere being both inconsistent upon repetition and non-linear in the
lots. Further exclusion of sub-optimal data sets left two parame-
ers settings to be the most favourable. A pressure of 62 kPa, a mass
atio of 0.2 and a loading mass of both 120 mg and 180 mg showed
low variation between repeats and yielded best linearity of the

ombinations tried. These two sets of parameters were run for a
urther six repeats in order to establish the true optimum set. In
ig. 5 an Arrhenius plot of these two are shown. Using a sample
ize of 120 mg gave a slightly better fit of straight line (R2 = 0.953)

2
ompared to the 180 mg sample (R = 0.913). Both setups gave a Tg

f 177 ± 1.2 ◦C at 1 Hz and activation energy of 704 kJ mol−1 and
07 kJ mol−1 respectively. The Tg values are comparable to the val-
es determined on a HPMC film in conventional DMA tensile clamp
178 ± 0.5 ◦C).

ig. 5. Arrhenius plot of HPMC powders run in the DMA powder holder at optimized
onditions and at two different loaded weights, 120 mg (dashed line) and 180 mg
solid line). Plotted points showing average values (n = 6) and error bars the standard
eviation. Straight lines fitted to individual data values.
harmaceutics 371 (2009) 120–125

The common features of the two best setups are high proportion
of the diluent (a weight fraction of 0.8) in the powder mix and a high
clamping pressure. A possible explanation for this combination of
parameters to be superior may be that a large proportion of dilu-
ent in the powder mix probably gives good flow properties which,
together with a high enough clamping pressure, assured a good
packing of the powder in the holder. This would also indicate that
the optimum parameters will depend on the flow properties of the
examined powder. As evident from the data a free-flowing diluent
can reduce such influences and in this way make possible to arrive
at values overlapping those of non-granular forms of the material.
At a weight fraction of 0.8 of the diluent the powder properties
seems to dominate the properties of the powder mix. However, the
results also suggest that parameters may have to be optimized for
each separate powder analysed. The optimization here presented
may serve as a simple and straightforward protocol for this purpose.

Ideally the Tg values obtained with the new sample holder
should be compared with data obtained for untreated powder on
a well-established method. Hence, in this study we included ref-
erence measurements on the HPMC E4M using MDSC. However,
as mentioned previously, the Tg of HPMC is inherently difficult to
detect using MDSC. After some difficulty, a weak step change in the
reversing heat flow signal could be detected giving a Tg value of
165 ± 0.5 ◦C close to 162 ◦C determined by (McPhillips et al., 1999).
This value is slightly lower than the one obtained by DMA. How-
ever, at very low oscillation frequencies DMA would produce Tg

values more similar to the ones from DSC measurements. If the lin-
ear relationship between ln f and 1/Tg shown in Fig. 5 were to be
extrapolated, the oscillation frequency required to give a Tg similar
to the value determined by DSC measurements can be estimated.
For instance, assuming a timescale of a minute, which corresponds
to an oscillation frequency of around 0.01 Hz, gives a Tg of 165 ◦C
or 166 ◦C, depending on which of the two Arrhenius plots from
Fig. 5 are used. On the basis of this and the very close similar-
ity to the data obtained on films analysed by conventional DMA
(Fig. 3) we conclude that the powder holder produced accurate Tg

values.

4. Conclusion

It is apparent that the novel powder holder together with a
diluent powder allows DMA to measure the Tg of pharmaceuti-
cal powders. A set of parameters were determined that gave an
accurate and repeatable value for the Tg of HPMC. Hence, this pub-
lication demonstrates a simple optimization protocol, making use
of the Arrhenius behaviour associated with strong glass formers,
which may be used for other powders to be analysed by DMA. As
the Tg of an amorphous material is accompanied by a large change
in its mechanical properties the newly developed DMA powder
holder has the potential to detect very small amounts of amor-
phous content in powders and characterise the glass transitional
behaviour of strong glass formers which are difficult to analysis by
non-mechanical approaches.
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