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ABSTRACT: We show how terahertz time-domain spectroscopy (THz-TDS) in the range
from 0.1 to 7.5 THz can be used to identify the polymorphs of Mannitol, a frequently used
excipient in the freeze drying industry. The results are subsequently used to study the
effect that different freeze drying techniques have on the formation of these polymorphs.
We find that, depending on the freeze-drying technique, the Mannitol either crystallizes
in the d form, or in a mixture of both the d form and the b form. The results are in
agreement with conventional X-ray diffraction measurements used to identify the
polymorphs. � 2009 Wiley-Liss, Inc. and the American Pharmacists Association J Pharm Sci

99:932–940, 2010
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INTRODUCTION

Freeze drying is the removal of frozen water by
means of sublimation. Freeze drying is very
commonly used in the pharmaceutical, biotechno-
logy and food industry to increase the shelf life of
perishable materials and to make them lighter
for transportation. Depending on the process
parameters, the crystalline excipients in the
freeze-dried pharmaceutical products can exist
in different polymorphic forms.1,2 These poly-
morphs can have unique physio-chemical pro-
perties that can influence their stability, solubility
and other performance characteristics.3–7 This
makes it important for the pharmaceutical
industry to know which polymorph is formed
during freeze drying. Once these forms can be
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identified, it is possible to design different
freeze drying techniques and to find optimum
freeze-drying process parameters.

There exist numerous techniques to characterize
the polymorphs, such as powder X-ray diffrac-
tion,8,9 nuclear magnetic resonance,6,10,11 Raman
spectroscopy, vibrational spectroscopy,12–16 and
thermal analysis.17 X-ray powder diffraction is
commonly used, but it is a time consuming process
and requires sample preparation. This means that
it cannot easily be used as an on-line monitoring
tool.18 Apart from this, X-rays fall into the
category of potentially harmful ionizing radia-
tion.19 In Raman spectroscopy, the sample needs
to be excited by shining a laser pulse directly
onto it. However, Raman spectroscopy is a non-
linear process and requires high light intensities,
which can cause phase changes, unwanted
photochemical reactions, or even physical damage
to the sample. Moreover, fluorescence from the
sample can overwhelm any Raman signal.20,21

Recently, it was reported how THz-TDS could
be used to identify the different polymorphs of
RY 2010



TERAHERTZ SPECTROSCOPY TO IDENTIFY THE POLYMORPHS 933
ranitidine hydrochloride.22 This is possible
because many organic molecules in the crystalline
or polycrystalline form show distinct absorption
spectra in the THz frequency region.23–29 The
absorption lines in the spectra correspond to
lattice vibrations or local molecular vibrations
of the crystal, and are different for different
polymorphs.30,31

Here, we describe the use of a quasi-near
field THz generation and detection setup, operat-
ing in the range of 0.5–7.5 THz, to study the effect
of different freeze drying methods on the forma-
tion of the polymorphs of Mannitol, which is a
frequently used excipient in the pharmaceutical
industry. Our results show that THz-TDS can be
used to identify the different polymorphs of
Mannitol and that the spectral differences
between these polymorphs are largest at THz
frequencies from about 2.5 to 6 THz. We find that,
depending on the freeze drying methods used,
different polymorphs or mixtures of polymorphs
are created.
EXPERIMENTAL SETUP

The experiments are performed with a quasi-near
field terahertz spectrometer.32 Figure 1 shows our
experimental setup. THz radiation is generated by
optical rectification of 50 fs, 800 nm pulses from a
Figure 1. Experimental setup to generate and
detect THz radiation in the quasi-near field. Both the
generation and detection crystals have a high reflection
(HR) coating on one surface and an anti-reflection (AR)
coating on the other surface. The detection crystal is
placed very close to the generation crystal with the HR
surfaces facing each other. The probe beam is reflected
back from the HR surface of the detection crystal and a
beam splitter (BS) sends the pulse to a conventional
electro-optic detection setup.

DOI 10.1002/jps JOUR
Ti:sapphire oscillator (Scientific XL, Femtolasers,
Vienna, Austria) having a repetition rate of
11 MHz and an average power of 960 mW. The
beam from the oscillator is split into two equal
parts by a 50/50 beam splitter. One part (pump) is
used to generate THz pulses and the other part
(probe), is used to detect it. The pump beam is
sent to an in-plane retroreflector mounted on a
loudspeaker oscillating at 50 Hz, and is then
focused onto a GaP generation crystal. The
generation crystal has an anti-reflection (AR)
coating, for 700–900 nm, on the surface through
which the beam enters the crystal, to reduce
reflection losses. It has a high reflection (HR)
coating, for 700–900 nm, on the opposite surface to
prevent the pump beam from reaching the
detection crystal and the differential detector.
These AR and HR coatings are transparent to THz
radiation. THz pulses, generated in the crystal,
propagate a short distance of <1 mm, before
entering a (110) oriented GaP detection crystal.
From the back of the detection crystal, a
synchronized probe pulse is focused onto the front
surface, where the THz beam enters the crystal.
The front surface has a high reflectivity coating
centered at the probe laser wavelength. The probe
beam diameter (�100mm) is significantly smaller
than the THz beam diameter, which will have
increased to values larger than 100mm due to
diffraction. The reflected probe pulse and the THz
pulse co-propagate through the detection crystal
at roughly the same velocity. For a fixed time
delay between the THz pulse and the probe pulse,
the probe pulse thus ‘‘sees’’ a constant, instanta-
neous value of the THz electric-field, the value of
which depends on the exact time delay between
the probe laser pulse and the THz pulse. The THz
electric-field elliptically polarizes the probe beam
with an amount equal to the instantaneous THz
electric field value.33 By changing the time delay
between the THz pulse and the probe pulse the
entire time-dependent electric field of the THz
pulse is measured in a stroboscopic manner. Due
to the finite pulse width of the probe pulse, the
highest frequency that we can still measure is
about 7.5 THz. The probe beam is sent a differ-
ential detector setup consisting of a quarter-wave
plate, a Wollaston prism and a differential
detector. This setup measures the ellipticity,
and thus the instantaneous THz electric field
value. Since the optical delay between the pump
pulse (and thus the THz pulse) and the probe
pulse oscillates at 50 Hz, a full 25 ps long THz
electric field time-trace is obtained every 20 ms.34
NAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 2, FEBUARY 2010
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We have used GaP crystals of 300mm thickness,
both for the generation and the detection of
the THz electric field. Note that in our THz
generation method the THz radiation is generated
locally by the focused pump beam. The THz
beam diameter at the front surface of the sample
will thus be determined by the diameter of the
focused pump beam and is estimated to be on
the order of 100mm. As the THz beam propagates
through the sample, the beam is expected to show
a frequency-dependent divergence. Indeed, as we
will show below, this can explain the apparent
‘‘negative absorption’’ observed at frequencies
below 2 THz.

In order to measure the absorption spectrum,
samples can be inserted between the generation
and detection crystals. To prevent damage to the
coating of the crystal, their HR surfaces are
covered with a mylar foil of 0.9mm thickness.
The foil is completely transparent to the THz
radiation.
SAMPLE PREPARATION

Mannitol is a frequently used bulking agent to
facilitate the production of a mechanically stable
dry pellet or cake with a very small amount of
active product. It has a strong tendency to
crystallize from frozen aqueous solutions.35–37

During freezing, ice crystals and Mannitol crys-
tals form concurrently, thus making it a very good
candidate to make a pharmaceutically elegant
and physically stable freeze-dried solid. Its porous
crystalline structure allows rapid reconstitution.
Mannitol can crystallize in several polymorphs.38

Depending on the concentration and on the
specific steps taken during the freeze-drying
process, often different polymorphs are present
simultaneously.1,3,39,40 The test samples we
investigate are freeze-dried in different ways with
the aim to develop new and more efficient freeze-
drying techniques. The first step in the freeze
drying process is freezing of the water solution
containing the active product. When vacuum is
applied, sublimation can occur because the system
is below the triple point of water. This sublimation
is driven by the difference in water vapour
pressure between the frozen product and a
condenser, which is kept at a lower temperature.
Energy needs to be supplied to the product while
sublimation occurs, to compensate for the latent
heat of evaporation, to overcome the flow resis-
tance of vapour through the already dried
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 2, FEBUARY 2010
product, and to maintain the temperature differ-
ence with the condenser. The lower the energy loss
by sublimation through the dried product and the
higher the thermal energy supply, the faster the
freeze drying process can take place, given the
maximum allowable temperature of the product.
This maximum allowable temperature is deter-
mined by the melting point or the glass transition
point under low pressure (100 mTorr) conditions.
Exceeding these points will result in collapse and
severe degradation of the product. The creation of
large ice crystals during freezing is advantageous,
because it results in a reduced flow resistance for
the vapor flow. On the other hand, some very
unstable pharmaceutical solutions need very fast
freezing for rapid stabilization, which is conflict-
ing with the previous requirement because rapid
freezing gives rise to smaller ice crystals. Cur-
rently, the majority of freeze-dried products are
frozen on shelves. The product height in the glass
vials is 5–10 mm and an average internal dia-
meter of the vials is 20 mm. The sublimation
process time can be significantly reduced by
increasing the effective sublimation area.

A typical freeze-drying cycle consists of freezing
the product, pulling vacuum until a pressure of
typically 100 mTorr (13.2 Pa) is reached, primary
drying by sublimation and secondary drying by
further heating under vacuum. The heat flow
takes place through the bottom of the vials which
are in contact with hollow stainless steel shelves.
All the freeze-dried samples we investigated have
gone through the same freeze-drying cycle except
for the initial freezing stage. The first sample was
freeze-dried in the manner described above,
starting from a 2 mL Mannitol solution in a
5 mL vial and going through the typical freeze-
drying cycle, resulting in a vial filled with the
freeze-dried Mannitol to a height of about 10 mm.
During the sublimation process, the crystalline
water is removed from the sample, resulting in a
highly porous cake-like texture. The second type
of sample is prepared by dropping large droplets of
Mannitol solution (5% w/w) out of a syringe into a
small container with liquid nitrogen. The droplets
freeze very rapidly and are subsequently inserted
into vials which are placed upon pre-cooled
shelves (�458C). The remaining sublimation
process is similar to the standard sublimation
process described before. The third type of sample
is prepared by spraying very small droplets of
Mannitol solution (5% w/w) into a small container
with liquid nitrogen. The fine droplets again
freeze rapidly. The frozen fine spheres are then
DOI 10.1002/jps
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collected and inserted into vials. The vials are
placed on pre-cooled shelves (�458C). The remain-
ing sublimation process is again similar to the
standard process.

To study whether THz-TDS can identify the
different polymorphs of Mannitol, individual
polymorphs of Mannitol are prepared in the lab
from Mannitol powder purchased from Sigma–
Aldrich, which consists predominantly of the
b polymorph. All three known polymorphs of
Mannitol were prepared by the Walter-Levi
method.41 0.4, 0.8 and 1.2 molar (M) solutions
are prepared and 10 mL of each solution is placed
in a watch glass and allowed to evaporate at room
temperature. The evaporation results in three
distinct crystal forms. The first form is mainly
observed at the edge of the watch glass. It is
opaque and looks like lichen and grows vertically.
By comparing the X-ray diffraction pattern of this
sample with the data from the International
Center for Diffraction Data (ICDD), the sample
was identified to contain a mixture of the a and b

polymorph. The second crystalline form was
created in 0.4 and 0.8 M solutions. It has a
translucent needle-like structure in spherulite
morphology and X-ray diffraction analysis shows
this to be the d polymorph. The third form was
obtained from the 1.2 M solutions and consists of
translucent parallelepipeds, and X-ray diffraction
showed this to be the b polymorph. Figure 2a–c
shows the morphology of the three distinct crystal
forms of the a, d, and b form, respectively.

Slow freezing, as in traditional freeze-drying,
and fast freezing with liquid nitrogen, are
expected to give rise to different end results. This
is because rapid freezing coincides with the
formation of small ice crystals and a potentially
Figure 2. Photograhs of the three types of M
and b polymorphs. (a) The a form is opaque an
structures. (b) The d form is translucent an
spherulite morphology. (c) The b form consists

DOI 10.1002/jps JOUR
different crystallization of Mannitol. The drying
process in freeze-drying can be accelerated by
increasing the sublimation area and thus
the sublimation rate. One way to increase the
effective sublimation surface is to start with
frozen spheres. In the case of large frozen droplets,
the drying process time was similar to that in
the standard process, because, although the
sublimation area was increased, the physical
contact and thus the heat transfer between the
spheres was limited. In the case of fine frozen
droplets, the sublimation process was finished
earlier than in the large frozen droplet situation
because of the better contact between the spheres.

Before measuring the terahertz absorption
spectrum of the freeze-dried samples, it is
important to know the polymorphic state of the
samples. We therefore measured the X-ray
diffraction pattern of each of these samples. In
Figure 3a–d, we show the measured X-ray
diffraction pattern of Mannitol powder, freeze-
dried cake, freeze-dried fine droplets and freeze-
dried large droplets respectively. The markers in
these figures indicate the known peak positions of
each polymorph, taken from the ICDD. By
comparing the X-ray diffraction pattern of the
samples with the ICDD, the original Mannitol
powder was shown to consists of the b polymorph.
Mannitol freeze-dried as fine droplets consists of
the d polymorph whereas Mannitol freeze-dried as
large droplets contains mostly the b polymorph
with traces of the d polymorph. The traditionally
freeze-dried Mannitol cake contains a mixture
of both d and b polymorphs. X-ray diffraction
analysis shows that the end product of different
freeze-drying techniques results in different
polymorphs,
annitol crystals corresponding to the a, d,
d resembles vertically growing lichen like
d resembles a needle-like structure in
of translucent parallelepiped structures.

NAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 2, FEBUARY 2010



Figure 3. X-ray diffraction data of (a) Mannitol powder. (b) Traditionally freeze-dried
Mannitol in the form of a cake. (c) Mannitol freeze-dried as fine droplets. (d) Mannitol
freeze-dried as large droplets and is different from the polymorphic state of the initial
Mannitol powder.
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In order to measure the THz spectrum of the
samples, the samples are first ground using a
mortar and pestle to reduce the particle size, so
that light scattering is reduced to a minimum in
the frequency range of interest. Then, polyethy-
lene powder of particle size �30mm (Mipelon
XM-220, Mitsui Chemicals America, Inc., Rye
Brook, NY) is mixed with the ground sample such
that the sample forms 20% of the total mass of the
mixture. This is done to dilute the sample so that
the peak absorption is not too strong and is within
the measurement dynamic range of our system.
The mixture is pressed into a pellet with a
hydraulic press (Specac Ltd., Orpington, Kent,
UK) to a thicknesses of �0.6 mm.

In order to calculate the absorption spectrum of
the sample pellets, we measure the THz electric
fields with and without the sample pellet in
between the generation and detection crystals.
When calculating the spectra we remove all data
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 2, FEBUARY 2010
after the first reflection and zero pad the data up
to 40 ps to obtain a smoother spectrum. The
frequency resolution of our measurements is
limited by the length of the THz time-domain
signal up to the first reflection at �9 ps, which
amounts to a value of 111 GHz. To see the
influence of the polyethylene powder on the
absorption spectrum of sample, the absorption
spectrum of a pure polyethylene pellet is also
measured (not shown here). We find that poly-
ethylene shows a featureless extinction spectrum,
which shows up as a background absorption which
increases with frequency in the Mannitol absorp-
tion spectra presented below.
RESULTS AND DISCUSSIONS

Figure 4 shows the measured terahertz absorp-
tion spectrum of the b and d form of Mannitol. The
DOI 10.1002/jps



Figure 4. THz absorption spectra of the b and d form
of Mannitol. The spectra are very different from each
other, especially in the region from 2.5 to 6 THz.

Figure 5. THz absorption spectra of freeze-dried
Mannitol samples from 2.5 to 6 THz. The main features
are identified as d and b by comparing with the absorp-
tion spectra of individual b and d form of Mannitol
shown in Figure 4.

TERAHERTZ SPECTROSCOPY TO IDENTIFY THE POLYMORPHS 937
apparent negative absorption coefficient below
2 THz in Figure 4 is due to the fact that the THz
electric field amplitude measured with the sample
is higher than without the sample below 2 THz.
This is explained by the reduced divergence of the
higher frequency components, caused by a weaker
diffraction, when the sample is placed between the
generation and detection crystal. In principle
this effect can be reduced by using pump beams
having a larger diameter or by decreasing the
distance between the two crystals to a fraction of a
wavelength, which will also increase the signal
amplitude. However, our goal here is the identi-
fication of the polymorphs of Mannitol, rather
than the measurement of the absolute absorption
coefficient at low THz frequencies.

The b form shows absorptions peaks at 1.12,
2.26, 2.88, 3.28, 4.22, 4.77, and 5.66 THz. Of these,
the absorption peaks at 2.88, 3.28, and 5.66 THz
are the strongest. The overall appearance of the
absorption spectrum of the b form is comparable
to an earlier published absorption spectrum of
D-Mannitol measured by terahertz attenuated
total reflection (ATR) spectroscopy from 0.3 to
3.6 THz.42 Although not explicitly mentioned in
that paper, this resemblance suggests, that
their sample was made of b Mannitol. The peak
positions, however, are slightly different. The
reason for this is not exactly known, but may
be related to the wavenumber dependent pene-
tration depth into the sample and the resulting
comparatively more difficult data analysis in the
case of the ATR technique.

The d form spectrum in Figure 4 shows
absorption peaks at 1.9 THz, two peaks at 2.19,
and 2.3 THz nearly merged together and three
DOI 10.1002/jps JOUR
stronger peaks at 3.74, 3.98, and 5.36 THz. There
is also a small peak at 4.4 THz. From these results,
it is clear that for the purpose of identifying and
distinguishing the b and d polymorphs, the
absorption peaks at 2.88, 3.28, and 5.66 THz for
the b polymorph, and the peaks at 3.74, 3.98, and
5.36 THz of the d polymorph are ideally suited.

We now proceed with the results for the
freeze-dried samples. THz absorption spectra
of Mannitol samples freeze dried using three
different methods as discussed above, along with
that of Mannitol powder, are shown in Figure 5.
Using the results of Figure 4, in which the
absorption spectra of the pure b and d polymorphs
are shown, we are now in a position to identify
the polymorphs in the freeze-dried samples.
In the 2.5–6 THz region, the freeze-dried cake
has two small peaks at 2.88 THz and 3.28 THz,
and large peaks at 3.74, 3.98, and 5.36 THz. The
two small peaks correspond to the b form and the
large peaks to the d form. Looking at the relat-
ive intensity of these peaks it can be concluded
that the freeze-dried cake contains mostly the
d form with some traces of the b form. This
result is in perfect agreement with the results
from X-ray diffraction measurements. The rela-
tive intensities of these peaks can be in principle
used to determine the weight percentage of each of
these polymorphs in the mixture.13,43,44

Similarly, the sample made of frozen fine
droplets has three large peaks at 3.74, 3.98, and
5.36 THz corresponding to that of the d form,
whereas no b form peaks at 2.88, 3.28, and
5.66 THz are observed. Rapidly freezing fine
NAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 2, FEBUARY 2010



Table 1. Identification of Polymorphs by Using THz Absorption Spectra and X-Ray
Diffraction Pattern

Samples X-Ray Diffraction THz Absorption Spectra

Powder Purely b form Purely b form
Freeze-dried fine droplets Purely d form Purely d form
Freeze-dried cake d with traces of b d with traces of b
Freeze-dried large droplets b with traces of d form b with traces of d form
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Mannitol droplets, followed by regular freeze-
drying therefore, predominantly gives rise to
the formation of the d polymorph with no
indication of the presence of the b form. Remark-
ably, in the case of large droplets, we observe
peaks at positions corresponding to both the b and
the d form. By comparing the relative amplitudes
of these peaks, we can conclude that the
sample consists mainly of the b polymorph with
some traces of the d form. Again, these results are
confirmed by X-ray diffraction measurements.
Results of these measurements are summarized
in Table 1.

Different freeze-drying methods resulted in
different polymorphs or a mixture of polymorphs.
As mentioned before, Mannitol can crystallize in
different polymorphic forms depending on the
concentration of Mannitol solution and the freez-
ing rate. In our case, both the samples consisting
of fine droplets and large droplets were frozen very
fast with liquid nitrogen, but they crystallized into
different polymorphs. Since all three samples are
going through the same sublimation process, this
indicates that the polymorphs are formed during
the freezing stage. The fine droplets are generated
using a plant-spray nozzle. The mist of small
droplets is directed into the liquid nitrogen
container. During the flight of the droplets, some
evaporation of water can take place, resulting in a
higher concentration of Mannitol in each droplet.
Also, since the droplets are small, they have a high
specific surface area and thus freeze faster than
the large droplets thus favoring the formation of
the d polymorph.3 The large droplets are created
using a syringe. The liquid drops fall into the
liquid nitrogen and, immediately, a crust of ice
forms. The fact that ice has insulating properties
will lead to a slowdown of the freezing of the core of
the material. Therefore, a mixture of ‘‘crust’’ form
and ‘‘core’’-form will be generated resulting in a
mixture of polymorphs.

Our results show that depending on the freezing
method used, different Mannitol polymorphs can
easily be formed. This strongly suggests that an
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 2, FEBUARY 2010
online monitoring tool may be required during
freezing of pharmaceutical product to study the
formation and presence of polymorphs. The ability
to check the presence of polymorphs using THz
radiation is clearly an advantage compared to
the use of X-rays which have a photon energy
large enough to pose a health hazard and to induce
molecular changes.
CONCLUSIONS

We have measured the THz absorption spectra of
the b and d polymorphs of Mannitol from 0.5 to
7 THz. The two polymorphs have distinct THz
absorption spectra, especially between 2.5 and
6 THz. We have shown that, for Mannitol, changes
in the way the material is frozen can result in
the formation of different polymorphs or a mixture
of polymorphs. Because THz-TDS can be used
to identify the polymorphs of Mannitol, we
have subsequently used this technique to study
the effect of various freeze-drying techniques on
the formation of these polymorphs. Our results
are confirmed by X-ray analysis. THz-TDS has the
added advantage that it may be easily employed
as an online and, almost, real time monitoring
tool, unlike X-ray diffraction analysis. Apart from
the ability to identify the polymorphs, the relative
intensities of the peaks in the THz absorption
spectra of these samples can potentially be used to
determine the weight percentage of each of these
polymorphs in the mixture.
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