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Purpose. Undesirable amorphous material generation during formulation is implicated in a growing

number of pharmaceutical problems. Due to the importance of interfacial properties in many drug

delivery systems, it seems that surface amorphous material is particularly significant. Consequently, this

study investigates a range of methods capable of detecting and mapping surface amorphous material.

Methods. A micron-sized localized surface domain of amorphous sorbitol is generated using a novel

localized heating method. The domain is subsequently investigated using atomic force microscopy

(AFM) imaging, nanomechanical measurements, and Raman microscopy 3-D profiling.

Results. AFM phase and height images reveal nanoscale-order variations within both crystalline and

amorphous sorbitol domains. Nanomechanical measurements are able to quantitatively distinguish the

amorphous and crystalline domains through local Young’s modulus measurements. Raman microscopy

also distinguishes the amorphous and crystalline sorbitol through variations in peak width. This is shown

to allow mapping of the 3-D distribution of the amorphous phase and is hence complementary to the

more surface sensitive AFM measurements.

Conclusions. AFM and Raman microscopy map the distribution of amorphous material at the surface of

a sorbitol crystal with submicron spatial resolution, demonstrating surface analysis methods for

characterizing semicrystalline solids generated during pharmaceutical processing.
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INTRODUCTION

The issue of amorphous material detection and quanti-
fication in pharmaceutical materials has, along with poly-
morphism, become central during formulation development.
This is partly due not only to regulatory requirements (1), but
is also driven by the increasing number of formulation prob-
lems that can be ascribed to the generation of amorphous
material during processing. Commonly employed stages of
pharmaceutical manufacture including milling, particle size
reduction, and compression provide enough energy to effect
changes in active ingredient and excipient crystallinity (2).
For example, in formulations where a crystalline active form
is targeted, amorphous material often produces unwanted
effects. This is due to a variety of factors. Amorphous states
can be metastable and, in some cases, allow the nucleation
of undesirable polymorphs (3,4). Furthermore, amorphous
material may modify dissolution profiles and, in some cases,
bioavailability, may alter interactions with other formulation
components, and may affect tableting behavior (5). Excipient
crystallinity can likewise change formulation performance.

An important area where these issues cause significant
problem is inhalation devices, in particular, for the most
common carrier system, crystalline lactose, in which the pres-
ence of amorphous lactose is thought to alter dosage char-
acteristics (6).

Because of the importance of the amorphous issue, it is
not surprising that a large array of techniques were applied to
address this challenge. In general, most of these methods
focused on achieving quantification of overall amounts of
amorphous material. This was demonstrated through differ-
ential scanning calorimetry, X-ray diffraction, and attenuated
total angle reflectance infrared spectroscopy (1). A recent
effort to reduce detection levels was driven by increased
regulatory rigor and the idea that even low levels of material
may exert large effects and explain unwanted batch-to-batch
variations. At present, a range of methods including dynamic
mechanical analysis and isothermal microcalorimetery (7,8)
are vying to provide accurate bulk low-level quantification.

In many cases, it is likely that knowledge of overall
levels of amorphous content will not fully explain batch-to-
batch variations and other formulation problems. This is
because many of the undesirable characteristics introduced
by the amorphous phase are due to modifications of in-
terfacial properties (9). Inhalation devices provide an impor-
tant example in which amorphous material at the surface
of an active or excipient causes alteration of adhesion and
cohesion, thus changing performance (10). In addition, it
seems likely that surface amorphous material may be less
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stable due to its exposure to moisture and the atmosphere,
further adding to the importance of detecting its presence. To
address these phenomena, bulk measurements are not
sufficient; for example, there is enough amorphous material
in a typical 20-mm-sized particle with 1% bulk amorphous
content to form a complete overlayer at the surface to a
depth of 30 nm. Thicker surface domains can also form if
surface coverage is patchy. In this paper, the capability of
applying surface sensitive methods to augment bulk determi-
nation by allowing detection and imaging of surface amor-
phous domains is demonstrated.

The model system discussed here is composed of a thin
micron-sized domain of amorphous material at the surface of
a D-sorbitol (D-glucitol) crystal. Sorbitol is a widely used phar-
maceutical excipient, which acts as a sweet-tasting diluent in
solid-state formulations and as a stabilizer in suspensions (11).
Sorbitol is known to possess at least four crystalline poly-
morphs and one amorphous form (11). This system was chosen
due to the relative stability of the amorphous phase; recrys-
tallization occurs only slowly at low humidity, and the facile
formation of amorphous glassy material occurs through
quench cooling of a melt (12). The later feature allows gen-
eration of small surface amorphous domains through a novel
localized heat source composed of a scanning thermal
microscope probe (1Y2 mm radius) near the crystalline sorbitol
surface. The surface analytical methods chosen to characterize
the amorphous domains are atomic force microscopy (AFM)
and Raman microscopy. AFM imaging has been suggested to
allow surface amorphous material in polymers (13) and
pharmaceutical systems (14,15) to be imaged through qualita-
tive interpretation of surface topographical and phase images.
In topographical mode, surface height variations are recorded,
allowing direct visualization of ordered crystalline structures
and amorphous areas. In contrast, phase images relate to the
energy loss an oscillating probe experiences as it strikes the
surface. Consequently, phase imaging can map surface mate-
rial property variations, such as those that may be present
between amorphous and crystalline domains, even when no
associated surface height features are present. In addition to
phase imaging, the use of nanoindentation AFM measure-
ments to distinguish crystalline and amorphous phases through
quantitative determination of local mechanical properties is
also demonstrated.

Vibrational spectroscopy has previously been used to
determine the degree of crystallinity for carbohydrates (16).
In this work, scanning Raman microscopy is applied to allow
3-D mapping of the location of surface amorphous material.
Whereas Raman microscopy has a lower lateral spatial
resolution compared to AFM (400 nm, cf. < 10 nm), it has
the advantage of providing an indication of the depth of
amorphous material present and allows direct detection
through peak broadening/shifts in the spectra, thus giving
the methods complementary benefits.

MATERIALS AND METHODS

A disk of crystalline D-sorbitol (Aldrich, Milwaukee, WI,
USA) was prepared using a manual screw thread disc press.
A small domain of quench-cooled material was generated at
the surface of the sorbitol disc using a 2990 microthermal
analyzer (m-TA, TA Instruments, New Castle, DE, USA)

equipped with a V-shaped Wollaston thermal probe. Before
experiments, the thermal probe was calibrated at a heating
rate of 10-C/s following the previously described procedure
(17). The thermal probe was then manually positioned to be
near the sorbitol disc surface, but not in contact. Subsequent-
ly, the probe temperature was then raised to 500-C for a few
seconds. This treatment caused the surface temperature to be
raised sufficiently by radiative heating to cause localized melt-
ing of a small region beneath the probe. This method was
developed because the conventional application of a temper-
ature ramp while the probe contacted the sample resulted in
the quench-cooled material adhering to the probe and being
removed from the sample surface during tip withdrawal.
Samples with localized amorphous regions were stored in an
evacuated desiccator at room temperature for a maximum
duration of a few days before analysis. X-ray diffraction
recorded at the end of this storage period showed a spectrum
consisting only of a halo, indicating that no detectable re-
crystallization had occurred. Macroscopic amorphous refer-
ence material was generated by melting sorbitol crystals on a
hot plate and then allowing it to cool at room temperature.

Scanning electron microscopy (SEM) was carried out
using a Leo 1430 VP electron microscope (Zeiss, Hertford-
shine, UK). The accelerating voltage was 10 kV at a working
distance of 10 mm.

AFM images were recorded on a multimode AFM
(Veeco, Santa Barbara, CA, USA) equipped with nanosensor
cantilevers (spring constant = 42 N mj1) operating in tapping
mode. Resonance frequencies were approximately 270 kHz,
the set point ratio used was 0.7 (18), and scan rates were
typically 1Y2 Hz. AFM forceYdistance curves, used to derive
nanomechanical properties, were collected on the same
instrument using stiffer TESP Silicon cantilevers (Veeco).
Accurate spring constants for each cantilever used were
obtained through the thermal method of calibration (19). In
addition to the curves recorded on the sorbitol sample,
forceYdistance curves were obtained from a silicon wafer
serving as a hard reference material. The silicon wafer was
cleaned in chloroform using an ultrasonic bath (Ultrawave,
Cardiff, UK) followed by 30 min in a UV cleaner (Bioforce
Nanosciences, Ames, IA, USA). Each data set was recorded
using the same cantilever, instrumental adjustments, and
experimental parameters.

A comparison of the gradients of the contact region of
the forceYdistance curves between a hard reference and the
sample can provide some qualitative indication of the relative
hardness of a surface (20). This can be modeled using the
Hertz model to obtain a quantitative value of Young’s
modulus of the surface (20). The model describes the elastic
deformation of two homogenous surfaces under an applied
load (21) and is often used to model AFM data because it
requires little knowledge of parameters such as surface
energy (22). The first step in modeling the data is to compare
forceYdistance curves recorded on the sample and the ideally
hard reference (silicon) to determine the indentation (d) of
the probe into the sorbitol sample as a function of load.

The value of indentation can be related to the combined
elastic modulus of the tip and the sample (K) by:

K ¼ L

8 d3R
� �1=2

ð1Þ
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where L is the load and R is the radius of the probe. Because
the combined elastic modulus contains the elastic modulus
for the tip and the sample, an expression containing the Es,
the elastic modulus of the sample can be obtained:

K ¼ 4

3

1� n2
t

Et
þ 1� n2

s

Es

� ��1

ð2Þ

where nt and ns are the Poisson’s ratio of the tip and the
sample, respectively. The values of nt and Et are known, and
because nt $ 1, the first bracketed term of Eq. (2) reduces to
zero to produce Eq. (3):

Es ¼
3K 1� nsð Þ2

4
ð3Þ

Combining Eqs. (1) and (3) derives:

Es ¼
3L 1� n2

s

� �

4 8d3R
� �1=2

ð4Þ

Poissons ratio is difficult to determine accurately for the
sample, and so in this instance we assume ns = 0.33 for
sorbitol (midrange for polymers) (21,22). R is deduced from

the tip profile determined from an image recorded on a
porous aluminum sample (Agar Scientific, Essex, UK), in this
case 10 nm.

Raman spectra were recorded with a CRM200 confocal
Raman microscope (Witec, Ulm, Germany), equipped with a
532-nm Nd:YAG laser. The laser excitation was focused
using a �100 objective (Nikon, Kinston upon Thames, NA
0.90) and the scattered light was collected using a 180- back-
scatter regime, with the laser line intensity being suppressed
using an edge filter. The Stokes shifted Raman scatter was
dispersed using a 600 groove/mm grating onto a Peltier cooled
Andor charged-coupled device (CCD, Andor, Belfast, UK)
to capture a spectrum. Under these conditions, the spectral
resolution was 8 cmj1 and the lateral resolution was 500 nm.

Chemical maps were constructed through the use of a
serial imaging process, which involves the acquisition of
spectra at defined points within an array (a set of equally
spaced points with predefined spatial dimensions). Specific
characteristic Raman peaks from the spectra were reproc-
essed to produce the Raman image.

RESULTS

Figure 1a and b shows the Raman spectra for crystalline
and glassy quench-cooled sorbitol, respectively. Comparison of
the spectra reveals that the glassy state is characterized by
broader peaks and loss of fine spectral structure, features that
are typical of a disordered amorphous state (16). In particular,
the broadening of the peak at 878 cmj1 assigned to the CYCYO
stretch showed an increase in full-width at half maximum from
15 (crystalline) to 34 cmj1 (glassy) and so provided an
intensity-independent method of mapping for sorbitol degree
of crystallinity. In addition, the absence of any new peaks
shows that the heating does not induce chemical degradation.

The topography of a typical amorphous domain is shown
in an SEM micrograph (Fig. 2). It is apparent that localized
exposure to the thermal radiation from the scanning thermal
probe has generated a roughly circular region of quenched-
cooled molten material, in this case around 30 mm in
diameter. The texture of the material in this modified region
appears smoother and glassy compared to the surroundings.

Fig. 1. Raman spectra: (a) crystalline sorbitol and (b) quench-cooled

glassy sorbitol.

Fig. 2. Scanning electron micrograph of a quench-cooled domain

generating using the scanning thermal microscope probe.
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It is noted that some additional topography is generated
during the heating process, for example, the appearance of
some cavities. However, by careful selection of the analysis
region for subsequent experiments, these features could be
avoided. By varying the probeYsample distance during the
localized melting event it was possible to alter the size of the
melted domain accordingly.

A more detailed investigation was possible using AFM
topographic and phase imaging both outside and inside of a

typical modified localized domain, Fig. 3a and b, respectively.
The topography of the unmodified, crystalline regions is
composed of columnar objects with a mean length of 0.8 mm
and width of 0.2 mm (Fig. 3a). The corresponding phase
image highlights the morphology and reveals additional
banding structures running normal to the needles’ long axis.
Inside the modified domains the surface topography is much
smoother (Fig. 3b). Some small circular raised domains are
present and are accentuated in the phase images.

Fig. 3. (a) Atomic force micrograph of unmodified sorbitol (height image on left pane; phase image on right pane); inset highlights banding

structure. (b) Atomic force micrograph within a quench-cooled domain of sorbitol. (c) Nanoindentation curves for the crystalline and

amorphous domains. (d) Load dependence of nanoscale Young’s modulus. (e) Force curve from the amorphous domain.
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Nanoindentation measurements were also performed in
an attempt to distinguish the crystalline and glassy material.
Fig. 3c displays typical approach forceYdistance curves re-
corded on amorphous and crystalline sorbitol regions and a
reference curve recorded on a hard silicon substrate. Quali-
tatively, it is apparent that the crystalline and amorphous
regions have different nanoindentation profiles. At a given
applied load, the deflection of the tip is greater in the

amorphous region than in the crystalline domain, indicating
a greater indentation and hence softer material. By applying
the indentation model discussed above, it is possible to
quantify Young’s modulus from the nanoindentation curves
as a function of load (Fig. 3d). It is apparent that the Young’s
modulus values for the crystalline phase are greater than those
for the amorphous phase at all loads. For example at a load of
8 nN, the Young’s modulus values range from 28 to 31 (SD =

Fig. 4. Raman images of a quench-cooled sorbitol domain. (a) Peak intensity 850Y900 cmj1,

z = 0 mm. (b) Peak width 850Y900 cmj1, z = 0 mm. (c) Peak width 850Y900 cmj1, z = j5 mm. (d)

Peak width 850Y900 cmj1, z = j10 mm, (e) Peak width 850Y900 cmj1; z = j15 mm; (f) Peak

width 850Y900 cmj1, z = j20 mm.
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0.9) MPa. In contrast, the crystalline region’s modulus values
range from 85 to 93 MPa (SD = 2.4). The greater spread in the
data recorded from the crystalline material is likely to be due
to its polycrystalline nature. For an ideal elastic material
Young’s modulus should not vary with load; however, for
these materials, Young’s modulus is observed to increase with
load, suggesting a viscoelastic/plastic deformation. A further
difference between the amorphous and crystalline domains is
revealed by comparing the approach and retract force distance
data in the contact region. Curves recorded in the crystalline
region show no hysteresis, i.e., approach and retract curves
completely overlap (data not shown). However, the amor-
phous phase displays an appreciable hysteresis between
loading and unloading behavior (Fig. 3e).

As discussed above, full-width at half maximum widths
of the sorbitol 878 cmj1 peak in Raman spectra can be used
to distinguish crystalline and amorphous regions independent
of peak intensity. This has been used to image the location of
amorphous and crystalline material in a series of confocal
stacks (Fig. 4). The 850Y900 cmj1 peak intensity image is
included because it gives a good representation of the
toroidal shape of the modified region, Fig. 4a. It should be
noted that the domain chosen for Raman analysis is larger

(approximately 80 mm diameter) compared to the sample
used for SEM, exhibiting the varying sizes and morphologies
produced by the localized thermal treatment method. Figures
4bYf display confocal maps recorded at increasing depths
based on the width of the 878 cmj1 peak. In this image series,
brighter contrast indicates a wider peak and so greater
amorphous content. A concentric ring of bright contrast due
to amorphous phase is visible in the first crystallinity map. As
the confocal plane is lowered into the sample, the intensity of
the circular domain diminishes, and its diameter reduces,
with little contrast visible in the final section, recorded 20 mm
below the initial surface image. Raman spectra were summed
and averaged from the regions identified as being crystalline
and amorphous in the above stacked images (Fig. 5). This
result is consistent with the spectra recorded from the ma-
croscopic reference samples. Material outside the modification
appears to be wholly crystalline, whereas the modified region
exhibits partial broadening and loss of fine spectral structure,
indicating an increased amorphous content. In addition, there
are no additional peaks introduced into the spectra because
of the thermal treatment. These data confirm that the novel
localized thermal treatment does produce quench-cooled
amorphous material without degradation of the sorbitol.

DISCUSSION

Using AFM morphological imaging it is possible to
qualitatively distinguish the surface crystalline and amor-
phous regions. In addition to the morphological differences,
some interesting details are revealed in the accompanying
phase images. The banding seen across some of the crystal-
line needles is likely to be due to lamellae structure (Fig. 3a).
It is known that phase imaging can distinguish ordered and
disordered regions within crystal structures by virtue of their
differing mechanical responses (23). Ordered regions such as
lamellae have a higher density and are harder, producing less
energy loss per tapping mode cycle, and so a lower phase
shift (brighter), whereas disordered regions such as lamellae
boundaries cause greater energy loss, and so greater phase
shift, and appear darker in images (24).

Phase imaging also reveals fine structures within the
amorphous domains. It is possible that the brighter regions
are small ordered regions, indicating the amorphous domain
may retain some small crystallites, or that these have formed
during sample storage. Although these observations show
that subtle differences in surface order can be detected using
AFM, the observations rely on qualitative interpretation of
the recorded images.

The ability to distinguish surface crystalline and amor-
phous phases by virtue of their indentation behavior removes
the need for qualitative interpretation of AFM images to
locate the two phases. For the future, through use of the
forceYvolume method it should be possible to generate spatial
maps of local Young’s modulus variations and so visualize the
surface distribution (25). Here, an amorphous domain of 20-
mm depth has been shown to behave similarly to a macro-
scopic sample. The depth of analysis achieved by this method
will be related to the maximum indentation, in this case 13
nm for crystalline material and 122 nm for amorphous
material. In other studies, it has been shown that soft over-
layers as thin as 50 nm can be distinguished from underlying

Fig. 5. Reconstructed average Raman spectra from the quench-

cooled domains and the surrounding crystalline regions identified in

Fig. 4: (a) Crystalline (b) quench cooled.
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stiffer material (26). Hence, this approach seems to provide a
method capable of detecting small amounts of surface
amorphous material and assessing the spatial distribution.

The load dependence of the measured Young’s modulus
suggests that neither material is deforming completely elasti-
cally. This may be partly due to the high stress regime applied
by the highly curved probe tip (radius 10 nm). It may emerge
that Young’s modulus vs. load curves provide a useful method
for categorizing deformation behavior. In addition, the
contact region of the force curves provides additional infor-
mation about deformation behavior. The observed hysteresis
for the amorphous material suggests that a time-dependent
reorganization is occurring during the unloading cycle.

Raman mapping provides a complementary tool capable
of distinguishing crystalline and amorphous regions, as vibra-
tional bands are altered by a molecules physical environment.
In this case, confocal Raman microscopy reveals the distribu-
tion of amorphous sorbitol material within the thermally
modified region. This type of experiment was not possible
with AFM due to the large vertical height differences across
the sample. The first confocal slice indicates the amorphous
material forms a ring at the surface, with the darker central
region resulting from a dip in the topography of the treated
region, apparent in the SEM images, and a resulting lower
Raman signal. The deeper slices reveal that the amorphous
domain is cone shaped, with a maximum depth of roughly 20
mm. This profile qualitatively relates to the heat transfer from
the scanning thermal probe tip into the sorbitol.

CONCLUSION

Both atomic force microscopy and Raman microscopy
offer the ability to identify and map surface amorphous
domains. AFM allows nanoscale differences in molecular
order to be determined through phase imaging. This ability
could prove valuable in investigating the distribution of
amorphous material at the surface of pharmaceutical ingre-
dients. AFM mechanical measurements have been shown
to distinguish amorphous and crystalline domains by virtue
of quantitative differences in nanoscale Young’s modulus.
Because surface mechanical properties are known to affect
pharmaceutical properties such as behavior during tableting
and interparticulate adhesion, this screening technique may
help solve batch-to-batch variation problems. Raman micros-
copy provides a complementary method that is able to pro-
vide depth and lateral information about amorphous material
distribution on the microscale. The ability to determine the
3-D distribution of amorphous material within a crystalline
matrix may allow insights into recrystallization phenomena
in real pharmaceutical components. Until now, attempts to
measure low levels of amorphous content have focused on
model systems comprising appropriately blended pure amor-
phous and pure crystalline particles. However, it is more
likely that pharmaceutical processing produces semicrys-
talline particles containing both amorphous and crystalline
domains. It has been speculated that such particles could
respond differently to the blended material when character-
ized using conventional methods such as isothermal calorim-
etry (27), highlighting an area where the 3-D capabilities of
Raman may provide illumination. Although a pharmaceuti-
cal excipient was studied here, these methods would apply

equally well to detecting amorphous content in active ingre-
dients; for example, Raman spectroscopy has previously been
used to determine crystallinity in a model active (28).
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