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This study investigates the correlation (if any) between the surface properties of dry
mannitol, sorbitol and glucose, as determined using inverse gas chromatography (IGC) and
other techniques, with microwave dielectric analysis of the molecular polarisability of water
in the hydrated material. Microwave dielectric analysis of the hydrated material (using a
circular resonant cavity) showed a transition (ht) in the gradient of imaginary permittivity
(ε” at 2.2 GHz) vs. water content for all materials. This transition reflects the appearance of
another population of water with enhanced mobility. The gradient below ht (m1) reflects the
reorientation mobility of water close to the surface of the solid, and therefore provides one
measure of the strength of interaction with each material. Estimates for ht and m1 parallel
the IGC data by giving a rank order of affinity as glucose > mannitol > sorbitol. This link
suggests that the molecular properties of water and the strength of interaction with the
hydrated material are most certainly governed by the acceptor/donor properties of the
surface (as determined by IGC). Moreover, it can be inferred that the presence of mobile
water (up to the relatively high levels defined by ht) does not change the surface energy of
the material. C© 2003 Kluwer Academic Publishers

1. Introduction
The interaction of water with pharmaceutical solids oc-
curs in practically all stages of manufacture, from the
raw material to the final dosage form [1]. For exam-
ple, in the wet granulation process, water is added as
part of a binder solution that facilitates the formation of
free flowing, homogeneous granules for tablet manu-
facture. The surface properties of the dry powder blend
will affect the distribution and properties of water in the
system, which in turn will determine the efficacy of the
binding solution. Saccharides and saccharide deriva-
tives are a group of compounds that are of particular
interest, owing to their extensive use in pharmaceu-
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tical development as fillers, binders, diluents/bulking
agents and sweeteners [2]. This group is hydrophilic
and readily soluble from the crystalline state. It follows
that a concentration of water, sufficient to cause mono-
layer coverage, will simply hydrate the surface of the
solid, whereas larger volumes of free water will result
in partial dissolution of the surface. Even further addi-
tions of water will then fully dissolve the solid to give a
concentrated viscous solution. Factors that govern this
process of dissolution with increased water content in-
clude the surface energy of the solid, the lattice energy
of the crystalline material, the solvation free energy
for the solvent-solute interaction, and the method/rate
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of addition of the solvent. Moreover, the intermediate
state of the partially dissolved solid is likely to com-
prise regions of concentrated solute, interspersed with
agglomerated particles. The surfaces of these particles
will have undergone varying degrees of dissolution,
which will impact on the surface energy of the new
surfaces, and there may also be domains of solid in the
form of the crystal hydrate. Reaching an understanding
of how these materials behave in practice and what fac-
tors define the properties of the intermediate state of hy-
dration is therefore a complex task. The approach taken
in this paper was to make some correlation between the
surface properties of a range of saccharides and saccha-
ride derivatives (i.e., glucose, mannitol and sorbitol)
and the molecular mobility of water in the hydrated
material.

The surface properties of the dry materials were in-
vestigated by inverse gas chromatography (IGC), X-ray
photoelectron spectroscopy (XPS), nitrogen gas ad-
sorption (BET surface area), and scanning electron mi-
croscopy (SEM). Two techniques were chosen, to in-
vestigate surface polarity, because it was not clear a
priori whether it is the molecular surface (as charac-
terized by IGC) or the surface volume (as character-
ized by XPS) that would influence, and therefore cor-
relate with, the properties of water in the wet systems.
This is an important question to address. The addition
of relatively large amounts of water (as in this study)
would necessarily lead to a certain degree of micro-
dissolution of the surface. It follows that the proper-
ties of the surface defining the nature of the interaction
with water may not be that defined by the molecular
surface of the dry material (as characterized by IGC).
BET was used to characterize the surface area for water
interaction, thereby enabling an estimation of the ex-
tent of surface saturation by water, and SEM was used
to confirm any anticipated changes in surface topogra-
phy (via micro-dissolution) following the addition of
water. All materials were characterized by powder X-
ray diffraction, before and after, hydration, to determine
whether any changes in solid state properties occur fol-
lowing the addition of water (e.g., the formation of a
hydrate).

Inverse gas chromatography (IGC) determines the
surface energetics of a powder from the retention be-
haviour of known volatile liquids and gasses [3, 4]. The
surface energetics of a powder surface are determined
by the surface chemistry, which in turn is a function
of the molecular arrangement at the surface and the
exposure of particular groups [5]. IGC operates in the
infinite dilution region and measures surface adsorption
below monolayer coverage. It is therefore an appropri-
ate technique for investigating the surface wetting of
the powders. Earlier work has shown that IGC can dis-
criminate between batches of raw materials that appear
equivalent by other techniques [6, 7].

X-ray photoelectron spectroscopy (XPS) is a surface
analytical technique which analyses the sample surface
to a depth of ∼5 nm. All elements, except hydrogen and
helium, are detectable by XPS. The relative proportion
of elements present at the surface can be deduced from
the XPS spectra. Chemical state information is also af-

forded from chemical shifts within the individual spec-
tral regions. In this study, the technique was used to
compare the relative oxygen and carbon content of the
surface of each saccharide/derivative and also to detect
the presence of any surface impurities. To this end, high
resolution C 1s and O 1s spectra were obtained for each
material in addition to a full survey scan.

Dielectric relaxation spectroscopy (DRS) provides
structural and molecular information about materials
through the study of the electric polarisation in time
varying electromagnetic fields [8, 9]. Microwave di-
electric analysis is particularly suited to the investiga-
tion of the molecular properties of water, in hydrated
materials, through the study of the polarisability of the
water dipole [10, 11]. In this study, the dielectric prop-
erties of the hydrated samples were measured at fixed
frequencies (615 MHz, 1.4 GHz and 2.2 GHz) using a
circular resonant cavity.

The techniques used in this investigation provide
complimentary information on the materials under
study. By linking information on the surface compo-
nents of the un-hydrated material (as determined by
XPS and IGC) with the dielectric behavior of the hy-
drated sample, it should then be possible to define re-
lationships between the surface of the dry material and
properties of water in the hydrated sample. This in-
sight could provide a means of grading excipients by
their surface properties and interaction with water, per-
haps giving selection criteria for choosing excipients
for granulation, etc.

2. Methods
The powdered materials investigated were anhydrous
glucose (Fischer), anhydrous mannitol (Roquette) and
anhydrous sorbitol (Roquette).

2.1. Sample hydration
Each material was hydrated using a direct addition tech-
nique, involving the addition of a known amount of
water (ρ > 17 m� · cm) dropwise to a known weight of
sample (∼10 g), whilst mixing in a small rotary mixer
(maximum volume 150 ml). The water added to the
samples was expressed as g water per g dry powder
(g/g). The hydration range was 0–0.25 g/g (the upper
hydration level of each of the samples was such that
the hydrated materials were still visually solid, and had
not formed a viscous solution). The samples were then
placed into tarred glass vials (with lids), and sealed with
Parafilm�. The samples were then equilibrated for a
minimum of 12 h before analysis.

The moisture contents of the samples were deter-
mined by loss on drying in a vacuum oven (=8 mbar),
at 80◦C (for mannitol and glucose) and 40◦C (for sor-
bitol). The sorbitol is dried at a lower temperature as it
melts and forms a glass when dried at 80◦C. A desorp-
tion equation (Equation 1) was then fitted to the mass
vs. time profile in order to provide estimates for the
total water content of the samples.

M(t) = Mdry(h exp(−t/τ ) − kdt + 1) (1)

58



M(t) is the instantaneous total mass of sample at
time t (g), Mdry is the mass of sample with all the
water desorbed (g), h is the relative moisture index
(=�M/Mdry), t is the time (h), τ is the decay time
constant (h), and kd is the (zero order) dissociation time
constant (h−1) to account for any slight decomposition
of the sample. The determination, by drying, of the
amount of water added to each sample concurs with
that known to be added to the batch, thereby validat-
ing the method of water analysis for individual samples.
This approach therefore determines the total water con-
tent of each sample (even the monohydrate water that is
later reported to form on hydration of the glucose sam-
ples) and therefore accounts for the basal water content
of the material in addition to the added water. More-
over, measurements on a number of 1 g samples from
each 10 g batch provided information on the consis-
tency of mixing within the batch. The homogeneity of
water content was within a coefficient of variance of
3–6% (n = 4).

2.2. X-ray powder diffraction
200 mg samples (of both the dry, as received, sam-
ples and a selection of hydrated materials) were pre-
pared by gentle grinding and introduced into a STOE
powder diffraction system. Diffraction spectra were ob-
tained between values of 2theta of 10 to 89.96, with a
step of 0.02. A Cu Kα radiation source (of wavelength
1.54060 Å) was used with a 20 kV (5 mA) generator,
and a curved Germanium II mono-chromator.

2.3. Inverse gas chromatography
The ‘dry’ materials (as received) were packed into a
silanised glass column and plugged with silanised glass
wool. The temperature of the oven was set at 30◦C and
dry helium passed through the column (at the chosen
rate) for at least 24 h to condition the column. The inlet
pressure of the Perkin Elmer Autosystem Gas Chro-
matograph was adjusted so that a constant flow rate
of 9–12 ml · min−1 was achieved for each column. The
flow rate was measured at the beginning and end of each
run and found to be constant. IGC probes were pentane,
hexane, heptane, octane, ethylacetate, acetone, chloro-
form, THF, and dichloromethane. The probes were of
HPLC grade or equivalent. Each alkane was injected
into the column twice, followed by three injections of
the polar probes. The duplicate injections of the alkane
probes were then repeated to check that the powder sur-
face had not been altered. The method of Schultz and
Lavielle [12] was used to determine the dispersive com-
ponent of the surface free energy (γ D

S ) and the specific
component of the free energy of adsorption (−�GSP

A )
(Fig. 1). The acceptor/donor properties of the surfaces
(KA and KD) were estimated using the equation devel-
oped by Panzer and Schreiber [13]. This equation is
based on the Gutmann donor (DN) and modified ac-
ceptor (AN∗) numbers of the probes (Equation 2).

−�GSP = KADN + KDAN∗ (2)

Figure 1 Schematic diagram showing the determination of the specific
component of surface free energy.

2.4. X-ray photoelectron spectroscopy
The ‘dry’ materials (as received) were analyzed using a
VG ESCLAB 200 photoelectron spectrometer. The in-
strument is fitted with a Mg/Al dual anode x-ray source.
Mg kα radiation (1253.3 eV) was used as the excitation
source. The background pressure in the analysis cham-
ber was maintained at ∼10−8 mbar during all analyses.
All data manipulation was carried out using dedicated
VG ECLIPSE software.

2.5. Nitrogen gas adsorption
(BET surface area)

The ‘dry’ materials (as received) were both outgassed
and analyzed on a Micrometrics ASAP2400. Out-
gassing was carried out overnight at room temperature
(25◦C) and under vacuum of at least 10−2 torr. Nitrogen
isotherms were produced by adsorbing and desorbing
known volumes of nitrogen gas onto the material held
at liquid nitrogen temperature. The adsorption process
begins at a relative pressure of <0.01, rising to approxi-
mately 0.99 in pre-defined steps. Once at the saturation
point, the gas was then removed in the same pre-defined
way. The primary data for each sample consists of tables
giving details of the relative pressures achieved along
with the volumes of gas either adsorbed or desorbed
at these particular pressures. This isotherm informa-
tion was then reduced further, using in-house software,
to help identify and interpret the porosity information
contained within it.

2.6. Scanning electron microscopy
Both the ‘dry’ materials (as received) and a selection
of hydrated materials were characterized by SEM. Hy-
drated materials were fully dehydrated before measure-
ment by SEM. Samples were mounted onto aluminum
stubs and gold coated in a sputter coater (Edwards
S150B) to a thickness of ∼10 micron. The coated sam-
ples were then viewed at 400× magnification in a Leica
S430 SEM (beam accelerator voltage was 7.5 kV and
the current was 10 pA).

2.7. Resonant cavity dielectric studies
Resonant cavities are high-Q resonant structures, i.e.,
they have sharp and well-defined resonance peaks (Q,
the quality factor, characterizes the sharpness of the res-
onance). Each cavity has a series of characteristic res-
onant frequencies. A sample of the material under test,
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T ABL E I The acceptor and donor properties of the surface, as
measured by IGC, expressed in terms of KA and KD

Glucose Mannitol Sorbitol

KA 457 263 152
KD 1068 659 541

placed inside the cavity, will affect both the resonant
frequency and the Q value. The complex permittivity
(ε′ and ε′′) of the sample can then be calculated from
the changes in these two parameters using perturbation
theory [14] (Equations 3 and 4).

ε′ = 1 + 2J 2
1 (x1m)(δ f/ fo)(a2/b2) (3)

ε′′ = J 2
1 (x1m)[(1/Q1) − (1/Qo)](a2/b2) (4)

ε′ is the real part permittivity, ε′′ is the imaginary part
permittivity, J1(x1m) is the roots (x1m) of the first order
Bessel function of the first kind, δ f is the change in
resonant frequency with the sample in the cavity (Hz),
fo is the resonant frequency of the air-filled (empty)
cavity (Hz), a is the cavity radius (mm), b is the sample
radius (mm), Q1 is the quality factor of sample in cavity,
and Qo is the quality factor of air filled (empty) cavity.

A cylindrical copper cavity was connected to a
HP 8753C vector network analyzer (frequency range
300 kHz–6 GHz). The analyzer was operated in the two
port transmission mode and linked to a desktop com-
puter to allow automatic determination of frequency
shift and the quality factor for the cavity when the sam-
ple was inserted. Hydrated samples were packed into
a glass tube of uniform diameter. The density of the
sample was recorded and the tube sealed at both ends
with Parafilm� to prevent moisture loss. The glass tube
was then raised into the copper resonant cavity, with
the sample length spanning the cavity (i.e., 50 mm).
Measurements (at 25◦C) were taken in triplicate, at a
selection of resonant frequencies for the cavity (viz.
615 MHz, 1.4 GHz and 2.2 GHz).

3. Results and discussion
3.1. X-ray powder diffraction
The materials were characterized by X-ray powder
diffraction (XRPD) in both the dry and hydrated states.
Spectra indicated that all materials were predominantly
crystalline, with sorbitol showing some amorphous na-
ture. XRPD spectra of mannitol revealed that it was
predominantly the (D)-D-mannitol form, when both
dry and hydrated. It was also confirmed that sorbitol
remained predominantly in the same form following
hydration. Conversely, XRPD spectra of hydrated glu-
cose showed additional peaks to the as received ‘dry’
material, indicating the formation of a hydrate.

3.2. Inverse gas chromatography
The dispersive component of the surface free energy
(γ D

S ) was determined by the retention behavior of the
alkanes and ranked the materials as mannitol > glucose
> sorbitol. The acceptor and donor properties of the
surfaces, expressed in terms of KA and KD, are shown
in Table I. The donor (i.e., basic) properties of the sur-

TABLE I I Estimates of the relative proportion of surface carbon and
oxygen atoms as determined by high resolution C 1s and O 1s XPS
spectra

Glucose Mannitol Sorbitol

C 1s 53.6 ± 1.9 53.2 ± 1.1 56.3 ± 5.4
O 1s 46.4 ± 1.9 46.8 ± 1.1 43.7 ± 5.5

face were determined by the retention behavior of chlo-
roform and dichloromethane (considered to be acidic
probes) and ranked the materials as glucose > man-
nitol ∼ sorbitol. The acceptor properties of the surface
were determined by the retention behavior of THF (con-
sidered to be a basic probe) and ranked the materials as
glucose > mannitol > sorbitol.

3.3. X-ray photoelectron spectroscopy
The relative carbon and oxygen content, as determined
from the high resolution C 1s and O 1s spectra, of the
three material surfaces are given in Table II, expressed
as approximate relative ATOM%. Differences between
the three materials appear within experimental error and
therefore these results were inconclusive.

Modeling of the interactions of THF with manni-
tol (unpublished data) indicates that the primary in-
teractions of THF with the surface are with the hy-
drogen atoms on the hydroxyl groups, suggesting that
the hydrogen atoms are responsible for surface acidic
properties. This observation implies that the chloro-
form/dichloromethane interacts with the oxygens and
that the oxygens are therefore responsible for the ba-
sic part of the surface energy. The acidic (KA) and
basic (KD) character of the surface was ranked as
glucose>mannitol>sorbitol (Table I), suggesting that
glucose has the higher population of surface hydroxyl
groups. It would be expected that an increased propor-
tion of oxygen species, at the surface, would correlate
with both increased basicity and increased acidity (as
each basic oxygen group would probably carry with it
an acidic proton). However, XPS data for the relative
proportions of oxygen and carbon does not correlate
with the IGC data. This discrepancy may not be sur-
prising given that XPS probes the top 5 nm of the crys-
tal surface, whereas IGC observes only the molecular
surface. One would therefore expect the XPS data to
be biased to some extent by the whole molecule struc-
ture of the materials, in which a 1:1 ratio of carbon to
oxygen atoms is expressed. This may explain why the
oxygen:carbon ratios for each material were within the
experimental limits of error.

3.4. Nitrogen gas adsorption
(BET surface area)

Nitrogen adsorption isotherm (BET surface area) anal-
ysis of the three samples (as received from the man-
ufacturer) revealed that very low volumes of the gas
were absorbed, thereby making it difficult to give an
accurate surface area for the samples by this technique.
The estimated BET surface areas for mannitol and glu-
cose are <1 m2 · g−1 and for sorbitol is 1–2 m2 · g−1.

60



These results and the scanning electron micrographs
indicate that either the materials are non-porous, or if
porosity is present then the size of the pores are suf-
ficiently large and their corresponding surface area so
low that these do not contribute significantly to the over-
all low surface area. From these BET measurements,
monolayer water coverage of each solid was estimated
at ∼2 × 10−4 g/g.

3.5. Scanning electron microscopy
Images of the surface of the samples (see Figs 2 and 3
for example images of glucose) show that the surface of
the saccharide is altered following the addition of water
(0.1 g/g). Fig. 2 shows that the surfaces of the particles
are relatively smooth and non-porous, and there are a
number of smaller particles (fines) present. Fig. 3 shows
that the addition of water results in a more irregular
surface, probably because of microdissolution of the
surface of the larger particles and/or adhesion of smaller
particles/fines to the larger particles.

3.6. Resonant cavity dielectric studies
The real and imaginary permittivity (ε′ and ε′′) were
calculated (according to Equations 3 and 4) from the
shifts in the resonant frequencies of the cavity (viz.
615 MHz, 1.4 GHz and 2.2 GHz). The imaginary part
of permittivity (ε′′) was found to be more reliable than
the real part of permittivity (ε′) (at resonant frequen-
cies 615 MHz, 1.4 GHz and 2.2 GHz). In addition, the
high frequency resonance measurements (at 2.2 GHz)
gave improved signal to noise ratios owing to the fact
that the dielectric loss of a hydrated material usually
increases as the frequency increases above 0.2 GHz.
Estimates for ε′′ (at 2.2 GHz) for each material were
therefore plotted against water content (Fig. 4), after
correction for packing density. An inflection in these
plots (termed ht) was observed for each sample. The
inflection was determined by assuming that the rela-
tionship between dielectric property and water content
is characterised by two straight lines. The two lines of
best fit to the data was determined by least-squares min-
imization, and the error in the estimate for ht determined
from the error in the estimates of the curve fit parame-
ters for the two straight lines. The inflection in the data
is believed to be a transition in the properties of wa-
ter associated with, and surrounding, the material. The
transition water content was different for each material
(Table III). The precision for the mannitol transition
(0.09 ± 0.09 g/g, Table III) was limited because of the
small change in gradient. However, measurements us-
ing other techniques (NMR, NIR) also give a transition
of 0.11 ± 0.01 g/g (unpublished results). The increase
in ε′′ as a function of water content (below ht) (termed
m1 in this paper) is also different for each sample
(Table III).

In these hydrated materials, an increase in permittiv-
ity (Fig. 4) is due largely to the increasing contribution
of water to the dielectric loss of the material. Materials
which maintain a lower permittivity, on increasing the
water content, must therefore have a greater inhibiting
effect on the rotation of the water dipole (and/or the cor-
relation between dipoles). The change in the gradient

TABLE I I I Transition moisture content (ht), gradient below ht (m1)
and gradient above ht (m2), for the saccharide and derivatives determined
in the resonant cavity at 2.2 GHz (25◦C)

Saccharide/Derivative ht (g/g) m1 m2

Glucose 0.12 ± 0.01 0.16 ± 0.14 10.3 ± 0.2
Mannitol 0.09 ± 0.09 2.1 ± 0.1 3.8 ± 0.4
Sorbitol 0.05 ± 0.03 10 ± 1 25 ± 2

at ht probably relates to the appearance of another pop-
ulation of water with increased rotational mobility. It is
proposed that the gradient below ht (i.e., m1) (Table III)
is related to the mobility of water and hence the strength
of interaction between water and saccharide/saccharide
derivative. The gradient (m1) for glucose is practically
zero, suggesting that the mobility of the water below
ht is therefore very restricted. DVS measurements on
anhydrous glucose (data not presented) have shown
that glucose sorbs water on increasing the relative hu-
midity (RH), but then retains a portion of the water
(∼10%) on decreasing the RH to zero. This observation,
coupled with XRPD observations comparing anhy-
drous and hydrated glucose, indicate the formation of a
glucose hydrate.

Estimates for m1 (Table III) give a rank order
of glucose < mannitol < sorbitol. The trend glu-
cose > mannitol > sorbitol is observed for the values of
ht and therefore the two parameters (m1 and ht) are cor-
related inversely. This result implies that a large value
of ht and a small value for m1 are reflecting the same
property. This is possibly not surprising since the con-
centration of water above which the appearance of more
mobile water is manifest must be defined in some way
by the strength of interaction of the water molecules
with the material.

The order glucose > mannitol > sorbitol was also
observed for the number of acceptor and donor sites,
as determined by IGC (Table I). The acidic/basic char-
acter of the surface must therefore underpin the way in
which water interacts with the sample. What is possi-
bly more surprising is that values for ht are in excess of
those values for monolayer coverage (∼2 × 10−4 g/g)
and therefore the properties expressed by the dry state
may continue to influence the interaction with water
up to the concentration ht. This appears to be the case,
despite evidence from scanning electron micrographs
shows that microdissolution occurs over this range. It
is possible that the value of ht provides one measure of
the extent of microdissolution. Given the link between
m1, ht and acceptor/donor properties, it follows that
the process of microdissolution is also governed by the
surface properties determined by IGC. Moreover, it can
be inferred that the presence of mobile water (up to the
relatively high levels defined by ht) does not change the
surface energy of the material.

The method for preparing the hydrated samples, in
this study, has some relevance to that used in wet gran-
ulation, i.e., aliquots of water are added to the dry ma-
terial whilst mixing. The outcome of this study may
therefore contribute to our understanding of the granu-
lation process, as well as providing the basis for mea-
suring the interaction of water with materials hydrated
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Figure 2 Scanning electron micrograph of glucose as received from the manufacturer.

Figure 3 Scanning electron micrograph of glucose hydrated to a level of 0.1 g/g.
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Figure 4 Imaginary permittivity (ε′′) of sorbitol, mannitol and glucose
as a function of hydration at 2.2 GHz, and 25◦C. Each curve exhibits a
critical moisture content (ht) at which the gradient changes from m1 to
m2. Measurements were made using the dielectric resonant cavity. The
plot shows sorbitol (triangle), mannitol (square), and glucose (circle).

by other methods (e.g., exposure to a varying relative
humidity). The amount of water required for success-
ful wet granulation has been investigated recently by
Miwa et al. [15], through the development of a near
infrared method. In that study a transition in the mea-
surement response was detected, which was then used
as an empirical guide to the maximum amount of water
that could be added to the wet granulation mix. How-
ever, no information was derived on the mobility of the
water or the origins of the transition, in terms of the
physical properties of water in relation to the surface
properties of the materials studied.

4. Conclusions
This study links the surface acceptor/donor proper-
ties of each saccharide/ saccharide derivative with the
strength of interaction between water and each material,
and may provide information on what surface proper-
ties affect the microdissolution of each powder. The
results are interesting, in that this type of study may go
some way to elucidating the effect of different excipi-
ents on the properties of the wet mass in the granulation
process. for pharmaceuticals and food stuffs. For exam-
ple, the dielectric properties of hydrated samples may
be predictive of the role played by water as a binder in

the formulation. The parameters ht, m1 and m2 could
provide useful indices for the prediction of both phys-
ical and chemical (e.g., hydrolytic) instability of these
systems and any co-additives, as they indicate the mo-
bility of the water in the system (and a lower mobility
of water may well provide improved stability).
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