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Abstract 

The mean diffusion coefficients, D, for maltose-water mixtures close to the glass transition 
temperature, Tg, were measured using a gravimetric method during desorption of water. The mass 
loss showed a linear dependence on the square root of time, indicating a Fickian diffusive process. 
At 300 K, an increase in the water content from 5.0 to 17.0% w / w  resulted in an increase in 
from 9.0 × 10 -15 to 4.0 × 10 -13 m 2 s -1. The variation of D with temperature, at a water content 
of 9.5% w/w,  yielded an activation energy of 70 kJ mo1-1. The variation of diffusion coefficient 
with temperature does not follow that of viscosity and diverges when Tg/T > 0.8. 
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1. Introduction 

Recently, there has been increased recognition of  the relevance of  the glass transition 
behaviour of  carbohydrates to their industrial usage as matrices for the preservation of  
proteins, food ingredients, and pharmaceuticals [1-4]. 

As a liquid carbohydrate is cooled below its melting temperature, in many instances 
crystallization does not result; instead, the viscosity of  the liquid progressively increases 
until, at the glass transition, the amorphous material has solid-like characteristics. The 
change from liquid-like to solid-like behaviour occurs at the glass transition temperature, 
Tg, its value depending on thermal history and the time scale of  the measurement. It is 
conveniently determined in calorimetric experiments from the sharp change in heat 
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capacity at Tg. Undercooled carbohydrate liquids are classified as "fragile",  with a 
strong dependence of shear viscosity, ~7, on temperature, T, in the vicinity of Tg [5-9]. 
This dependence is described by the semi-empirical " V T F "  relationship 

r /=Aexp  [ B / ( T -  To)], (1) 

where A, B, and T O are constants. At Tg, typical values of the shear viscosity are in the 
region of 1012 Pa [5]. 

If the Stokes-Einstein equation (D = kT/67rga) for the dependence of diffusion 
coefficient, D, on hydrodynamic radius, a, and viscosity is applicable to carbohydrate 
liquids, then diffusion of molecular species in the glass should be enormously retarded. 
This would, in part, account for the encapsulating and protective ability of these 
matrices. 

Although there is sometimes an expectation that the Stokes-Einstein relationship 
adequately describes diffusion in molecular liquids, experimental evidence suggests that 
it is only applicable when the diffusing species is large compared to the size of molecule 
in the continuous medium [10]. With decreasing size of a probe species, there is a 
breakdown in this hydrodynamic description. Additionally, on undercooling "fragile" 
organic liquids there is evidence for a change in diffusive behaviour as Tg is approached, 
with an uncoupling of diffusion from shear viscosity, with an onset typically in the range 
of Tg/T 0.8-0.85 [11,12]. Comparable behaviour has been observed for the motion of 
probe species in synthetic polymer matrices [13-15], particularly if the probe is smaller 
than the monomer unit of the polymer, or for polymers which retain some mobility in 
the glass, associated with the motion of side chains, pendant groups, or residual 
backbone flexibility. 

There is also evidence of mobility in vitreous carbohydrates. In dielectric experiments 
on glucose-water [16] and maltose-water mixtures [17], two main relaxations are 
observed. The a-relaxation is associated with the reorientation of the whole molecule in 
the transient electric field, while the /3-relaxation, observed at a lower temperature and 
below Tg, is associated with the reorientation of the pendant hydroxymethyl group [18] 
and water. This observation suggests that a fraction of water in the glassy carbohydrate 
matrix retains some orientational mobility. Similarly, in calorimetric experiments, the 
apparent heat capacity of water in a glassy maltohexaose-water mixture was that of 
liquid water, suggesting that water in the glassy carbohydrate can explore liquid-like 
configurations [19]. These observations suggest the need for measurements on diffusion 
in these systems, over a sufficient length scale to be relevant to practical usage. In this 
article we examine the effect of undercooling on diffusion in maltose-water mixtures as 
the glass transition is approached. 

2. Experimental 

Maltose monohydrate (Sigma) was used without further purification. Concentrated 
maltose solutions of known water content were prepared as previously described [8]. The 
crystalline maltose was first melted at 160°C, then cooled to 60°C, and water added to 
the desired concentration and mixed. Water contents were determined by vacuum drying 
at 60°C over P205. 
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Calorimetry.--Samples (5-10 mg) were weighed accurately into aluminium pans, 
using a Cahn 2000 recording electrobalance with a sensitivity of 0.1 /zg. The pans were 
sealed quickly in order to minimise adsorption of moisture. Differential scanning 
calorimetry was performed with a Perkin-Elmer DSC2 calorimeter equipped with a 
cooler unit. Data were logged on a BBC microcomputer for subsequent analysis. Each 
sample was scanned twice; the first scan to minimise any differences in thermal history 
and the second to determine the glass transition temperature. A scanning rate of 10 K 
min-1 was used. After scanning, the water content of each sample was checked by 
weighing the pan, puncturing it, and reweighing it after vacuum drying at 60°C over 
P205. The glass transition temperature was determined from the sharp increase in 
differential heat flow at Tg. The glass transition temperature was taken to be the 
mid-point between the onset and completion temperatures. 

Diffusion experiments.--Concentrated maltose solutions were transferred to Plastipak 
syringes (internal diameter, 4.7 mm) at 60°C. These were cut into cylinders of length, 
2 × l, of between 2.0 and 8.0 mm. A maltose-water cylinder was placed on the pan of 
a Cahn 2000 recording electrobalance mounted in a chamber containing P205 which 
maintained the relative humidity below 2.0%. The relative humidity of the chamber was 
monitored using a Lee-Integer DHL49 humidity sensor calibrated against saturated salt 
solutions. The chamber was thermostated in an enclosure regulated to 0.1°C. The 
amount of water, M t, lost from the cylinder was recorded as a function of time, t. If M o 
is the original mass of water in the maltose-water mixture, then for a cylinder with its 
ends open and curved surface sealed, when the surface concentration of water becomes 
effectively zero, the appropriate solution of the diffusion equation for small time periods 
is: 

M0 = 2  -~- 1 r _ a / z + 2 E ( _ l ) , i e r f  c nl 
n=l ~ (2) 

where D is a mean value of a concentration-dependent diffusion coefficient [20]. D was 
obtained from measurements of the initial desorption when M J M  o < 0.01. Preliminary 
experiments measured desorption over a 16-h period; during this time M , / M  o showed a 
t 1/2 dependence. Subsequent experiments lasted 2 h. For the range of water contents and 
experimental temperatures, the undercooled maltose-water mixtures were stable to 
crystallisation for at least several days as evidenced by the absence of a melting 
transition on differential scanning calorimetry_, From the dependence of D on concentra- 
tion it is possible by extrapolation to obtain D o, the value of D at zero concentration of 
water. Using standard procedures [20] the ratio D / D  o can be used to estimate D, the 
interdiffusion coefficient. 

3. Results 

Fig. 1 shows a plot of Tg versus water content for maltose-water mixtures. The Tg of 
the mixture falls from 60.0°C at a water content of 1.5% w / w  to 0.0°C at a water 
content of 12.5% w/w .  This dependence of Tg on water content is in broad agreement 
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Fig. 1. Graph of  glass transition temperature, Tg, versus water content for maltose-water  mixtures. Measure- 
ments from this laboratory (this work  and refs [8] and [21]), O;  measurements of  Green and Angell [22], A. 

with, and extends, earlier studies [8,21,22] and confirms that at low water contents the Tg 
of the mixture is very sensitive to variations in water content [1]. 

Fig. 2 shows a plot of the drying of an 86.8% w / w  maltose-water mixture at 27.0°C, 
where Mt/M o is plotted as a function of v~/2l.  The observed linear dependence of this 
reduced desorption plot shows the applicability of equation (2) for the determination of a 
diffusion coefficient in these systems [13]. 

The diffusion coefficient in the maltose-water mixtures was determined as a function 
of temperature and water content. Fig. 3 shows a plot of log D as a function of water 
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Fig. 2. Reduced desorption plot for an 87.0% w / w  aqueous solution of maltose at 27.0°C, where l (mm) is 
1.37 (A) ,  1.70 (El), 1.73 ( l l ) ,  2.34 (©) ,  2.55 ( 0 ) ,  and 3.64 (A) .  
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Fig. 3. Graph of mean diffusion coefficient, D, versus water content for maltose-water mixtures at 27.0°C. 
The glass transition occurs at a water content of 6.0% w / w  at this temperature. 

content for maltose-water mixtures at 27.0°C. D increases from 9.0 X 10 -15 to 
4.0 x 10 -13 m2s -1 as the water content increases from 5.0 to 17.0% w / w .  For this 
range of water content, the calorimetric Tg ranges from 36.0 to - 14.0°C. The deviations 
from linear behaviour on this log-linear plot suggest that the rate of increase of the mean 
diffusion coefficient with increasing water content may be faster than exponential. 

Crank [20] described approximate methods for extracting the concentration depen- 
dence of D from that of D. In order to proceed, an assumption is made of the 
underlying dependence of D upon water content. The approximately linear dependence 
of log D upon water content in Fig. 3 suggests an exponential dependence. Extrapolat- 
ing the data in Fig. 3 gives a value of 1.20 X 10 -15 m 2 S - 1  for Do, the mean diffusion 
coefficient at zero water content. This value is a factor of ~ 6.8 lower than the smallest 
value of D measured at a water content of 5.0% w / w .  Applying the corrections 
computed by Hansen for exponential concentration dependence (tabulated by Crank 
[20]) to the data at 5.0% w / w  water gives a D value of ~ 1.1 x 10 -13 m 2 s -1, which 
is a factor of 12.2 greater than the value of D. In our experiments a consequence of the 
concentration dependence of D is that, during desorption, a surface layer of low water 
content forms in which diffusion is relatively slow. This layer hinders diffusion from 
sub-surface layers and makes a relatively large contribution to the mean diffusion 
coefficient. This method of correction is not systematically applied to the results in this 
paper since, in general, the concentration dependence of D can be discontinuous at the 
glass transition [23,24], and so the extrapolation to estimate Do may be unreliable. For 
example, if the variation of D with water content is weaker below Tg, this would result 
in the estimate of Do being low and an overestimate of the size of the correction. 

In Fig. 4, the mean diffusion coefficient of a mixture containing 10.0% w / w  water, 
having a calorimetric Tg of 10.0°C, is shown as a function of temperature in the range 
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Fig. 4. Graph of mean diffusion coefficient, D,  versus temperature for a 90.0% w / w  aqueous solution of 
maltose. 
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Fig. 5. A comparison of shear viscosity [8] and mean diffusion coefficient, D ,  as a function of T g / T .  
results from water content study (as in Fig. 3), O;  and from temperature study (as in Fig. 4), O .  
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25.0-60.0°C. AS the temperature increases from 25.0 to 60.0°C, the mean diffusion 
coefficient increases from 1.5 X 10 -14 m 2 s -1 to ca. 2.0 X 10 -13 m 2 s -1. The 
temperature dependence is apparently Arrhenian, with an activation energy of 70 kJ 
mol-1. These diffusion data are combined in a plot of D as a function of Tg/T (Fig. 5), 
and compared with a VTF fitting of available viscosity data [8] on maltose-water 
mixtures. 

4. Discussion 

There have been a number of studies of diffusion in dilute aqueous solutions of low 
molecular weight carbohydrates. For example, the interdiffusion coefficient, D, at 
25.0°C, extrapolated to zero concentration of carbohydrate, was 5.24 X 10 -1° and 
5.2X 10 -1° m 2 s -1 for sucrose and maltose, respectively [25,26]. With increasing 
concentration of carbohydrate, D slowly decreases, reaching a value of 4.7 × 10 -11 m 2 
s -1 at a concentration of 74.0% w / w  maltose at 28.0°C [27]. NMR measurements [28] 
of the intradiffusion coefficients of water and sucrose in concentrated (70.0% w / w )  
sucrose solutions gave values of ~ 1.0 X 10 -11 and 1.0 X 10 -1° m 2 s -1 for sucrose 
and water, respectively, at 40.0°C. As the viscosity of these solutions [29] is still a factor 
of ~ 1012 below that of a glass, these experiments on concentrated carbohydrate 
solutions do not approach the glass transition region. 

There are a few studies of diffusion in biopolymeric materials as they approach 
dryness and vitrify [30-33]; for example, in a study of diffusion in a gelatinised starch 
film [31], it was found that the mean diffusion coefficient at 25.0°C fell from 1.0 X 10 -12 

to 1.0 x 10 -14 m 2 S -1 as the water content decreased from 9.9 to 0.8% w / w .  As an 
amorphous starch film containing 20.0% w / w  water would have a Tg of 25.0°C [34], 
this indicates a limited retardation of the translational mobility of water in the glassy 
film. As starch films prepared from particulate dispersions of gelatinised starch are 
heterogeneous structures with large local variations in polymer concentration, some 
caution is necessary in the interpretation of the observed diffusive behaviour which 
could be markedly influenced by the fraction of water present in "pores" .  In another 
study [32] of diffusion in maltodextrin-water mixtures, it was found that the mean 
diffusion coefficient of water in maltodextrin-water mixtures at 21.5°C ranged from 
1.9 x 10 -11 m 2 S - 1  at a water content of 26.4% w / w  to 1.2 × 10 -13 m 2 S - 1  at a water 
content of 11.1% w / w .  For malto-oligomers the glass transition region would be 
approached at the lower water contents [21], and these data are further evidence for a 
rather limited retardation in diffusion in this region. Similarly in a recent, preliminary 
report of an NMR study [33], it was found that the translational diffusion coefficient of 
water in a 80.9% w / w  pullulan-water mixture was 4.0X 10 -11 m E S - 1  at the 
calorimetric glass transition. 

In the present study of maltose-water mixtures, the measured mean diffusion 
coefficients are in the range 10 -12 to 10 -14 m 2 s -1 .  While this indicates that there is 
some slowing of diffusion as the glass transition is approached, it is not associated with 
the change in shear viscosity, which strongly diverges from diffusion" coefficient at 
values of Tg/T in the region 0.8. The behaviour of this mixture is comparable with that 
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of other organic liquids [11,12]. Further experiments are necessary to identify the effect 
of differences in molecular size of the two components on the observed change in 
diffusive behaviour in the region of Tg. The present study demonstrates that, while 
glassy carbohydrate matrices may have mechanical stability as a result of their very high 
viscosity and corresponding rigidity, the intuitive view that these matrices similarly 
ensure protection or encapsulation of low molecular weight species through a dramatic 
slowing of diffusion is in need of further investigation. 
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