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ABSTRACT

The effect of glycerol on molecular mobility and hydrogen bonding in amorphous glucose matrix was
studied. Phosphorescence from erythrosin B (Ery B) was used to characterize the temperature depen-
dence of mobility in glucose/glycerol films over the temperature range from 100 °C down to —10 °C. Anal-
ysis of emission energy and excited state decay kinetics from Ery B provided information about thermally
activated modes of matrix dipolar relaxation around and collisions with the excited triplet state of the
probe. Both the average rate of matrix mobility and the width of the distribution of matrix mobility rates
largely scaled with the effect of glycerol on the glass transition temperature of the glucose/glycerol mix-
ture. The IR hydrogen bond bandwidth increased at higher glycerol content, suggesting that the strength
of the bond became more widely distributed with the added glycerol. An increase with temperature in
the hydrogen bond peak frequency indicated the transformation of associated hydroxyl to free hydroxyl.
These results support a model in which glycerol plasticizes the glucose matrix at mole ratios of 0.1 and

above while providing no evidence for the antiplasticization seen in other sugar matrices.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Glucose, one of the most widely distributed and important sug-
ars in nature, possesses considerable application value for the food
and pharmaceutical industries. It is used in abundance as a food
additive, filler, and as a component in tablet coatings. As an amor-
phous (noncrystalline) solid, glucose can also act as an effective
protectant against lipid oxidation and bacterial growth.! The sta-
bility and properties of amorphous biomaterials are modulated
by specific physical processes and chemical reactions that are di-
rectly modulated by the molecular mobility of the amorphous ma-
trix.2 Thus, it is of primary importance to understand the molecular
mobility of amorphous solids containing glucose and its response
to changes in composition and environmental conditions. Experi-
mental techniques such as NMR, DSC, and fluorescence have been
extensively used to evaluate the mobility of amorphous biomateri-
als;>~7 we have systemically used phosphorescence of Erythrosin B
(Ery B), a triplet state molecular probe, to monitor the molecular
properties of protein and oligosaccharide matrices.8~"!

Glycerol is widely used as a humectant and cryoprotectant as
well as a softener or texture modifier to improve the properties
and stability of many foods and pharmaceutical preparations.
Small molecules such as glycerol and water can enhance the flex-
ibility and ductility of polymeric materials, an effect termed plasti-
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cization.'?"* The effects of those small molecules on the physical
properties of amorphous solids have also been studied. It has been
reported that glycerol can exert different effects depending on its
concentration. In sucrose, for example, the extent of matrix relax-
ation and the rate of non-radiative quenching due to matrix colli-
sions monitored using Ery B phosphorescence decreased at
temperatures below the matrix T, when the ratio of glycerol/su-
crose (mole/mole) was lower than 0.27, indicating that glycerol
was acting as an antiplasticizer at low concentrations.'® Different
concentration-dependent effects of glycerol were also found in
other amorphous solids. Lourdin et al. reported that glycerol at a
content below 12% could increase the ductility of potato starch
film; when the amount of glycerol exceeded 12%, however, the
ductility decreased.'® Similar antiplasticizing effects of glycerol
were also found in the matrices of trehalose and maltodextrin.!”!®
In most cases, there exists a critical content that marks the onset of
a change in functionality from antiplasticizer to plasticizer.

The role of glycerol in films is determined by its effect on at
least two types of molecule motions in matrix: large-scale molec-
ular motions (o-relaxations) and localized molecular motions (B-
relaxations). The molecular mobility at any temperature relative
to the glass transition is greatly influenced by molecular weight
of the compound forming the matrix. Previously we have reported
that matrix molecular mobility varies in the order glucose < malt-
ose < maltotriose in the region from 40 °C below to 40 °C above the
glass-transition temperature, indicating that the molecular mobil-
ity is actually higher in sugars with compounds with higher molec-
ular weight.’®2! The hydrogen bond network is an important
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factor modulating those molecular motions in amorphous solids.
The number, length, and strength of hydrogen bonds within the
matrix will inevitably affect interactions between the molecules
in the matrix, consequently affecting the molecular mobility. FTIR,
an effective chemical analysis method, is widely used to detect the
status of hydrogen bonds in amorphous carbohydrate glasses.?224
The sugar OH stretching frequency detected by FTIR provides a
sensitive indicator of the strength of the hydrogen bonding net-
work. In this study, the temperature dependence of stretching fre-
quency was measured to quantify how the strength of hydrogen
bonds is modulated by matrix composition.

Although there have been extensive studies about the effect of
glycerol on polymeric materials,>>~27 the effects of glycerol on glu-
cose, a simple but extremely important sugar, have not yet been
reported. This study thus assessed the effects of glycerol on the
mobility of amorphous glucose using phosphorescence from the
triplet probe erythrosin B (Ery B) dispersed in the matrix. Glycerol
content was varied from 0 to 0.4 (mole ratio of glycerol/glucose) by
adding glycerol to the glucose solution before film formation. The
temperature-dependence of mobility was measured and analyzed
at different glycerol contents, generating families of mobility ver-
sus temperature curves. Samples under the same conditions were
measured by FTIR in a temperature range from 30 to 100 °C. By
studying the relation of mobility to hydrogen bond strength and
network, we can better understand the mechanism of glucose
mobility in the amorphous solid state.

2. Results and discussion
2.1. T; of glucose-glycerol matrix

As a plasticizer, glycerol is added to change the properties of a
material, primarily through depression of the glass transition tem-
perature (Tg). The T, values for amorphous dry glucose/glycerol
binary mixtures calculated from the Couchman and Karasz equa-
tion were 38 °C, 30 °C, 23 °C, 17 °C, and 11 °C for mole ratios of
0.0, 0.1, 0.2, 0.3, and 0.4, respectively. The thickness of the glucose
films used in this study was <1 mm. Previous experience indicates
that seven days is sufficient time to equilibrate such amorphous
sugar samples with a dry environment; water content in a pure su-
crose film made by this method was negligible (0.56 + 0.13 wt.%)
and increased to about 4.5 wt.% in sucrose/glycerol films with high
glycerol content after extensive drying.!> In order to ensure re-
moval of residual water, the films were thus flushed with dry N,
at 100 °C at the beginning of each experiment.?

2.2. Delayed emission spectra

The delayed emission spectra of Ery B in amorphous glucose/
glycerol films displayed two bands: a longer wavelength phospho-
rescence band (maximum ~690 nm) due to emission from the
lowest triplet state (T;) and a shorter wavelength delayed fluores-
cence band (maximum ~555 nm) due to emission from the first
excited singlet state (S;) repopulated by thermally stimulated re-
verse intersystem crossing from T;. Delayed emission spectra of
Ery B in glucose with varying glycerol content collected over the
temperature range from —10 to 100 °C showed a decrease in phos-
phorescence (Ip) and increase in delayed fluorescence (Ipg) inten-
sity with increasing temperature as expected for this probe (data
not shown). Both the delayed fluorescence and phosphorescence
bands shifted to longer wavelength at higher temperature. The
intensity ratio of delayed fluorescence to phosphorescence was
analyzed as a van't Hoff plot of In(Ipg/Ip) versus 1/T (Fig. 1) and
the linear slope was used to calculate the energy gap (AErs) be-
tween the T; and S; states. Van't Hoff plots were linear with R?
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Figure 1. Natural log of ratio of peak intensity for delayed fluorescence (Ipf) to
phosphorescence (Ip) (In(Ipg/Ip)) for Ery B in glucose films containing varying mole
ratios of glycerol plotted versus inverse temperature. Insert shows the values for
krs1(T) in these films calculated as described in the text.

>0.995. The slopes of samples containing varying contents of glyc-
erol showed negligible differences, indicating that AEys was not af-
fected by addition of glycerol.

Delayed fluorescence emission from Ery B occurs because the
rate or reverse intersystem crossing (krs;) is comparable to or fas-
ter than the rate of emission (kgp). As outlined in Materials and
methods (Section 4.3), krs; is the product of a base rate (k°rsq)
and an Arrhenius factor and is thus temperature-dependent. As re-
ported in the literature, k°rs; for Ery B varies with matrix composi-
tion from 0.3 x 10” s~! in ethanol and 6.5 x 107 s~! in water®® to
111 x 107 s in solid polyvinyl alcohol.?® We estimated the max-
imum possible value for k°1s; in glucose/glycerol by assuming that
the values of krs1(T) calculated using (Eq. 5) cannot result in values
for krsp (calculated from lifetimes using (Eq. 4)) that decrease with
temperature;?° the values obtained are thus the minimum possible
values of krso(T). The value of k°rs; determined from such analysis
and used for this study was 3 x 107 s™!; the insert in Figure 1
shows the values of kys;(T) calculated over the temperature range
from —10 to 100 °C.

The peak frequency (vp) and bandwidth (r) for phosphorescence
emission, determined by fitting emission spectra to a log-normal
line shape function (Eqs. 2 and 3), are plotted in Figures 2 and 3,
respectively, as a function of T-Tg to emphasize their dependence
on the physical state of the films. The peak frequency was approx-
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Figure 2. Temperature dependence of the peak frequency for phosphorescence
emission from Ery B in amorphous glucose/glycerol films.
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