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ABSTRACT: Molecular mobility in amorphous solid biomaterials is modulated by the composition and environment (primarily
temperature). Phosphorescence of the triplet probe erythrosin B was used to generate a mobility map within amorphous sucrose
films doped with starch ranging from 0.001 to 0.1 g starch/g sucrose. Data on the emission energy and lifetime of erythrosin B in
sucrose and sucrose-starch films over the temperature range from 5 to 100 �C indicates that starch influences the molecular
mobility as well as dynamic site heterogeneity of amorphous sucrose in a dose-dependent manner. At a starch/sucrose weight (wt)
ratio below 0.005, both emission energy and lifetime decreased, and both the dipolar relaxation rate and nonradiative quenching rate
kTS0 increased, indicating that starch increased the matrix molecular mobility. At a ratio above 0.005, both emission energy and
lifetime increased, and the dipolar relaxation rate and nonradiative quenching rate decreased, indicating that starch decreased the
matrix mobility both in the glass and in themelt. Themobility showed aminimum value at a ratio of 0.01. The interactions existing in
the sucrose-starch matrix are considered as the determining factor to influence the molecular mobility of sucrose-starch mixtures.
Changes in the distribution of emission energies (emission bandwidth) and lifetimes indicated that starch increased the spectral
heterogeneity at high contents while showing insignificant change or a slight decrease in the heterogeneity at low starch contents.
These data illustrate the complex effects of a polymer with mainly linear structure and flexible conformation on the mobility of an
amorphous, hydrogen bonded sugar matrix.
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’ INTRODUCTION

Sucrose glasses stabilize plants and other organisms during
anhydrobiosis, protect biomaterials from freeze-thaw damage,
and provide long-term stability during storage for labile vitamins
and flavor compounds in foods, for drugs, and other bioactives in
pharmaceuticals, and for enzymes, antibodies, and other proteins.

Two main mechanisms, glass dynamics and specific interac-
tion, have been proposed to understand the role of sugars in
stabilizing sensitive compounds during dehydration and
storage.1,2 The glass dynamics mechanism3 focuses on the rigid,
inert matrix formed by the vitrification (glass formation) of
stabilizers such as sugars. The specific interaction mechanism,4

commonly used to explain protein stabilization, focuses on the
hydrogen bonds that form at specific sites between amorphous
sugars and target compounds, help maintain the native structure
and integrity of the molecule (protein) after water is removed,
and consequently enhance long-term stability.

Sucrose is considered an excellent matrix material for long-
term storage of biomaterials since it is both a good glass former as
well as a good hydrogen bond former. However, compared with
other disaccharides such as trehalose, sucrose has lower physical
stability due to a lower glass transition temperature (Tg). It has
been suggested that addition of a polysaccharide to amorphous
sucrose will improve its function as a stabilizer.5

Starch is a versatile food ingredient and is widely used as a
texturizer, thickener, gelling agent, adhesive, and moisture-retai-
ner. Recently, much attention has been focused on the influence
of small molecules on the properties of starch, such as the
plasticizing effect of water,6 glycerol,7 and sorbitol,8 the anti-
plasticizing effect of small molecules,9 and the effect of sugars on
glass transition andmolecular mobility in starch-based systems.10

Few studies, however, have focused on the effect of starch on the
properties of sucrose-based systems. Since starch has been
suggested to improve the stability of sucrose, measurement of
the molecular mobility of a mixed starch-sucrose matrix be-
comes a pressing issue.

Molecular mobility within amorphous solids is usually man-
ifested by relaxation processes. Amorphous solids exhibit a
primary R or glass transition at Tg which reflects the activation
of large-scale molecular motions (R-relaxations) that underlie
the onset of translational and rotational motion within the
matrix; they also exhibit secondary transitions, activated at Tβ

(Tβ < Tg), which reflect the activation of localized mole-
cular motions (β-relaxations) linked to vibrations and/or side-
chain motions within the glass. Temperature-dependent molec-
ular mobility within the amorphous solid controls physical and
chemical properties by modulating the nature and kinetics of
reactions that occur during processing and storage of biomaterials.

In a previous study, we used erythrosin B phosphorescence to
monitor the molecular mobility as well as dynamic site hetero-
geneity in amorphous solid sucrose.11 In the present study,
phosphorescence of Ery B was used to measure the matrix
mobility in thin films of amorphous sucrose-starch mixtures.
High-amylose starch was selected because of its ability to form
films. The measurement of the molecular mobility of amor-
phous sugars at low levels of macromolecules provides insight
into the mechanism by which the biopolymer affects sucrose
matrix mobility, a question of considerable fundamental and
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technological interest. Starch content was varied from 0.001
to 0.1 (g starch/g sucrose) by the addition of starch to the
concentrated sucrose solution prior to film formation. The
temperature dependence of mobility was measured and analyzed
at different starch contents, generating families of mobility versus
temperature curves.

’MATERIALS AND METHODS

Preparation of Sucrose Films. Sucrose was purchased from
Sigma-Aldrich (St. Louis, MO) with a minimum purity of 99.5%. Sucrose
was further purified using the method described by Pravinata et al.11

The free acid of erythrosin B (Ery B, tetra-iodo fluorescein; Sigma
Chemical Co., St. Louis, MO) was dissolved in spectrophotometric grade
dimethylformamide (DMF; Aldrich Chemical Co., Milwaukee, WI) to
prepare a 10 mM stock solution; an aliquot from this solution was added
to the concentrated sucrose to obtain a dye/sucrose mole ratio of 1:104.

Glassy sucrose films were prepared on quartz slides as described in
our previous study.11 The slides were stored against P2O5 and Drie-Rite
for at least 7 days and checked for crystals within the film through
crossed polarizers in a dissecting microscope (Nikon Type 102, Japan)
before any phosphorescence measurements.
Preparation of Starch-Sucrose Films. Corn starch HYLON

VII (71% amylose, molecular weight 243,000-972,000) was obtained as
a generous gift fromNational Starch (Bridgewater, NJ) and used without
further treatment. Starch-sucrose solutions were prepared from a
sucrose solution containing dye. Sufficient water was added to the starch
powder to make a slurry with starch concentration less than 3 wt %. The
slurry of starch granules was then heated with vigorous stirring on a hot
plate to boiling for 30-40 min. The hot starch solution was then mixed
thoroughly with prewarmed 64-66% sucrose solution (70 �C) to
prepare starch-sucrose mixtures with starch/sucrose weight (wt) ratios
of 0.001, 0.0025, 0.005, 0.01, 0.025, 0.05, and 0.1. The final mixtures
were checked using a microscope to ensure that starch granules were
completely hydrated and gelatinized. After gelatinization, solutions were
filtered through a 0.2 μm membrane to remove insoluble granule
remnants. The starch-sucrose solutions were kept hot (above 80 �C)
before casting films. The procedure tomake a glassy starch-sucrose film
was the same as the procedure to make a pure sucrose film except for the
drying of films for 10 min instead of 5 min.

Water content in amorphous sucrose and sucrose-starch films was
determined gravimetrically (by difference of mass before and after
drying for 24 h at 70 �C in an Ephortee (Haake Buchler, Inc.) vacuum
oven at 1 kPa). Sample films were scrapped from quartz slides and
ground into powders in a glovebox containing P2O5 andDrie-Rite with a
relative humidity less than 5%. Pure sucrose films contained 0.56( 0.13
wt % water, while the starch/sucrose mixture samples contained 0.58(
0.01, 0.50 ( 0.08, 1.05 ( 0.03, 1.28 ( 0.27, 1.50 ( 0.05, 1.75 ( 0.03,
and 1.78 ( 0.09 wt % water, respectively.
Luminescence Measurements. Luminescence measurements

were made using a Cary Eclipse Fluorescence spectrophotometer
(Varian Instruments, Walnut Creek, CA). Prior to any phosphorescence
measurements, all samples were flushed for at least 15 min with nitrogen
gas, which contained less than 1 ppm oxygen to eliminate oxygen
quenching. At each target temperature, samples were equilibrated for
1 min/�C increase in temperature. The temperature was controlled
using a thermo-electric temperature controller (Varian Instruments,
Walnut Creek, CA). To eliminate moisture condensation during the
measurements below room temperature, dry air was used to flush the
chamber surrounding the cuvette holder. All of the measurements were
made at least in triplicate.

Delayed fluorescence and phosphorescence emission spectra were
collected from 520 to 750 nm (10 nm bandwidth) at 1 nm intervals using
an excitation of 500 nm (20 nm bandwidth) over a temperature range

from 5 to 100 �C with an observation window of 5.0 ms and an initial
delay time of 0.2 ms, which suppresses fluorescence coincident with the
lamp pulse. Emission spectra from sucrose or sucrose-starch films
without probe were subtracted from each spectrum, although the signal
of background was very low.

The energy of emission maximum (νp) and the full width at half-
maximum (FWHM) of the emission bands were determined by using
the log-normal line shape function11 to fit both delayed fluorescence and
phosphorescence.

IðνÞ ¼ I0exp -lnð2Þ ln½1þ 2bðν- νpÞ=Δ�
b

 !2
8<
:

9=
; ð1Þ

In eq 1, I0 is the maximum emission intensity, νp is the peak frequency
(cm-1), Δ is a line width parameter, and b is an asymmetry parameter.
This equation reduces to a Gaussian line width when b = 0. The
bandwidth (FWHM; Γ) was calculated according to the following
equation:

Γ ¼ Δ
sinhðbÞ

b

� �
ð2Þ

For delayed luminescence spectra collected from 520 to 750 nm, a sum
of log-normal functions for delayed fluorescence (Idf(ν)) and phosphor-
escence (Ip(ν)) was used to fit the spectra. Each emission band was fit
with independent parameters.

For lifetime measurements, samples were excited at 530 nm (20 nm
bandwidth) and emission transients collected at 680 nm (20 nm
bandwidth) over the temperature range from 5 to 100 �C. Phosphor-
escence intensity decays were collected over a window of 5 ms with an
initial delay of 0.1 ms and increments of 0.04 ms. Each decay was the
average of 20 cycles. Because intensity decays were nonexponential, a
stretched exponential or Kohlrausch-Williams-Watts’ decay function
was selected to analyze the intensity decay.11

IðtÞ ¼ I0expð- ðt=τÞβÞ þ constant ð3Þ
In eq 3, I0 is the initial amplitude, τ is the stretched exponential lifetime,
and β is an exponent varying from 0 to 1 that characterizes the
distribution of lifetimes. The use of a stretched exponential model
provides a direct measurement of a continuous distribution of lifetimes,
which is appropriate for describing a complex glass possessing a distribu-
tion of relaxation times for the dynamic molecular processes. The
smaller the β value, the more nonexponential the intensity decays and
the broader the distribution of lifetimes. The programNFIT (Galveston,
TX)was used to fit the decay; goodness of fit was evaluated by examining
the values of χ2 and R2. Plots of modified residuals (defined as the
difference between the intensity from the fit decay curve and the
measured intensity divided by the square root of the measured intensity)
were also used as an indicator of the goodness of fit. R2 for all fits ranged
from 0.99 to 1.00, and modified residual plots fluctuated randomly
around zero amplitude.
Photophysical Scheme. Our analysis of the delayed emission is

similar to the photophysical scheme for erythrosin B outlined by
Duchowicz et al.12 The measured emission rate for phosphorescence
(kP) is the sum of all possible de-excitation rates for the triplet state T1:

τ-1 ¼ kP ¼ kRP þ kTS1 þ kTS0 þ kQ ½Q � ð4Þ
In this equation, kRP is the rate of radiative emission to the ground state
S0; for erythrosin B, kRP is 41 s

-1 and constant with temperature.12 The
rate kTS1 is the rate of thermally activated reverse intersystem crossing
from the triplet state T1 to the singlet state S1; its value can be estimated
from the Arrhenius equation:

kTS1ðTÞ ¼ k0TS1expð-ΔETS=RTÞ ð5Þ
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where k0TS1 is the maximum rate of intersystem crossing from T1 to S1 at
high temperature, ΔETS is the energy gap between T1 and S1, R = 8.314 J
K-1 mol-1, and T is the temperature in Kelvin. The value of ΔETS is
calculated from the slope of a Van’t Hoff plot of the natural logarithm of the
ratio of intensity of delayed fluorescence (IDF) to phosphorescence (IP):

d½lnðIDF=IPÞ�=dð1=TÞ ¼ -ΔETS=R ð6Þ
where IDF and IP are the maximum intensity values determined from an
analysis of the emission band using eq 1. The value of kTS1 at 25 �C was
estimated as 88 s-1 using k0TS1 = 3.0� 107 s-1 andΔETS = 31.56 kJ/mol.

11

In the presence of oxygen, the quenching rate kQ[Q] is the product of
the rate constant kQ and the oxygen concentration [Q]. By flushing
nitrogen throughout the measurements, we assume that no oxygen
quenching occurred. One of the nonradiative decay routes is through
intersystem crossing to the ground state S0. The decay rate is expressed
by kTS0, which reflects the rate of nonradiative quenching of the probe
due to both internal and external factors. We assume that the term kTS0
primarily reflects the external environmental factors since the self-
collisional quenching among probe molecules can be neglected within
the extremely viscous amorphous solid. In this study, the temperature-
dependent term kTS0 can be calculated from phosphorescence lifetime
by rewriting eq 4.

kTS0ðTÞ ¼ 1
τðTÞ- kRP - kTS1ðTÞ ð7Þ

Estimation of Tg of Sucrose/StarchMixtures. TheTg values of
the starch-sucrosemixtures were estimated using the following equation:

Tg ¼
Σ
i
wiΔCpiTgi

Σ
i
wiΔCpi

ð8Þ

where wi,ΔCpi, and Tgi refer to the weight fraction, the change in specific
heat capacity, and the glass transition temperature of individual compo-
nents, respectively. Tg and ΔCp for sucrose are 62 �C and 0.6 J/g �C,
respectively.13 For Hylon VII corn starch, Tg andΔCp were estimated on
the basis of its composition (71% amylose and 29% amylopectin). We
calculated Tg values of the mixtures using the values of Tg = 227 �C and
ΔCp= 0.49 J/g �C, which were reported byOrford et al.14 when analyzing
the DSC results of a series of saccharides ranging in DP from D-glucose up
to amylose and amylopectin. Note, however, that the calculated Tg values
of the starch-sucrose mixtures were not significantly affected by the
choice of starch component Tg or ΔCp values due to the very low starch
contents of our samples.

’RESULTS

At a probe/sucrose molar ratio of 1:104, each probe is on
average surrounded by a matrix shell around 10-11 sucrose
molecules thick; at this concentration, Ery B does not appear to
aggregate within the matrix and thus reports the physical proper-
ties of the unperturbed sucrose matrix.
Delayed Emission Spectra. The delayed emission spectra of

Ery B dispersed in amorphous sucrose films with various starch/
sucrose weight ratios were collected over the temperature range
from 5 to 100 �C. All spectra (data not shown) showed the
typical decrease in phosphorescence and increase in delayed
fluorescence intensity with increasing temperature exhibited by
xanthene dyes. Both the delayed fluorescence and phosphores-
cence bands shifted to longer wavelength at higher temperature;
the peak frequency (νp) and bandwidth (Γ) were determined by
fitting to a log-normal line shape function (eqs 1 and 2). The
effect of temperature on peak frequency and bandwidth for
phosphorescence emission are plotted versus temperature in

Figure 1. The peak frequency for delayed fluorescence exhibited
similar behavior (data not shown).
The phosphorescence peak frequency provides a measure of

the average energy of emission. The peak frequency decreased
gradually and approximately linearly at low temperature and
muchmore steeply at high temperature in all films. All curves had
approximately the same temperature dependence. However, at a
starch/sucrose wt ratio of 0.0025 the peak frequencies were
below, while at a wt ratio higher than 0.005, the frequencies were
above the values for pure sucrose. Addition of more starch
decreased the peak frequency even further at both temperatures.
The total decrease in peak frequency (Δνp) with changing

temperature from 5 to 100 �C varied with starch content. Compared
with sucrose (Δνp = 338 cm-1), the decrease in peak frequency in
starch/sucrose films was larger at low starch content but smaller at
high starch content. With the addition of starch, Δνp increased to a
maximum of 380 cm-1 at a wt ratio of 0.0025 and decreased to a
minimum of 300 cm-1 at a wt ratio around 0.025.

Figure 1. (a) Peak frequency (νp) and (b) bandwidth (full width at half-
maximum, FWHM) for phosphorescence emission from erythrosin B in
amorphous sucrose-starch films plotted as a function of temperature.
Delayed emission spectra collected as a function of temperature were
analyzed using the log-normal line shape function. Samples are erythrosin
B in sucrose films with various starch/sucrose weight ratios ((, control, 0;
9, 0.001; 2, 0.0025; O, 0.005; � , 0.01; b, 0.025; 0, 0.05; þ, 0.1).
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The phosphorescence bandwidth is a measure of the extent of
inhomogeneous broadening of the emission spectra. The

bandwidth was essentially constant at ∼1600 cm-1 at low
temperature and increased gradually with low temperatures
and more dramatically at high temperature in all films. The
addition of starch did not significantly influence the bandwidth,
and thus did not affect the extent of inhomogeneous broadening,
over the whole temperature range.
The variation of the Ery B peak frequency and bandwidth with

starch concentration are illustrated in Figure 2. The peak
frequency varied in a complex fashion with starch content,
decreasing to a minimum at wt ratio of 0.0025, increasing to a
maximum at wt ratio 0.01, and then decreasing slightly at higher
starch/sucrose wt ratios. In contrast, the bandwidth did not vary
significantly with starch content. The effect of starch concentra-
tion is highlighted by the dependence of the normalized peak
frequency (compared to the value in pure sucrose) on starch
concentration at each temperature (Figure 2c).
The intensity ratio ln(Idf/Ip) was plotted as a van’t Hoff plot

versus 1/T, and the slope obtained from the linear plot was used
to estimate the energy gap (ΔETS) between the lowest triplet and
singlet states (eq 6 in Materials and Methods). In amorphous
sucrose, the value of ΔETS was 31.56 ( 0.56 kJ mol-1. In the
presence of starch with wt ratios of 0.001, 0.0025, 0.005, 0.01,
0.025, 0.05, and 0.1, the values ofΔETS were 31.92( 0.19, 31.32(
0.86, 31.64( 0.16, 32.12( 0.77, 31.13( 0.55, 31.32( 0.38, and
31.29( 0.16 kJ mol-1, respectively, indicating that the addition of
starch had no significant influence on the singlet-triplet energy gap.
Phosphorescence Intensity Decay Kinetics. The phosphor-

escence intensity decay of Ery B in sucrose-starch films with
different starch contents was measured over the temperature range
from 5 to 100 �C. All data were well-fit using a stretched exponential
decay model.11 The stretched exponential lifetime τ and stretching
exponentβ are plotted as a function of temperature in Figure 3. The
lifetimes decreased gradually and linearly at low temperature and
more dramatically at high temperature. The lifetime versus tem-
perature curves were similar at all starch contents; however, the
lifetimes at starch/sucrose wt ratios lower than 0.005 were smaller,
while those with starch/sucrose wt ratios higher than 0.005 were
larger than the lifetimes for pure sucrose at each temperature.
The stretching exponent, a measure of the width of the lifetime

distribution in the amorphous matrix11 also showed biphasic
behavior over the temperature range from 5 to 100 �C; β was
nearly constant at low temperature and decreased gradually at
high temperature. The effect of starch on β varied with tempera-
ture: below ∼65 �C, starch had little effect on β, whereas at
higher temperature, starch decreased β below that in pure
sucrose at low concentrations (<0.005 wt ratio) and increased
β at higher concentrations. At high concentration, starch thus
diminished the measured decrease in β at high temperature until,
at wt ratio 0.01, β was nearly constant with temperature. The
decrease in lifetime with temperature reflects an increase in the
rate of nonradiative decay of the excited triplet T1 state due to an
increase in both the rate of nonradiative, matrix-induced decay to
the ground state S0 (kTS0) and the rate of reverse intersystem
crossing to S1 (kTS1). On the basis of the maximum physically
reasonable value of kTS1,

11 an estimate of the lower limit of kTS0
was calculated using eq 7 (Materials andMethods). These values
are plotted as ln(kTS0) versus 1/T in Figure 4. The matrix-
induced quenching rate (kTS0) was approximately constant at
low temperature and increased significantly at high temperature.
The increase in kTS0 occurred near the glass transition tempera-
ture, approximately 62 �C, in pure sucrose;11 the temperature at
which kTS0 increased was not significantly affected by the starch

Figure 2. (a) Peak frequency (νp) and (b) bandwidth (full width at half-
maximum, FWHM) for phosphorescence emission from erythrosin B in
amorphous sucrose-starch films as a function of the weight ratio of starch/
sucrose. (c) Peak frequency normalized at each temperature to the value in
pure sucrose; for erythrosin B, phosphorescence in amorphous sucrose-
starch films was plotted as a function of the weight ratio of starch/sucrose.
Delayed emission spectra collected as a functionof temperaturewere analyzed
using the log-normal line shape function. From top to bottom, temperature
increased from 5 to 100 �Cwith 10 �C increments ((, 5 �C;0, 15 �C;2, 25
�C;O, 35 �C;� , 45 �C;þ, 55 �C; *, 65 �C;-, 75 �C;Δ, 85 �C;9, 95 �C;
b, 100 �C). In panel c, data below 65 �C are connected by a solid line and
data above 65 �C by a dotted line.
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content of the films. The effect of starch on the matrix-induced
quenching rate in sucrose is illustrated in Figure 5a in a plot of
kTS0 versus wt ratio of starch at each temperature; kTS0 increased
at low wt ratios of starch/sucrose and decreased at higher wt
ratios. This trend is best illustrated in a plot of normalized kTS0
(normalized to the value in pure sucrose) plotted versus starch
content (Figure 5b). At each temperature, kTS0 increased at low
starch content, reaching a maximum value at wt ratio of 0.001-
0.0025 and decreased below that of pure sucrose at higher wt ratio,
reaching aminimum value at wt ratio 0.01, and then increased slightly
to a plateau value at higher wt ratio. The effect of starch on kTS0
increased with temperature: compared to pure sucrose, kTS0 was 2%
higher at 5 �Cand 20%higher at 100 �Cat awt ratio of 0.001, and 6%
lower at 5 �C and 17% lower at 100 �C at a wt ratio of 0.01.

’DISCUSSION

Starch Conformation in Sucrose Films. The behavior of
starch in solution is dependent on various factors, including the

source of the starch, the amylose/amylopectin ratio, the presence
of other components, and processing conditions (temperature,
shear rate, and heating/cooling rate). Higher amylose content,
for example, increases the gelatinization temperature, while
sucrose inhibits granule swell, decreases the maximum viscosity,
reduces the amount of soluble amylose from the granule, and
enhances the gelatinization temperature through competition for
water.15 The gelatinization temperature of a 6% corn starch paste
in the presence of 60% sucrose, for example, was reported as
100 �C compared to 60-70 �C in the absence of sucrose.16

In the present work, starch stock solutions at ∼3 wt % were
prepared with vigorous stirring at temperature well above 100 �C
before mixing with a concentrated sucrose solution. Upon
gelatinization, amylose leached out of the granules adopts a
random coil conformation at high temperature,17 while amylo-
pectin remains within the granules without any crystalline order.18

Additional heating resulted in a continuous phase of solubilized
amylose and amylopectin and a discontinuous phase of granule
remnants, which were removed by microfiltration. We are thus
confident that there were no crystalline or highly ordered granule-
based structures present in the gelatinized starch-sucrose solution
or in the films cast from this solution.
The solubilized components of gelatinized starch readily

crystallize during retrogradation when cool. Sucrose is reported
to prevent starch retrogradation,19 and retrogradation does not
occur at low water content.18 Our sample preparation procedure
involved the addition of gelatinized starch to a concentrated
sucrose solution at temperatures close to 100 �C; then the
mixture solution was kept at high temperature and filtered,
rapidly spread, dried to a film under a heat gun, and stored in a
desiccator at 0% RH for one week before data collection. We are
thus confident that recrystallization of starch or formation of
other orderly structures is negligible and that the starch mole-
cules are dispersed as molecular species throughout the films.
A number of studies indicate that amylose molecules in neutral

aqueous solution exhibit a global random coil conformation with
locally helical segments.17,20,21 This coil/helix conformation

Figure 3. Temperature dependence of (a) lifetime and (b) stretching
exponent β obtained from fits to a stretched exponential decay model of
the intensity of decay of erythrosin B in amorphous sucrose films with
various starch/sucrose weight ratios ((, control, 0;9, 0.001; 2, 0.0025;
O, 0.005; � , 0.01; b, 0.025; 0, 0.05; þ, 0.1).

Figure 4. Arrhenius plot of the temperature effect on the rate constant
for nonradiative decay of the triplet T1 state to S0 (kTS0). Data were
calculated from the lifetime data of Figure 3a; see text for additional
details. Erythrosin B in amorphous sucrose films with various starch/
sucrose weight ratios ((, control, 0; 9, 0.001; 2, 0.0025; O, 0.005; � ,
0.01; b, 0.025; 0, 0.05; þ, 0.1).
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seems common to amylose in a variety of solvents.20 However,
the locally ordered structure disappears at high water content and
high temperature. Cheetham and Tao22 found that the helical
conformation decreased at high temperature with water content
above 33%, and a complete transition from helix to coil was
obtained at 66% water content. In the present study, gelatiniza-
tion of starch in dilute aqueous solution ensures that the con-
formation of starch in solution is a uniformly random coil
(Tgelatinization > 63 �C, above which the amylose molecules must
be in a random coil). Given that viscosity increases monotonically
and dramatically due to drying during film formation, we expect that
the starch macromolecules in the cast films maintain solution-like
conformations. We thus conclude that our results provide insight
into the effect ofmolecularly dispersed, randomcoil starch polymers
on molecular mobility within the amorphous sucrose matrix.

Effect of Starch on the Mobility of Amorphous Sucrose.
The phosphorescence emission wavelength and intensity of Ery
B in amorphous sucrose and sucrose-starch mixtures are
influenced by two kinds of molecular mobility: dipolar relaxation
around the excited triplet state and matrix-induced, nonradiative
quenching of the triplet state.11 Our discussion of the effect of
starch on molecular mobility in amorphous sucrose is based on
an analysis of how the emission energy and lifetime data provide
information about these two modes of molecular mobility.
The singlet-triplet energy gap ΔETS (S1 r T1), determined

from thermal activation of delayed fluorescence, was essentially
identical at all starch concentrations, suggesting that the presence
of starch in the sucrose matrix did not directly modulate the
energy of the triplet state. The peak emission energy, however, a
measure of the (S0 r T1) energy gap, reflects the extent of
dipolar relaxation around the excited triplet state prior to
emission; a decrease in the peak energy thus reflects an increase
in the ratio of the dipolar relaxation rate to the emission rate (kP),
while an increase in energy reflects a decrease in this ratio. The
peak emission energy varied with the amount of starch, decreas-
ing slightly at low (<0.005 wt ratio) starch content, increasing
significantly at intermediate (∼0.01 wt ratio) starch content, and
then decreasing slightly at higher starch content; the ratio of
dipolar relaxation rate/emission rate thus increased, decreased,
then increased again as starch content increased. Given that the
emission rate increased at low starch content and decreased at
higher starch content (see below), these data suggest that starch
caused an increase in dipolar relaxation rate at low starch content
and a decrease at higher starch contents. This direct effect of
mobility on the peak energy may be modulated at the highest
starch content by a decrease in overall matrix polarity due to the
lower average density of polar hydroxyl groups in starch (3 per
monomer of 162 g mol-1 or 0.019/g) versus sucrose (8 per
molecule of 342 g mol-1 or 0.023/g).
The emission intensity and the lifetime are directly modulated

by the rates of radiative emission (kRP), of reverse intersystem
crossing to the excited triplet state (kTS1), and of intersystem
crossing to the ground state (kTS0). The rate of nonradiative
quenching, kTS0, which is modulated by the physical state of the
amorphous matrix, reflects both the manner in which the excited
T1 state is vibrationally coupled to the S0 ground state as well as
the manner in which the ground state vibrational energy can be
dissipated from the excited probe into the surrounding matrix;
since the efficiency of this vibrational dissipation is related to the
overall mobility of the matrix, kTS0 provides a measure of matrix
mobility.23,11 The variation of the Ery B lifetime with starch
content indicated that kTS0, and thus matrix molecular mobility,
increased at low (<0.005 wt ratio) and decreased at higher starch
content to a plateau value at a wt ratio of 0.01 and above.
Two distinct spectroscopic signals from Ery B thus indicate

that starch increases mobility at low starch content and decreases
mobility at high starch content. We interpret these effects of
starch in terms of its complex influence on the integrity and
connectivity of the hydrogen-bonded network within the sucrose
matrix. On the one hand, steric and geometric constraints on
starch hydroxyls may inhibit their ability to form strong, well
ordered hydrogen bonds with sucrose hydroxyls, thus weakening
the hydrogen-bonded network, perhaps increasing the free
volume, and thus increasing matrix molecular mobility. On the
other hand, individual starch molecules can hydrogen bond to a
large number of sucrosemolecules widely distributed throughout
the matrix; this continuous starch-sucrose network and, at

Figure 5. (a) Effect of starch on the rate constant for nonradiative decay
of the triplet state to S0 (kTS0); data of Figure 4 were replotted as kTS0
versus the starch/sucrose weight ratio. (b) Normalized rate constant for
nonradiative decay of the triplet state to S0 (kTS0) as a function of the
starch/sucrose weight ratio at low starch contents. Data were collected at
5 �C ((), 15 �C (0), 25 �C (2), 35 �C (O), 45 �C (�), 55 �C (þ),
65 �C (*), 75 �C (-), 85 �C (Δ), 95 �C (9), and 100 �C (b). In panel b,
data below 65 �C are connected by a solid line and data above 65 �C by a
dotted line.
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sufficiently high starch concentration, starch-starch network,
can dynamically couple large regions of the matrix, and thus
decrease molecular mobility. Our results suggest that local
constraints on hydrogen bonding dominate at low starch con-
centration and large-scale effects on dynamic coupling dominate
at high starch concentration.
The mobility of the sucrose matrix is measurably increased at

0.001 wt ratio of starch; at this concentration, ∼475 sucrose
molecules, or a shell∼22 molecules thick, are perturbed by each
glucose monomer along the starch polymer. The corn starch
Hylon VII used in this study is 71% amylose with the molecular
weight ranging from 243,000 to 972,000, while the remaining
amylopectin has a highly branched structure with a molecular
weight ranging from 106-109 g mol-1. If we assume that the
bulk of the dynamic effect is due to amylose, given its much more
extended conformation, then themobility of the sucrosematrix is
measurably affected at a starch/sucrose mole ratio of∼4� 10-7.
At 0.01 wt ratio starch, where thematrix mobility is decreased the
most,∼48 sucrose molecules are dynamically perturbed by each
glucose monomer or a solvent shell∼7molecules thick along the
polymer. Again, assuming that the effect is due to amylose, the
maximumdecrease occurs at a starch/sucrose mole ratio of∼4�
10-6. Including amylopectin in the analysis gives measurable
effects at even lower starch/sucrose mole ratios (due to the large
size of the amylopection.)
The propagation of dynamic effects over extended regions

argues for enormous cooperativity in the dynamic behavior of the
amorphous sucrose matrix. Our confidence in effects at these low
concentrations is bolstered by our previous studies of the effect of
gelatin24 and xanthan gum25 on sucrose molecular mobility using
Ery B phosphorescence; these studies found a remarkably similar
dependence of matrix mobility on polymer concentration. Both
carbohydrate and protein polymers are thus able to perturb the
sucrose matrix at extremely low mole ratios.
The residual water content of the films increased with starch

content from0.56( 0.13wt% in pure sucrose to 1.78( 0.09wt%
in films with starch wt ratios of 0.1 (see Materials and Methods).
This increase in residual water, albeit small, may affect the matrix
mobility at higher starch concentrations in complex ways.
Influence of Starch onDynamic Site Heterogeneity. Super-

cooled liquids and amorphous polymers are known from a range
of techniques to be dynamically heterogeneous both through
space at any given time and through time at any given place.26

Spectral heterogeneity of Ery B phosphorescence consistent with
dynamic site heterogeneity has been observed in a variety of
amorphous sugars and sugar alcohols11,27 and proteins,28 indi-
cating that such dynamic heterogeneity may be a characteristic
feature of amorphous biomaterials.
The temperature dependence of the stretching exponent β

indicates that the values of β in the glassy sucrose-starch films
were slightly larger at low starch contents but significantly smaller
at high starch contents, suggesting that small amounts of starch
slightly decreased the matrix heterogeneity while large amounts
of starch increased heterogeneity in the glassy state. The effect of
starch on spectroscopic heterogeneity was sensitive to tempera-
ture. At high temperature, starch increased heterogeneity at low
starch content but reduced heterogeneity at high concentration.
The emission bandwidth decreased slightly with the addition

of starch, indicating a decrease in the width of the distribution of
energetically distinct matrix environments both in the glass and
in the melt. However, at high starch/sucrose ratios, the band-
width increased slightly at high temperature.

These spectroscopic characteristics thus suggest that the
addition of a small amount of starch caused perhaps a small decr-
ease in dynamic heterogeneity, while higher concentrations incr-
eased dynamic heterogeneity in amorphous sucrose.
Amorphous sucrose is considered structurally heterogeneous

and appears to organize into sucrose clusters.29 Pure sucrose
glass also has dynamically distinct sites with varied emission
energy and matrix quenching rate.11 Although an increase in
heterogeneity is expected at high starch contents, even a small
decrease in heterogeneity at low concentration is unexpected in a
mixture. Poirier-Brulez et al.10 found similar results when they
investigated the sucrose effect onmobility in starch-based glasses.
The relaxation time distribution indicator β was larger (and thus
less heterogeneous) in starch glass mixed with sucrose (0.56)
than in pure starch (0.31) or in pure sucrose (0.32, reported by
Urbani et al.;30 or 0.51, reported by Hancock et al.31). They
proposed that the larger value was probably a sign of an
asymmetric distribution dominated by short times through a
narrow peak over a wide basis at larger relaxation time values.
Such an explanation may apply to our results.
Effect of Starch on Sucrose Glass Transition Temperature.

The addition of starch did not significantly increase the Tg of the
sucrose matrix in the studied concentration range. The estimated
Tg values for starch-sucrose mixtures at ratios less than 0.025
varied between 62 and 63 �C (compared with 62 �C for pure
sucrose). At a ratio of 0.05, the calculated Tg value increased to
68 �C. Note that starch-sucrose amorphous films contain
residual water varying from 0.5 to 1.8%. As a plasticizer, water
decreased the Tg and increased the flexibility and mobility of
films, which counteracted the effect of starch on Tg. If residue
water was considered, the calculated Tg value for sucrose
decreased to 60 �C, and the values for starch-sucrose mixtures
at ratios below 0.05 were almost the same as theTg for sucrose. At
a ratio of 0.05, the value increased to 62 �C. These calculations
provide evidence that starch affects sucrose matrix mobility
primarily by modulating local mobility motions through specific
intermolecular interactions rather than by modulating the glass
transition temperature that reflects the main chain movement.
We estimated temperatures for a transition in molecular

mobility from the intersection of linear trendlines in Arrhenius
plots of kTS0 at high and low temperatures. The calculated
transition temperatures were 76.5 �C in sucrose and 74.4, 74.7,
73.3, 83.0, 83.2, 84.4, and 83.7 �C in the sucrose-starch mixtures
with starch/sucrose wt ratios of 0.001, 0.0025, 0.005, 0.01, 0.025,
0.05, and 0.1, respectively. The trend in these values, a small
decrease in transition temperature at low starch contents and a
significant increase at high starch contents, reflects the trend seen
in all other mobility data reported here. All of these spectroscopic
data indicate that the addition of starch increased mobility in the
sucrose matrix at low concentration while keeping the probe in a
rigid environment over a wider temperature range at higher
starch content.
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