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The  effects  of glycerol  on molecular  mobility  and hydrogen  bonding  network  in an amorphous  glassy
starch  matrix  were  studied  using  phosphorescence  and IR spectroscopy.  Amorphous  potato  starch  films
containing  varying  amounts  of  glycerol  (0, 5, 10,  20 and 30 wt.%)  were  formulated  by  rapidly  dehydrat-
ing  aqueous  potato  starch  gel  (5%, w/v)  with  a corresponding  content  of glycerol;  X-ray  diffraction  data
confirm  that  the  films  contained  negligible  content  of crystalline  starch.  Erythrosin  B (Ery  B)  phospho-
rescence  was  used  to monitor  the  molecular  mobility  of these  matrices  over  the  temperature  range  from
0 to 100 ◦C. Analysis  of  Ery  B emission  peak  frequency,  band  width  and intensity  decay  provided  infor-
mation  about  thermally-activated  modes  of  molecular  mobility  in  the matrix.  Dipolar  relaxation  around
the  triplet  state  of  Ery  B was  enhanced  by addition  of  glycerol  and  the  extent  of  relaxation  increased
at  low  and intermediate  but decreased  at higher  temperature.  The  glycerol  content-dependent  onset

◦ ◦
ydrogen bond network temperature  for this  transition  was  70 C for pure  starch  and  decreased  to  40 C for  a  matrix  with  30%
glycerol.  Measurements  of  the  rate  of non-radiative  decay  from  the  Ery B triplet  state  indicated  that
glycerol  plasticized  the  starch  matrix  above  ∼10 wt.%  while  acting  as  an  antiplastizer  to increase  the
matrix  molecular  mobility  at lower  content.  These  matrix  properties  were  related  to glycerol-dependent
increases  in  hydrogen  bond  strength  as  measured  by  IR.

©  2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

Over the last few years, there has been a renewed interest
n biodegradable plastics made from annually renewable, natural
olymers (Lawton, 1996). An important renewable raw material

s starch. Starch is a versatile food ingredient and is widely used
s a texturizer, thickener, gelling agent, adhesive, and moisture-
etainer. One of the basic properties of starch is its film-forming
bility. Starch consists primarily of branched and linear chains of
lucose molecules, namely amylopectin and amylose, respectively.
he film-forming ability of starch is principally due to hydrogen
onds between the long-chain, unbranched amylose. Although ten-
ile strengths of starch films are high, they are brittle and exhibit
ittle or no elongation (Lawton & Fanta, 1994). Thus, a plasticizer is

lways added to increase flexibility. As one of the most commonly
sed plasticizers, glycerol is compatible with amylose and could

∗ Corresponding author. Tel.: +1 8489323516.
E-mail address: ludescher@aesop.rutgers.edu (R.D. Ludescher).

1 Current affiliation: Institute of Agro-products Processing Science and Technol-
gy, CAAS, Beijing 100193, China.
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144-8617/© 2014 Elsevier Ltd. All rights reserved.
interfere with amylose chain packing (Garcia, Martino, & Zaritzky,
1999; Jansson & Thuvander, 2004).

Numerous studies have investigated the physical characteristics
of starch-based films and the mechanism underlying film formation
(Das et al., 2010; Dufresne & Vignon, 1998; Otey, Westhoff, & Doane,
1987; Lee et al., 2010). The potential applications of starch films
are closely related to the film microstructure (Romera, Moraes,
Zoldan, Pasa, & Laurindo, 2012), film-forming conditions (Jonhed,
Andersson, & Järnström, 2008), and interactions among the com-
ponents in the starch films (García, Martino, & Zaritzky, 2000). The
pure starch amorphous solid could have a high Tg of around 230 ◦C
(Orford, Parker, Ring, & Smith, 1989). Although foods are consid-
ered stable in the glass below Tg due to an absence of large-scale
molecular motions, and thus the Tg may  be a useful index temper-
ature for stability in some amorphous foods, various physical and
chemical reactions can still occur in the glassy state, indicating that
Tg cannot be considered as a threshold temperature for stability and
that molecular mobility below Tg cannot be neglected.

The effects of glycerol on the physical properties of amorphous

starch have also been studied. It has been reported that glycerol
can exert different effects depending on its concentration. Lourdin,
Bizot, and Colonna (1997a) reported that glycerol at a content
below 12 wt.% could decrease the ductility of potato starch film;

dx.doi.org/10.1016/j.carbpol.2014.08.105
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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hen the amount of glycerol exceeded 12%, however, the ductil-
ty increased. Similar antiplasticizing effects of glycerol were also
ound in the matrixes of trehalose and maltodextrin (Anopchenko,
surek, VanderHart, Douglas, & Obrzut, 2006; Roussenova, Murith,
lam, & Ubbink, 2010). In most cases, there exists a critical glyc-
rol content that marks the onset of a change in functionality
rom antiplasticizer to plasticizer. These results, however, were
btained using macroscopic methods like DSC, film stress analysis,
nd positron annihilation lifetime spectroscopy. Data concerning
ow glycerol can affect the molecular mobility and interaction

orces in the starch and other polymer matrix on the microscopic
evel are, as far as we know, limited.

Starch films are hydrogen-bonded solids and so the properties
f the matrix are modulated by hydrogen bonding interactions
mong the molecules in the matrix. Wolkers, Oldenhof, Alberda,
nd Hoekstra (1998) and Wolkers, Oliver, Tablin, and Crowe
2004) established that the OH stretching vibration at ∼3300 cm−1

ncreases with the temperature in seven amorphous sugars and
OH(T) displayed a characteristic change in slope at the sugar Tg’s.
his increase in �OH reflects a change from associated hydroxyl to
ree hydroxyl following the increase of temperature. Recently, we
ave used FTIR to evaluate the influence of glycerol on the phys-

cal state of amorphous solid glucose. We  found that addition of
lycerol can broaden the distribution of stretching orientations and
hus broaden the absorption band from stretching of OH, consistent
ith the increase in molecular mobility (Liang & Ludescher, 2012).

Here we report studies of the influence of glycerol on molecu-
ar mobility in amorphous potato starch obtained from analysis of
he phosphorescence from Ery B embedded in the matrix. Glycerol
eight content was varied from 0 to 30% by addition of glycerol

o the starch solution before film formation. The temperature-
ependence of mobility was measured and analyzed at different
lycerol contents, generating families of mobility versus temper-
ture curves. Samples in the same conditions were measured by
TIR in the temperature range from 30 to 100 ◦C. By studying the
elation between mobility and hydrogen bond strength and net-
ork, we seek to understand how glycerol can modulate the starch
atrix mobility as a function of concentration.

. Materials and methods

.1. Sample preparation

We  prepared amorphous starch films containing varying con-
ent of glycerol by using a slightly modified version of our published

ethods for making sugar/glycerol films (Liang & Ludescher, 2012).
otato starch (Sigma Chemical, St. Louis, MO), 2.5 g, was  dissolved
n 50 ml  deionized water and heated to boiling on a stir plate for
t least 10 min  to make sure starch was totally denatured. Glycerol
99% GC pure; Sigma Chemical, St. Louis, MO)  was added to obtain
he final content of 0, 5, 10, 20 or 30% of the dry weight of starch. The
lycerol–starch solutions were stirred at room temperature for at
east half an hour to make sure the glycerol was totally blended with
tarch. For the luminescence experiments, starch-glycerol mixtures
ere prepared from solutions containing erythrosin B at the appro-
riate concentration. Erythrosin B (Ery B; Sigma Chemical, MO),
isodium salt, was dissolved in deionized water to prepare a 10 mM
tock solution; an aliquot from this solution was added to the starch
olution to obtain a mole ratio of 1:104 for dye/glucose unit in the
tarch.

The starch solutions were cooled down to room temperature

rior to spreading 15 �l on approximately one third of a quartz slide
30 × 13.5 × 0.6 mm,  custom made by NSG Precision Cells, Farming-
ale, NY). The slides were placed under a gentle warm air stream
sing an air gun to rapidly (within 5 min) evaporate the moisture.
 Polymers 115 (2015) 401–407

Slides were soaked in Terg-A-Zyme (Alconox, Inc., NY) soap solu-
tion over 24 h to remove surface impurities, then washed with
deionized water, and finally rinsed with ethanol and dried with
acetone before using.

For the experiments using IR and X-ray, the films were pre-
pared with the same method as that for luminescence except that
the sample solutions were spread on ATR plates for the IR exper-
iment or glass slides for the X-ray experiment. The quartz slides,
ATR plates and glass slides with film were stored at room temper-
ature against the desiccant Drierite for at least 1 week and kept in
an atmosphere of P2O5 in order to maintain 0% RH. The desiccant
P2O5 was refreshed as necessary.

2.2. X-ray diffraction

X-ray diffraction data were taken with a Philips (Model 42273)
X-ray diffractometer (Mahwah, NJ), using the following conditions:
target, Cu-k� radiation; voltage, 35 kV; current, 20 mA;  scanning
speed, 2◦ of 2�/min; time constant, 1 s. The intensity was measured
at a scanning angle (2�) from 10 to 35◦.

2.3. Differential scanning calorimetry

Thermal transitions of starch films were measured with a TA
Instruments (model Q200) DSC instrument (Newcastle, DE) in
an inert environment by using nitrogen with gas flow rate of
50 ml/min. About 1 mg of each sample was  crimp sealed in an alu-
minum pan. An empty pan was  used as a reference. The samples
were heated at 10 ◦C/min and glass transition temperature (Tg) was
determined from the midpoint temperature of the change in slope
of the heat flow curve.

2.4. Phosphorescence measurements and analysis

All luminescence measurements were conducted on a Cary
Eclipse spectrophotometer (Varian Instruments, Walnut Creek, CA)
equipped with a temperature controller and multicell holder. All
measurements were made at least in triplicate and the temperature
was varied from 0 to 100 ◦C.

A high purity nitrogen stream was  routed into the sample com-
partment and directly into the quartz fluorescence cuvettes that
held the slides. The cuvette was capped with a lid having inlet and
outlet ports for the gas line, so all experiments were performed
at ambient pressure. Each intensity decay was averaged over 50
cycles. For each cycle, data were collected from a single flash with a
resolution of 0.04 ms.  a 0.05 ms  gate, and 10.0 ms  total decay time.
Phosphorescence and delayed fluorescence emission scans were
collected over the range from 540 to 800 nm with an excitation
wavelength of 520 nm.  The excitation and emission monochroma-
tors were both set at 20 nm band pass. Each datum point (collected
at 1 nm intervals) was collected from a single flash with 0.2 ms  delay
and 5 ms  gate time.

For lifetime measurements, because intensity decays are dis-
tinctly non-exponential, a stretched exponential function was
selected to analyze the intensity decays:

I (t) = I (0) exp

[
−
(

t

�

)ˇ
]

+ constant (1)

where I (0) is the initial intensity, � is the stretched exponential
lifetime, and  ̌ is an exponent varying from 0 to 1 that characterizes

the lifetime distribution (Pravinata, You, & Ludescher, 2005). The
use of stretched exponential model provides an analysis in terms
of a continuous distribution of lifetimes, which is appropriated for
describing a complex amorphous solid possessing a distribution of
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elaxation times for dynamic molecular processes (Richert, 2000;
hirke, Takhistov, & Ludescher, 2005).

The energy of the emission maximum (�p) and bandwidth
FWHM, full-width-at-half-maximum) of the emission band were
etermined by using a log-normal line shape function to fit both
elayed fluorescence and phosphorescence emission (Pravinata
t al., 2005).

(�) = I0 exp

⎧⎨
⎩−ln (2)

(
ln
[
1 + 2b

(
� − �p

)]
/�

b

)2
⎫⎬
⎭ (2)

here I0 is the maximum emission intensity, �p is the peak fre-
uency (cm−1), � is a linewidth parameter, and b is an asymmetry
arameter. The bandwidth � (FWHM) is calculated according to
he following equation:

 = �
[

sin h(b)
b

]
(3)

For delayed luminescence spectra collected from 540–750 nm,
 sum of log-normal functions for delayed fluorescence (IDF(�)) and
hosphorescence (IP(�)) was used to fit the spectra. Each emission
and was analyzed for independent fit parameters using a sum of
wo functions as described in Eq. (2).

The phosphorescence lifetimes were used to calculate the rate
onstants associated with the various processes that depopulate
he triplet state. Our analysis of the delayed emission is similar to
he photophysical scheme for Ery B outlined in an earlier study, only
sing slightly different nomenclature (Duchowicz, Ferrer, & Acuña,
998). The measured phosphorescence lifetime (�) is the inverse
um of all possible de-excitation rates for the triplet state T1.

1
�

= kP = kPR + kTS1 + kTS0. (4)

Here, kPR is the rate of radiative decay to the ground state, kTS1 is
he rate of reverse intersystem crossing to S1, and kTS0 is the rate of
ntersystem crossing to the singlet manifold followed by vibrational
elaxation to S0; the oxygen quenching term is not included as it is
egligible under our experimental conditions. The radiative decay
ate has a value of 41 s−1 for Ery B (Duchowicz et al., 1998).

Reverse intersystem crossing is a thermally activated process
hat has an exponential dependence on the energy gap �ETS
etween T1 and S1 (Nack & Ludescher, 2006).

TS1 (T) = ko
TS1 exp

(−�ETS

RT

)
(5)

The ratio of intensity of delay fluorescence (IDF) to phospho-
escence (IP), where IDF and IP are determined from analysis of
mission spectra using the log-normal function (Eq. (2)), is pro-
ortional to the rate of reverse intersystem crossing. A plot of

n(IDF/IP) versus 1/T  thus has a slope of −�ETS/R. The singlet-triplet
nergy gap of Ery B is greatly influenced by the surrounding solvent
matrix) (Lettinga, Zuilhof, & van Zandvoort, 2000). The ko

TS1 for Ery
 varies from 0.3 × 107 s−1 in ethanol (Lettinga et al., 2000) and
.5 × 107 s−1 in water to 111 × 107 s−1 in solid polyvinyl alcohol. We
stimated the maximum possible value for ko

TS1 in starch/glycerol
y assuming that kTS1(T) cannot result in values for kTS0 decreasing
ith increasing temperature. This procedure thus estimated the
inimum possible values of kTS0(T). The estimated value of ko

TS1
as 3 × 107 s−1 in this study.

One of the non-radiative decay routes is through intersystem
rossing to the ground state S0. The decay rate is expressed by

TS0, which reflects the rate of collisional quenching of probe
ue to both internal and external factors (Pravinata et al., 2005).
he term kTS0 primarily reflects the external environmental fac-
ors since the self-collisional quenching among probe molecules
 Polymers 115 (2015) 401–407 403

can be neglected due to the low concentration and slow diffu-
sion within the extremely viscous amorphous solid. We  have used
the Ery B probe in numerous studies of amorphous carbohydrate
and protein solids and found no evidence of clustering. In par-
ticular, as summarized in You and Ludescher (2006): studies of
the effect of probe concentration in amorphous sucrose reveal
that all measured spectroscopic parameters (emission peak fre-
quency, lifetime, etc.) are identical over the range from 0.5 to
10 × 10−4 probe/sucrose, whereas this study used 1 × 10−4 ratio of
probe/glucose monomer; the emission spectra in amorphous starch
do not exhibit the characteristic features associated with exciton
interactions associated with clustering (spectral broadening split-
ting of emission band, wavelength shifts) seen in other studies. In
this study, the temperature–dependent term kTS0 can be calculated
from measured lifetimes using Eq. (4).

2.5. Atomic force microscopy (AFM)

Tapping mode AFM images were collected using a NanoScope
IIIA Multimode AFM (Veeco Instruments Inc., Santa Barbara,
CA) equipped with a silicon-etched RTESP7 cantilever (Veeco
Nanoprobe, Camarillo, CA) under ambient conditions. Before tip
engagement, the films were check with affiliated microscopy for
possible phase separation and the drive frequency of the silicon tip
was tuned with the aid of Nanoscope 5.30 software and fixed at
200–250 kHz for further scanning. All of the collected images were
smoothed before further analysis.

2.6. Attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectroscopy

The ATR-FTIR spectra were collected by using a Thermal Nico-
let Nexus 670 FT-IR spectrometer (Thermo Fisher Scientific Inc.,
Waltham, MA)  equipped with a Smart ARK thermal accessory and
analyzed using the associated EZ-OMNIC software. Each spectrum
was an average of 102 scans with 4 cm−1 resolution in a dry atmo-
sphere of air-dried over P2O5 to minimize the interference of
moisture in ambient condition. The measurements were conducted
at temperatures from 100 down to 30 ◦C.

3. Results and discussion

During the process of dehydration of the denatured starch solu-
tion to form the dried starch films, crystallization can compete with
the formation of an amorphous network in amylose. When water
is rapidly evaporated, amorphous starch films will be formed with
little crystallinity (Talja, 2007). In this study, using X-ray, we con-
firmed that the starch matrices formed in this way were essentially
amorphous (data not included), showing negligible crystallinity.

3.1. Delayed emission spectra

The delayed emission spectra of Ery B in amorphous
starch/glycerol films has a long wavelength emission (maximum
∼690 nm)  due to phosphorescence from the triplet state T1 and a
short wavelength emission (maximum ∼555 nm)  due to delayed
fluorescence from the singlet state S1 repopulated by thermally
activated reverse intersystem crossing from T1. Delayed emission
spectra in starch with variable glycerol content collected over the
temperature range from 0 to 100 ◦C showed a decrease in phospho-
rescence (IP) and an increase in delayed fluorescence (IDF) intensity

with increasing temperature (data not shown). The intensity ratio
was analyzed as ln(IDF/IP) versus 1/T  and the linear slope was used
to estimate the energy gap (�ETS) separating the excited triplet
and singlet states; the energy gap was  used to calculate the rate of
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ig. 1. (A) Peak frequency for phosphorescence emission from Ery B in amorphous 

hosphorescence emission from Ery B in amorphous starch-based films with varyin

everse intersystem crossing, kTS1(T), according to Eq. (5) (see Sec-
ion 2 for further details). Such plots were linear with R2 ≥ 0.995;
he slopes from starch samples containing various glycerol contents
howed negligible differences (data not shown), indicating that the
nergy gap, and thus kTS1(T), was not greatly affected by addition
f glycerol.

The peak frequency (�P) and bandwidth (� ) for both delayed
uorescence and phosphorescence emission were determined by
tting to a log-normal line shape function (Eqs. (2) and (3)). The
arameters of this fitting process are plotted in Fig. 1 for tem-
eratures from 0 to 100 ◦C. The values of �P decreased gradually
nd approximately linearly at low temperature and increased at
igh temperature in all samples. The onset temperature for this
eversal was ∼70 ◦C in pure starch and decreased with addition
f glycerol to ∼40 ◦C for starch with 30 wt.% glycerol. The peak
requency decreased with increasing glycerol content at all tem-
eratures; since glycerol also caused a decrease in the Ery B
hosphorescence lifetime (discussed below), this decrease in �P

ndicates that the rate of dipolar relaxation around the excited
riplet state increased with glycerol content (Pravinata et al.,
005). Glycerol had a much larger effect on the extent and thus
he rate of dipolar relaxation at low temperature than at high
emperature.

The increase in �P at higher temperature, observed for the
rst time for this probe in amorphous biomaterials, indicates a
emperature-dependent change in the matrix structure around
he probe. This structural reorganization increased the energy of
he Ery B emission either by decreasing the local matrix polarity
nd/or hydrogen bonding ability around the probe or by decreas-
ng the extent, and perhaps the rate, of dipolar relaxation during
he probe’s excited state lifetime. Given that the increase in emis-
ion energy also occurred to a comparable albeit lesser extent in
ure starch, this structural reorganization was facilitated, but not
aused, by glycerol.

The phosphorescence bandwidth reflects the range of energet-
cally distinct matrix environments due to interactions between
he matrix molecules and the excited probe (Pravinata et al., 2005).
he bandwidth increased gradually and approximately linearly at
ow temperature and increased dramatically at temperatures above
0 ◦C in all films (Fig. 1B). The bandwidth was unaffected by addi-
ion of 5 wt.% glycerol but increased slightly at higher content of
lycerol. Since the increase in bandwidth reflects a corresponding

ncrease in the width of the distribution of energetically distinct

atrix environments for the EryB probe, glycerol at 10 wt.% and
igher caused a small increase in this distribution over the whole
emperature range.
-based films with varying weight contents of glycerol. (B) Band width (FWHM) for
ght contents of glycerol.

3.2. Emission lifetimes

Glycerol can act both as an antiplasticizer to increase matrix
rigidity when present at low content and as a plasticizer to
decrease matrix rigidity when present at high content (Lourdin,
Coignard, Bizot, & Colonna, 1997b; Lourdin, Ring, & Colonna, 1998).
The weight fraction at which glycerol changes from acting as an
antiplasticizer to acting as a plasticizer differs based on the physi-
cal properties of the matrix. We have identified this transition point
for glycerol at ∼6 wt.% in amorphous sucrose films using the Ery B
phosphorescence probe (You & Ludescher, 2007).

The phosphorescence emission intensity decay transients from
Ery B in films of starch/glycerol (under nitrogen) were collected
as a function of temperature from 0 to 100 ◦C. All intensity decay
transients were well-fit using a stretched exponential decay model
(Eq. (1), Section 2) providing the lifetime � and stretching expo-
nent  ̌ as model fitting parameters; the R2 was ≥0.995 for all fits.
For all matrices, the phosphorescence lifetime decreased mono-
tonically with increasing temperature; the decrease was  gradual
at low and steeper at high temperature indicating that the vari-
ous non-radiative decay rates were thermally activated (Fig. 2A).
The presence of glycerol affected the Ery B lifetime in a dose- and
temperature-dependent manner. At 5 wt.% glycerol the lifetime
was unaffected at low temperature (≤40 ◦C) and increased above
that seen in pure starch at higher temperature. At 10 wt.% glyc-
erol the lifetime was  decreased below that seen in pure starch at
low and intermediate temperature (<80 ◦C) but unaffected at higher
temperature. At 20%, and even more so at 30% glycerol, the lifetime
was significantly below that seen in pure starch over the whole
temperature range.

The stretching exponent  ̌ provides a measure of the width of
the distribution of lifetimes that characterizes the excited state
decay kinetics of the Ery B probe;  ̌ varies between 1 and 0 with
lower values indicating a broader distribution. The magnitude of

 ̌ thus provides a measure of the extent of dynamic heterogeneity
in the matrix (Pravinata et al., 2005; Liang & Ludescher, 2012). The
value of  ̌ exhibited biphasic behavior in all films (Fig. 2B), remain-
ing nearly constant at low to intermediate and decreasing at higher
temperature. The magnitude of  ̌ and the extent and onset tem-
perature of the decrease varied with glycerol content in a biphasic
dose-dependent manner. In pure starch,  ̌ was  ∼0.87 and constant
up to ∼50 ◦C and decreased slightly to ∼0.8 at 100 ◦C, indicating

that the pure starch matrix became slightly more dynamically het-
erogeneous at high temperature. The addition of small amounts
of glycerol, however, increased  ̌ across the entire temperature
range; the increase was larger at 5 than at 10 wt.%. At higher glycerol
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tarch-based matrices with varying weight contents of glycerol.

ontent,  ̌ decreased in a dose-dependent manner across the entire
emperature range. The onset temperature for the decrease in  ̌ was
lso sensitive to the glycerol content, initially increasing from ∼50
o ∼80 ◦C at low (5–10 wt.%) and then decreasing to ∼40 and ∼20 ◦C
t 20 and 30 wt.% glycerol, respectively. The overall matrix dynamic
eterogeneity in these starch films was thus slightly decreased and

ess temperature-dependent at low (≤10 wt.%) and significantly
ncreased and more temperature-dependent at higher glycerol con-
ent.

In the absence of oxygen, the lifetime of Ery B reflects values of
he rate constants for radiative emission, kRP, reverse intersystem
rossing, kTS1, and collisional non-radiative quenching, kTS0 (Eq. (4),
ection 2). The value of kRP is 41 s−1 and constant (Duchowicz et al.,
998; Lettinga et al., 2000). Since the magnitude of kTS1 can be esti-
ated from Eq. (5), it is possible to estimate the lower limit of kTS0

s a function of temperature. The calculated values for the colli-
ional quenching constant for Ery B in starch/glycerol films as a
unction of temperature are plotted in Fig. 3 as the value of kTS0
n starch/glycerol divided by the value of kTS0 in pure starch at the
ame temperature in order to highlight the effect of glycerol on the
atrix mobility. Glycerol decreased the matrix collisional quench-

ng rate, an indicator of local matrix mobility (Pravinata et al., 2005),
t low content fractions (<10 wt.%) and increased this rate at high
ontent fractions in a temperature-dependent manner.
Using the same probe, we have previously reported that glycerol
cts as an antiplasticizer in sucrose at low weight content (∼6%)
nd low temperature (≤∼45 ◦C) (You & Ludescher, 2007) but not in
lucose (Liang & Ludescher, 2012). Our data reported here highlight
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he  value in a pure starch matrix at each temperature. Rate data were calculated
rom the lifetime data of Fig. 2A.
tial decay model of the intensity decay of Ery B in amorphous starch-based matrices
 a stretched exponential decay model of the intensity decay of Ery B in amorphous

the importance of molecular structure and specific interactions in
mediating the antiplasticization phenomenon in hydrogen bonding
carbohydrate matrixes.

3.3. Attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectroscopy

The hydrogen bond is the most important intermolecular inter-
action determining the properties of the starch matrix. Changes
in the hydrogen bond network due to changes in matrix compo-
sition or temperature will alter this network and thus modulate
matrix structure and mobility. The hydroxyls in solid carbohydrates
can be present as either associated hydroxyls, connected with
other hydroxyls by hydrogen bonds, or free hydroxyls, not specifi-
cally associated with other hydroxyls in hydrogen bonds (Dashnau,
Sharp, & Vanderkooi, 2005). While the IR absorbance bands of both
types of hydroxyl are distributed above 3000 cm−1, free hydroxyls
tend to have higher frequencies (Kondo, 1997). Thus, if associated
hydroxyls become free hydroxyls, the IR absorbance band in the
hydroxyl region above 3000 cm−1 shifts to higher frequency.

The high frequency region due to the OH stretching vibration
(3000–3700 cm−1) of starch films with and without glycerol was
measured as a function of temperature. The absorbance band above
3000 cm−1 shifted to higher frequency for all samples with an
increase of temperature, as illustrated for starch with 20 wt.% glyc-

erol (Fig. 4). These data indicate that the increase in temperature
shifted the hydrogen bond distribution from associated toward free
hydroxyl groups. The decrease in intensity in the region from 3000
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late the hydrogen bond network and free volume and consequently
ig. 5. Temperature-dependence of peak frequency for FTIR spectra above
000 cm−1 in amorphous starch-based matrices with varying weight contents of
lycerol.

o 3300 cm−1 was more dramatic than the increase in intensity
n the region from 3300 to 3600 cm−1. We  speculate that this is
ecause the extinction coefficient of associated hydroxyls is larger
han that of free hydroxyls. The absorbance over the region from
700 to 3000 cm−1, attributed to the CH stretch vibration, also
ecreased with temperature; as the baseline in this region reflects
H absorbance, this decrease is consistent with the effect of tem-
erature on the OH absorbance.

The effect of temperature on the OH absorbance peak frequency
f samples containing different content of glycerol is plotted in
ig. 5. The peak frequency, as discussed above, increased with tem-
erature and decreased with glycerol content. The decrease was
mall at 5 wt.% and considerably larger at 10 wt.% and above. Such

 decrease in OH stretching frequency with added glycerol is indica-
ive of a stronger hydrogen bond network.

Investigation of the surface structure of starch-based matrices
ith and without glycerol using AFM and AFM affiliated microscopy
rovided no indication of glycerol/starch phase separation in these
lms (data not shown). It has been seen clearly in previous studies
hat amylose and amylopectin are arranged in strands that form
he network in both starch gels and more compact starch films
Leloup, Colonna, Ring, Roberts, & Wells, 1992). In the rapidly dehy-
rated films, those strands are further connected in the presence
f additives and form into an amorphous solid (Karmas, Buera,

 Karel, 1992; Talja, 2007). The polyhydroxyl structure of glyc-
rol can hydrogen bond to polymers like amylose and amylopectin
ith many polar groups; it thus can strongly interact with the

morphous regions of starch matrices (Soest, de Wit, Tournois, &
liegenthart, 1994; Kruiskamp, Smits, Soest, & Vliegenthart, 2001).
espite the possibility that contributions from glycerol, which pos-

esses a very low peak OH frequency, cannot be excluded, we
nterpret the decrease of peak OH frequency in these films as indi-
ating an enhanced hydrogen bond network for the whole matrix.

Amorphous solids are dynamically complex in part because
ood biomolecules have many modes of molecular mobility, which
nclude all modes of vibrational, rotational, and translational

otion that are activated under specified conditions. In rigid solids,
any, but certainly not all, of these modes of molecular mobility

re effectively damped by molecular interactions that are mod-
lated by matrix composition, temperature, etc. For example, at
emperatures below Tg, the local mobility within glasses formed
y various glucose oligomers (from glucose to maltoheptaose)
as systematically dependent upon the structure and mass of
he matrix-forming sugar (Tiwari & Ludescher, 2012). Thermal
nalysis by DSC indicated that these dry starch samples were glassy
nder most conditions of this study with Tg values of over 150 ◦C
or samples with 0, 5 and 10 wt.%, 113 ◦C for 20 wt.%, and 84 ◦C for
 Polymers 115 (2015) 401–407

30 wt.% glycerol. Thus, only the highest temperature measurements
of the 30 wt.% samples reflect the properties of rubbery films; the
continuity of the luminescence and FTIR data curves at high tem-
perature for this sample thus provide no indication of any essential
change in molecular behavior of the film through the glass transi-
tion.

Plasticizers are typically molecules with low molar mass and
consequently greater free volume (Chen et al., 2010). In high con-
centration, the addition of plasticizers such as glycerol and other
small molecules to starch will lower the glass transition temper-
ature (Tg) and make the material properties more rubber-like (de
Graaf, Karman, & Janssen, 2003). However, at low concentration in
starch, glycerol can act as an antiplasticizer, decreasing elongation
at break as well as the moisture and oxygen permeability (Zhang
& Han, 2010). These effects may  reflect a decrease in the ampli-
tude of localized �-relaxations within the starch matrix (Lourdin
et al., 1997a) due to the formation of hydrogen bond based cross-
links between small, mobile plasticizer molecules and polymer side
chains (Roussenova et al., 2010). The hydrogen bond network is
related to free molecular volume and chemical structure of the
matrix molecule (Chen et al., 2010) and recent work indicates that
molecular mobility is closely related to molecular free volume in
carbohydrate/glycerol matrices (Roussenova et al., 2010).

Though hydrogen bonding plays a significant role in modulat-
ing molecular mobility, there does not appear to be a rule that can
be applied universally. It is expected that stronger intermolecu-
lar interactions (that is, more or stronger hydrogen bonds) would
decrease mobility; in polymers such as nylons, for example, where
�-relaxations can be restricted by hydrogen bonds, the break-
ing of hydrogen bonds leads to an increase in molecular mobility
(Hamada, Iijima, & Gcgregor, 1987). However, in small molecule
solid matrices and liquids, where the magnitude of van der Waals
potential energy per molecule is comparable with that of hydrogen
bonds, the size of the molecule is also a significant factor determin-
ing molecular mobility (Naoki & Katahira, 1991). In our previous
work, for example, we  have found that glycerol does not act as an
antiplasticizer of amorphous glucose at low concentration (0.1–0.3
mole ratio) (Liang & Ludescher, 2012), perhaps because the glu-
cose matrix lacks the advanced microstructure found in the potato
starch matrix; this microstructure makes the interaction of glycerol
with starch more complicated than with glucose.

4. Conclusion

Our data indicate that the mobility of the glassy starch matrix
increased with temperature and that this increase was influenced
in complex ways by the presence of a low molecular weight glycerol
plasticizer and by temperature-dependent decreases and glycerol-
dependent increases in hydrogen bond strength. For matrices with
low glycerol content (<10 wt.%), the decrease in matrix mobility pri-
marily reflected increases in hydrogen bond strength that enhanced
intermolecular interactions, increases that damped the effects of an
increase in molecular free volume and thus reduced the expected
increase of molecular mobility activated by temperature in the
glassy starch matrix. At high glycerol content, on the other hand, the
effects of free volume apparently enabled the thermal activation
of modes of vibrational and/or translational motion that increased
the matrix molecular mobility, effects that overwhelmed any local
increase in hydrogen bond strength. The effect of small molecule
additives such as glycerol on the properties of amorphous glassy
hydrogen bonded solids is clearly complex and structure specific.
The work of elucidating how specific molecular interactions modu-
tune the local and global molecular mobility within the matrix will
surely be rewarded with increases in the quality and shelf-life of
solid foods and pharmaceuticals.
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