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ABSTRACT: Phase transitions in hydrated starch—sorbitol
system were investigated both by molecular (electron spin
resonance, ESR) and macroscopic (differential scanning cal-
orimetry, DSC) methods. In rapid-tumbling region, one did
not observe the same phenomena by DSC and by ESR. The
transitions observed by ESR, which seemed to reflect more
the interactions probe-matrix than plasticization, probably
corresponded to the interactions probe—sorbitol. For system
concentrated in plasticizer, it was conceivable to admit that

a demixion of sorbitol occurred. In slow-tumbling region, a
correspondence in temperature mobility changes measured
by mechanical spectroscopy and ESR was observed. © 2003
Wiley Periodicals, Inc. ] Appl Polym Sci 88: 990-997, 2003
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INTRODUCTION

During the last years, there has been an increasing
interest in systems containing starch in the amorphous
state, usually in low moisture systems, as they have
widespread industrial uses. It can also be envisaged
that amorphous starch, as a material, has good barrier
properties, and that it could replace ethylene-vinyl
alcohol copolymer (EVOH), another polar polymer, in
multilayer structures.

Generally, these systems in food or nonfood appli-
cations contain low-molecular-weight components
like sugar, which greatly modify their properties.
Macroscopic properties and particularly mechanical
properties of polymeric system are usually interpreted
in terms of polymer chain mobility. Above T,, impor-
tant molecular mobility leads to suppleness and de-
formable properties of the material. In glassy state,
below T,, the viscosity of the polymer is extremely
high, the material is rigid and brittle due to reduced
chain mobility. Only localized molecular mobility ev-
idenced by mechanical or dielectric dynamic method
is observed. In order to process starch into multilay-
ers, it is important to be able to adjust both the glass
transition of the material and the viscosity of starch by
addition of glycerol or sorbitol as plasticizers.

The phase and state behavior of similar systems
composed of starch, water and a low-molecular-
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weight carbohydrate have been studied previously
and the interpretation of results is still subject to de-
bate." A phase-separated system that contains poly-
mer-rich (starch) and plasticizer-rich (low-molecular-
weight carbohydrate) domains is suspected. In this
case, the system reveals two glass transition, at high-
and low-temperature domain. All these observations
are complicated by the evolution of the phases with
time, during the preparation and the storage of sam-
ples. However, this can also affect the permeability of
the material, as well as its homogeneity. Previous
works have shown the relation between these me-
chanical properties, diffusion and stability with mo-
lecular mobility on the ternary system starch—sorbitol-
water.>” Por this reason, this study was realized on the
same system. It is the purpose of this work to inves-
tigate phase transitions and separation in hydrated
starch-sorbitol materials by molecular (electron spin
resonance, ESR) and macroscopic investigation meth-
ods (differential scanning calorimetry DSC). The sor-
bitol, potentially crystalline, is a representative plasti-
cizer or sugar.

EXPERIMENTAL
Sample preparation

Starch films were obtained by the casting method.
Native wheat starch (Amylum, France) was solubi-
lized in a high-pressure reactor at 130°C for 20 min
using a 4% suspension in ultrapure water with precise
quantities of sorbitol. The experiments were con-
ducted under a nitrogen atmosphere to avoid any
degradation. After cooling at 80°C, a probe (5,000 mg
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TABLE 1
Composition of Various Samples Studied
DSC ESR (TEMPOL) ESR (DMAT)
Starch/sorbitol % water (d.b.) Starch/sorbitol % water (d.b.) Starch/sorbitol % water (d.b.) Nomenclature
100/0 13.8 100/0 13.9 100/0 13.9 0
94/6 9.9 95/5 9.9 5
89/11 10.0 89/11 9.9 92/8 9.9 10
83/17 10.5 17
74/26 10.5 74/26 10.5 26
71/29 11.1 71/29 11.1 30
60/40 12.3 60/40 12.3 40
0/100 12.3 0/100 12.3 0/100 12.3 100

Water contents are expressed in per 100 of dry basis (d.b.) constituted by starch and sorbitol.

per kg dry starch) was added. Each sample contained
only one probe. The solution was evenly spread on a
Teflon-coated hot plate maintained at 70°C, until the
film no longer adhered to the plate and edge curling
occurred. The transparent film obtained contained
about 10% water (dry basis). Films were stored for
48 h in an atmosphere controlled by a saturated so-
dium bromide solution (RH 57% at 25°C). Films were
reduced to a powder using a cryogrinder.

Table I lists the composition of samples prepared for
DSC and ESR measurements. The water content de-
termined by thermogravimetric analysis results in the
conditioning at the equilibrium relative humidity of
57%. It is expressed in percent per dry basis containing
starch and sorbitol in various proportion. In order to
simplify the text, samples will be sometimes identified
by the proportion of sorbitol in the dry basis.

DSC measurements

DSC measurements were performed on automated
DSC 121 equipment (SETARAM, France). The DSC
was calibrated for temperature from the melting
points of indium (156.6°C) and gallium (29.8°C). Pow-
ders were placed in pressure-tight DSC cells (about 80
mg of matter per cell). The calorimetric measurement
procedure was similar for all samples regardless of
composition. A first scanning was performed from
—48 to 125°C to observe the influence of aging during
the storage of the samples. Rapid cooling (60°C/min)
to —48°C allowed the starch—sorbitol system to be
frozen in an amorphous state. A second scanning was
performed at 3°C/min.

Spin probes

Three spin probes having different functional groups
were selected (Fig. 1): 2,2,6,6-tetramethylpiperidin-1-
oxy (TEMPO), and 4-hydroxy-2,2,6,6-tetramethylpip-
eridin-1-oxyl (4-hydroxy-TEMPO) (TEMPOL) were
commercially available (Aldrich Chemical) and used
without further purification; 4-dimethylamino-2,2,6,6-

tetramethylpiperidin-1-oxyl (4-dimethylamino-TEMPO)
(DMAT) has been synthesized in high yield in the labo-
ratory.*

ESR measurements

The powder was introduced in a glass capillary (1.5
mm), which was immediately sealed. The sample
height in the capillary tube was about 2 cm. Before
analysis, the tube was heated to 120°C (10°C/min) and
maintained at 120°C for 10 min to get rid of the ther-
mal history of the sample (enthalpy relaxation). Rapid
cooling (liquid N,) to —30°C allowed the starch—sor-
bitol system to be frozen in an amorphous state.

ESR spectra were measured with a Bruker ESP 300
spectrometer in the temperature range —80°C to
140°C. Samples (in glass capillaries) were placed in the
ESR tube (d = 0.32 cm; h = 18 cm) and analyzed
directly in the spectrometer cavity. The hyperfine split
(2A’,,) of the spectrum was measured as the distance
(in Gauss) between the two extreme peaks.

Tso has been defined experimentally” as the tem-
perature at which 24’ = 50 Gauss. Values of T5g are
obtained conveniently from plots of 2A’,, versus tem-
perature, which are typically sigmoidal in shape. T5g
is the temperature at which the sigmoidal curves dis-

CH; CH;
N

OH
7 ;ﬁ: \ 7[1% A
be o A

TEMPO 4-hydroxy-TEMPO  4-dimetylamino-TEMPO
(TEMPOL) (DMAT)
Mw 168 g.mole! 184 g.mole™ 211 g.mole™
\Y 168 A’ 174 A® 213 A°

Figure 1 Chemical structure of the paramagnetic probes.
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Figure 2 Thermograms of starch-sorbitol 100/0 containing 13.8% water d.b. (1); 89/11, 10% (2); 71/29, 11.1% (3); 0/100,

12.3% (4). Dashed line: first scan; continuous line: second scan.

play a sharp break. The lower the T5y; is, the higher
the mobility of the radical.

The approach of Kuznetsov and Ebert® was used to
determine the rotational diffusion model for each of
the probes in the slow-tumbling region, that is, below
Tsoc (5 X 1077 = 1, < 1077 sec). In this approach, the
change in position of the low-field [A,)] and high-
field [A_)] peaks relative to their rigid limit positions
is determined:

To estimate the rotational correlation time (7,) in the
region of slow rotation, the following expression’ is
used:

T, =a[l - (2A"./2A.)) (2)

where 2A_, is the peak-to-peak separation of the rigid
limit spectrum (extreme separation), 2A’_, is the peak-
to-peak separation at higher temperatures; 2 and b are
values depending on line width and rotational diffu-
sion models. According to a mean value of 3 Gauss for
the line widths of the three probes in frozen starch, a
=54 x 107" and b = 1.36 for a Brownian rotational
diffusion; and a = 1.1 X 107 '° and b = 1.01 for a free
diffusion.

Assuming that the rotation of radicals is an acti-
vated process, the temperature dependence of 7, can
be expressed by the Arrhenius equation:

7, = 7, exp(E,/RT) 3)

where 7, is the preexponential factor, E, the effective
activation energy, R the gas constant, and T the tem-
perature (K).

RESULTS AND DISCUSSION
DSC

Typical DSC scans of hydrated starch—-sorbitol mix-
tures are shown in Figure 2. The thermogram has been
chosen as representative of the results obtained on all
the concentration domain of the system, from hy-
drated starch to hydrated sorbitol. The first and sec-
ond scan obtained for each sample are compared.
For thermogram obtained on amorphous starch hy-
drated to 13.8% water d.b., two events are clearly
observed on the first scan. From lower temperatures,
the first event is an endothermic peak appearing at
50-60°C on the first scan and vanishing on the second
scan. It corresponds to the recovery of the enthalpy
relaxed during structural relaxation occurring during
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storage of the sample at temperature below Tg.8 The
structural relaxation occurs very slowly and gives rise
to the phenomenon of physical aging, which is asso-
ciated with a change in material properties.” Concern-
ing the second event, the sharp change in heat capac-
ity in the region of 80-90°C indicates the glass transi-
tion of the hydrated starch. The T, determined at 90°C
is according to results published by Bizot et al.'’ on
glass transition of amorphous starch containing 13.8%
d.b. of water.

Concerning hydrated sorbitol, the first scan reveals
an intense endothermic peak whose maximum is sit-
uated at 58°C. According to published values on the
sorbitol-water phase diagram,'' this event corre-
sponds to the fusion of crystalline sorbitol. On the
second scan, the glass transition of the amorphous
state of the vitrified sorbitol is observed at —25°C. If
the sample is maintained at temperature above the
glass transition, the nonequilibrium glassy state will
progressively evolve to the more stable crystalline
state. After a period of time at ambient temperature,
the fusion of crystalline sorbitol at 58°C will be again
observable.

Because enthalpy recovery of starch on the one
hand and fusion of sorbitol on the other hand appear
in the same temperature domain, results obtained on
intermediate composition are not clear-cut. The ther-
mograms of the sample containing 11% sorbitol are
close to those obtained for hydrated starch with the
peak at 50-60°C due to structural relaxation, which
could contain a part attributed to sorbitol fusion. In-
versely for the sample containing 29% sorbitol, its
behavior is close to hydrated sorbitol with the fusion
of sorbitol at 50—60°C, which could contain a part of
enthalpy recovery. The observation of a peak of fusion
in mixtures, close to the temperature of the fusion of
hydrated sorbitol, confirms the phase-separated sorbi-
tol evoked previously.'” The glass transition of the
hydrated starch—sorbitol system, which has been mea-
sured in a previous work®, is indicated in Table II.

TABLE 11
T, and T5yc in Starch with Sorbitol
Ts0c (°C)
% Sorbitol TEMPOL DMAT T, (°O)
0 723 125+ 6 90
5 75 %2 109 = 8
10 77 £ 1 122 +3 62
17 127 7 45
26 69 =2 114 £3 32
30 1133
747 922
40 50° 60°
100 57 80 -25

Vapor content of samples are indicated in Table I.
@ Transition of the probe-sorbitol in starch.
b Transition of the exuded probe—sorbitol.
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Figure 3 ESR spectra of TEMPOL and DMAT in starch at
different temperatures.

ESR investigation

ESR experiments were realized after treatment at
120°C for 10 min. In principle, the state of materials
corresponds to the state measured by calorimetry on
the second scan.

Behavior of spin probes in hydrated starch (13.9%
water d.b.)

Figure 3 displays spectra of TEMPOL in starch at
different temperatures from —50 to 75°C. Increasing
the temperature results in a progressive deformation
of the signal. At —50°C, one obtains the classical spec-
trum [spectrum (a)] of a probe strongly immobilized
in the matrix [with slow rotations of NO° (510™° < 7,
< 1077 s)], and a hyperfine split 24., = 72 Gauss. At
75°C [spectrum (g)], the signal is more narrow (2A,,
= 62 Gauss), which shows that the reorientation of the
probe is rapid (5 10 "' < 7, = 107 sec). These types of
spectra are usually observed in homogeneous media,
or when the probe is in a unique local environment.
Exactly the same behavior occurs with DMAT, but
at considerably higher temperatures. For instance,
spectrum (f) in Figure 3 is obtained at 65 and 100°C,
respectively, with TEMPOL and with DMAT. When
samples containing DMAT were heated at tempera-
tures around 130°C, there was a sudden change in the
shape of the spectrum, which then became identical to
spectra obtained at very low temperatures. This is best
illustrated in Figure 4, where 2A’_, is plotted versus
temperature. When a sample heated above 130°C was
then cooled and submitted to a second temperature
cycle, there was no longer a change in the shape of the
spectrum, whatever the temperature [spectra (e), (f),
(g) are no longer observed]. In contrast, when the
sample was not heated up to 130°C (e.g., only 120°C),
the change of the spectrum shape was reversible in the
temperature range studied. This shows that above
130°C, DMAT reacted with the matrix, probably by
grafting the amino group on an aldehyde function. As
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Figure 4 Plots of extreme separation (2A’.,.) versus temper-
ature in the ESR spectra of probes in starch. Filled square,
DMAT first temperature cycle; open square, DMAT second
temperature cycle; filled circle, TEMPOL.

long as the temperature was kept below 130°C, the
probes remained dispersed in the starch matrix.

Behavior of TEMPOL and DMAT in starch—sorbitol
mixtures

With starch samples containing sorbitol up to 29%, the
overall features of the spectra remained the same, that
is, a unique local environment was observed. How-
ever, at low temperatures, 2A’,, depended on the per-
centage of sorbitol. For instance, with TEMPOL, the
immobilized signal [spectrum (a) in Fig. 3] was ob-
tained at —50°C for 0% sorbitol, at —20°C for 11%
sorbitol, and at —10°C for 26% sorbitol.

At 40% of sorbitol, a more complex spectrum (Fig. 5)
was observed in the particular temperature of 50°C.
This temperature corresponded to the rapid rotation
(Ts0) of TEMPOL in sorbitol. So this signal should be
the superposition of the probe signals in two different
media, one typical of the highly immobile molecule
[lines H ), H, H_,] and the other of a free probe in
sorbitol [lines h(,), h, h_,]. Similar results were ob-
served with DMAT.

Transition in rapid-tumbling region (T5yc) and glass
transition (Tg) in starch, sorbitol, and mixtures

T50c values (as the temperature at which the extreme
separation 2A,, was equal to 50 Gauss) are given for
TEMPOL and DMAT in Table II. For both TEMPOL
and DMAT, T5, values in sorbitol were lower than in
starch (especially for DMAT), showing that the probes
have a higher mobility in the former matrix (sorbitol).

As it is well established in literature, T5,g increased
with the molecular volume of the probe. However,
differences observed between TEMPOL and DMAT in
starch (around 5°C) and in sorbitol (around 20°C) are
far too high to be explained only by molecular weight
and volume (Fig. 1). These results suggest that DMAT
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develops interactions (hydrogen bonds) with both
starch and sorbitol. Such hydrogen bonds seem to
restrict more the mobility of DMAT in starch than in
sorbitol. TEMPOL, which is a secondary alcohol, prob-
ably interacts far less than the tertiary amino group of
DMAT.

This hypothesis was supported by the behavior of
TEMPO. This probe (Fig. 1) cannot interact with starch
or sorbitol. Its T5, in starch (54°C) is lower than T5y
of TEMPOL and differences observed between
TEMPO and TEMPOL are smaller than those observed
between TEMPOL and DMAT.

Depending on the interaction of a probe with a
matrix, its T5og can be expected to be either lower or
higher than calorimetric Tg.m’14 In hydrated starch,
Tsoc of DMAT (strong hydrogen bonding) was higher
than T, while the opposite was observed for TEMPOL
(lower hydrogen bonding tendency). In sorbitol, T5yg
of both probes were far higher than T,.

DSC and ESR experimental results on T, and T5og
evolution with sorbitol content were not at all going in
the same direction, since T, strongly decreased with
increasing sorbitol content. Surprisingly, when the
percentage of sorbitol in starch increased up to 26%,
Tso; for both DMAT and TEMPOL remained almost
constant (Table II).

With DMAT, only a significant decrease of T5,g was
observed when the content of sorbitol exceeded 29%.
This clearly showed that, in this case, no correlation
existed between T, and Tsyc. It is well known that T,
values are sensitive to plasticization.” This was not the
case of Tyyg values.

DMAT and TEMPOL can interact equally with both
starch and sorbitol. The rotation of these probes in
rapid-tumbling region (T5,;) are more hindered in
starch than in sorbitol (especially for DMAT). So, in
mixtures, according to the shape of the spectrum (clas-

H.i, H, H., : spectrum of the [probe-sorbitol] in starch

h.y, h, h; @ spectrum of the exuded [probe-sorbitol]

Figure 5 TEMPOL in starch containing 40% sorbitol (spec-
trum recorded at 50°C).
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Figure 6 Diffusion mechanism with TEMPOL (square) and
DMAT (circle) in starch with or without sorbitol.

sical or complex) and T5q values, we may determine
if the probe is located in starch and/or in sorbitol
phases.

In mixtures up to 26%, only a single environment
was observed and Ts,; were close to those of starch.
So, roughly, it could be expected that probes were
mainly located in this phase. However, according to
this suggestion, T5yg like T, values should have de-
creased with increasing sorbitol content; however,
Ts0c Was not sensitive to the presence of sorbitol.
Therefore, it seems more conceivable to admit that the
transition observed in these mixtures would charac-
terize the probe-sorbitol interaction in starch (with
Tsog of sorbitol in starch higher than T5,g of pure
sorbitol).

The mixture containing 40% sorbitol showed a sec-
ond environment at a temperature close to that of the
probes in pure sorbitol. This result together with the
former likely means two sorts of sorbitol molecules:
sorbitol in starch [lines H,; Fig. 5] and exuded sor-
bitol [lines h.,; Fig. 5]. This interpretation is close to
that done from calorimetry results, where the demix-
ion of sorbitol was put in evidence for system concen-
trated in plasticizer.

Transitions in slow-tumbling region, starch, sorbitol,
and mixtures

The mode of diffusion of the probes in the low-tum-
bling region was determined on the basis of the posi-
tions of the peaks at high and low fields in ESR using
eg. (1); R values ranging from 1.5 to 3 reveal a Brown-
ian rotational diffusion type, while R values below 1.5
characterize a jump-tumbling diffusion.

In Figure 6, we have plotted experimental R values
versus AH ., which is used in the temperature range
corresponding to the low-tumbling region. TEMPOL
typically corresponded to a moderate jump diffusion
probe, whatever the sorbitol content in starch. Similar
behavior of TEMPOL has been observed in other ma-
trixes, even if they were able to form hydrogen bonds,

995

like butanol® and poly(ethylene terephtalate).'” In con-
trast, DMAT displays a typical Brownian diffusion.
This is usually observed for large probes, or probes
strongly interacting with the matrix by hydrogen
bonding. This is in agreement with the overall behav-
ior of the two probes described here.

Once the diffusion model is known, the rotational
correlation times (7,) can be related to temperature
[egs. (2) and (3)], which gives access to activation
energies of the different transitions observed. Corre-
lation times were calculated in the slow-tumbling re-
gion according to free diffusion (TEMPOL) and
Brownian (DMAT) models.

Plots of log 7, versus 10° T~ ! in starch and in pure
sorbitol are shown in Figure 7. Both TEMPOL and
DMAT revealed breaking points at, respectively, 60
and 110°C in starch, and 50 and 80°C in sorbitol. These
breaking points do not correspond to transitions, but
to the limit of validity of eq. (2). As it is also shown in
Figure 3, at these temperatures, the type of movement
is changing.

E, values of TEMPOL in both starch and sorbitol are
lower than those of DMAT (Table III). Again, these
results reflect the strength of hydrogen bonds. E, val-
ues of TEMPOL and of DMAT in starch are lower than

3
107/K
23 24 25 26 27 28 29 3 3,0 32 33 3,4 35 36 3,7 3.8 3,9 4 4,1 42 43 44 45 46
-6 L U U NN T SN S SN ST N SN SN SN S S S|

60°C

94
TEMPOL (with 1, calculated according to free diffusion model)
107K
23 24 25 26 27 2,8 29 3 3,1 3,2 3,3 34 3,5 3,6 3,7 3,8 39 4 41 42 43 44 45 46

110°C

, log 1,

8,5+

94

DMAT (with 1, calculated according to brownian model)

Figure 7 7, of probes in starch (continuous line) and sor-
bitol (dashed line).
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TABLE III
Activation Energy (E, - KJ mole™") of Probes in Starch,
Sorbitol, and Mixtures

% Sorbitol TEMPOL DMAT

0 16.6 = 1.2 21516

5 187 = 1.3 264 +09

10 204 = 0.6 29.1 £27

17 303 £32

26 25.6 £ 3.0 34420

30 33.0x14

40 34.0=x0.6 36.5 €20

100 35.4 384 +20

those in sorbitol. This means that in the slow-tumbling
region, probes are much more hindered in sorbitol
than in starch (contrary to Tsqc). This result is very
likely due to the differences of the structure of the
matrix, sorbitol and starch (density, crystallinity, etc.).
In starch containing sorbitol (Table III), there is a shift
of activation energy from starch to sorbitol. E, in mix-
tures increases with the percentage of sorbitol.

In the region of very slow tumbling, another differ-
ence can be noticed when the percentage of sorbitol
increases. At very low temperature (—80°C), the width
of the rigid spectrum is 2A,, = 72 Gauss. At a certain
temperature, change of the spectrum shape can be
observed. It corresponds to a start of probe mobility,
which was immobilized in the frozen matrix (this is
shown in Fig. 8 by marks A-E). Figure 9 shows that
the temperature of probe mobility start measured by
ESR increases with percentage of sorbitol in the sys-
tem. There is a correspondence with temperature
change of a low-temperature relaxation, previously
evidenced by dynamic mechanical thermal analysis
(DMTA)"™ and reported in the figure. In the slow-
tumbling region, probe mobility is dependant on hole
volumes in which they are moving. Hole volume
seems to decrease with increase of sorbitol content.

. logt

26 27 28 29 3 31 32 33 34 35 36 37 38 39 4 41 42 43 44 45 46
107K

Figure 8 7, of TEMPOL in starch with sorbitol: (filled
square) 0% sorbitol; (filled circle) 6% sorbitol; (filled dia-
mond) 11% sorbitol; (open square) 26% sorbitol; (open cir-
cle) 100% sorbitol.
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Figure 9 Correspondence in mobility changes measured
by DMTA (diamond) and ESR (circle, DMAT; square, TEM-
POL) in slow-tumbling region.

Probes mobility at ambient temperature

Figure 10 shows variation of rotational correlation
time 7, of probes in starch with sorbitol at constant
temperature (30°C). 7, increases with sorbitol content
(moderately for TEMPOL, strongly for DMAT), then
reaches the maximum around 40% of sorbitol. These
results could be related to a previous study which
showed that sorbitol leads to a reduction of oxygen
permeability in glassy starch films.> This correlation
suggests that diffusion properties are linked to local
mobility in a glassy system. But caution has to be
taken with this correlation because the important dif-
ference between molecular weight of probes and ox-

ygen.

CONCLUSIONS

Molecular mobility in starch sorbitol materials has
been investigated by electronic spin resonance using
TEMPOL and DMAT probes. Results on phase transi-
tions in starch containing sorbitol were in agreement
with the preferential complexation of probes with sor-

7, (10%5)
N

0 20 40 60 80 100
% Sorbitol

Figure 10 7, of probes DMAT (circle) and TEMPOL
(square) in starch with sorbitol at room temperature.
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bitol. This study also shows that low-temperature re-
laxations corresponding to local molecular mobility
was detected.

At ambient temperature, mobility of probes inside
the starch matrix are hindered by sorbitol presence.
This behavior could be linked to diffusional proper-
ties, in particular oxygen permeability.

The authors thank Joelle Davy for technical assistance.
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