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Abstract

Miscibility of carbohydrate polymers consisting of mixtures of chemically derivatized dextrans with charged side chains were studied
as model systems. The effect of total polymer concentration and added NaCl on miscibility was investigated using DSC and FTIR Spec-
troscopy. DSC results showed a single T, for samples prepared at low, medium and high polymer concentrations in the absence of NaCl;
and at high concentrations in the presence of NaCl, indicating miscible systems. Two separate T,s were obtained for samples prepared at
low and medium polymer concentrations in the presence of NaCl, indicating immiscible systems. FTIR spectroscopy showed significantly
different behavior for 1 7, and 2 T,s systems. The systematic changes in the FTIR spectra of miscible blends were assigned to the change

in hydrogen bond distribution of the pure components in the mixture resulting from inter-molecular interactions. No such significant

systematic change was observed in the FTIR spectra of immiscible systems.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Food materials are composed of multiple polymer mole-
cules with different chemistry and properties, such as carbo-
hydrates, proteins and lipids. Increasing demand for new
food formulations, with reduced carbohydrate or fat con-
tent and added nutraceutical compounds to deliver health-
ier foods, require formulating food products to include or
exclude various ingredients. Ingredient miscibility (or
immiscibility) is critical to control the processability, tex-
ture, sensory quality and stability of the final food prod-
ucts. Fundamental understanding of the molecular origins
of the miscibility and interactions between food polymers
and thereby developing a priori rules for molecular misci-
bility would enhance the predictive capabilities on how a
set of ingredients will result in the quality attributes and
stability needed in food products.
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Many carbohydrate—protein systems have been shown
to be immiscible, because there are significant differences in
their hydrophilicity/hydrophobicity resulting from very
different macromolecular chemistry, molecular conforma-
tion and affinity for water (Grinberg & Tolstoguzov, 1997;
Michon, Buvelier, Launay, Parker, & Takerkart, 1995;
Moraru, Lee, Karwe, & Kokini, 2002; Tolstoguzov, 1991,
1998, 2000b, 2003). Incompatibility and phase separation in
carbohydrate—carbohydrate systems has also been
observed even though the components are chemically closer
to each other (Ahmad & Williams, 2001; Closs, Conde-
Petit, Roberts, Tolstoguzov, & Escher, 1999; Garnier, Scho-
rsch, & Doublier, 1995; German, Blumenfeld, Guenin,
Yuryev, & Tolstoguzov, 1992; Kalichevsky, Orford, &
Ring, 1986; Kalichevsky & Ring, 1987; Zimeri & Kokini,
2003a, 2003b, 2003c). Still, it is important to point out that
most of the existing studies refer to mixtures of carbohy-
drates with significant differences in their chemical struc-
ture and composition.

Miscibility/compatibility in polymer systems can be inves-
tigated by measuring their glass transition temperature in
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solid state as a marker. Every amorphous polymeric system
have a glass transition temperature (7,) where segment
motions of molecules, such as long range rotational and
translational motions, are thermally activated (Ferry, 1980;
Sperling, 2001; Tolstoguzov, 2000a). Differential Scanning
Calorimetry (DSC) is one of the most commonly used ther-
mal methods to determine glass transition temperature.
Using DSC, miscibility/immiscibility in polymer blends is
determined through measurement of 7, of the components
versus that of blends. Perfectly miscible polymer mixtures
exhibit a single 77, located between the T,s of the individual
components with a sharpness of transition similar to that of
the components. On the other hand, immiscible blends show
multiple 78, corresponding to the 7, of each component in
the mixture. DSC has been successfully used to show molecu-
lar miscibility/immiscibility in biopolymer systems, such as in
fructose—amylopectin blends (Kalichevsky & Blanshard,
1993); in 7S and 118 soy globulins (Morales-Diaz & Kokini,
1997); in starch-meat extrudates (Moraru et al., 2002); in inu-
lin—amylopectin mixtures (Zimeri & Kokini, 2003a); as well
as in synthetic polymers, such as in phenolic resin—poly(acet-
oxystyrene) blends (Kuo & Chang, 2002); polyamide 66 and
phenol formaldehyde resin blends (Hartikainen et al., 2004).
Fourier transform infrared (FTIR) spectroscopy is
one of the many techniques that have been applied to
investigate specific molecular bonding interactions in
polymer blends (Coleman & Painter, 1990; Coleman,
Graf, & Painter, 1991; Coleman & Painter, 2006; Harti-
kainen et al, 2004; Kolhe & Kannan, 2003; Kuo &
Chang, 2001, 2002). When two polymers are in separate
and distinct phases (complete immiscible systems), it can
be assumed that one polymer does not recognize the exis-
tence of the other in IR spectral terms and vice versa. In
that case, the spectrum of the blend reflects the appropri-
ate addition of the IR spectrum of the two individual
components. In the case of miscible or partially miscible
polymer blends, the IR spectrum would show formation
of new bands as the results of miscibility; and disappear-
ance of some component bands. Shifts in the specific
bands would give information on the switches from com-
ponent specific bonds to the bonds between components
(Chalmers & Everall, 1993; Coleman & Painter, 1990;
Dong & Ozaki, 1997). For example, the sensitivity of
FTIR spectroscopy to inter-molecular interactions have
been shown for poly(vinyl acetate) and its miscible blends
with poly(4-vinylphenol) at different ratios of the compo-
nents (Coleman & Painter, 1990). In the IR spectrum, the
carbonyl-stretching region of poly(vinyl acetate) and
miscible blends of poly(vinyl acetate) and poly(4-vinyl-
phenol) showed that the band at 1739 cm™! was attrib-
uted to free poly(vinyl acetate) carbonyl groups (non
hydrogen-bonded). As the ratio of poly(4-vinylphenol)
increased in the blend, a band at 1714cm™! started to
appear and its intensity increased at higher poly(4-vinly-
phenol) ratios. The band at 1714cm™! was the represen-
tative of poly(vinyl acetate) carbonyl groups that were
hydrogen-bonded to the phenolic hydroxyl group of

poly(4-vinylphenol), resulting in miscibility at the molec-
ular level (Coleman & Painter, 1990).

The combined use of DSC and FTIR spectroscopy has
been shown to provide valuable information to demon-
strate the miscibility and the mechanism of miscibility in
synthetic polymer systems. For instance, Kuo and Chang
(2002) and Hartikainen et al. (2004) have used carbonyl
and hydroxyl stretching frequencies of the FTIR spectra in
phenolic resin—poly(acetoxystyrene) blends and N-methy-
lacetamide (NMA)-phenol blends, respectively, and have
shown that the miscibility, determined with a single T,
behavior in blends by DSC, was due to the formation of
inter-molecular hydrogen bonding between the compo-
nents probed by FTIR spectroscopy.

In most mixture systems investigated in literature that
use FTIR spectroscopy, only one of the components have a
hydroxyl group in its monomeric unit that gives signature
information in the hydroxyl stretching regions, whereas the
other component in the mixture has a different group, such
as a carbonyl group, that can make hydrogen bond with the
hydroxyl group of the first component (Coleman & Painter,
1990; Coleman etal., 1991; Coleman & Painter, 2006;
Hartikainen et al, 2004; Kuo & Chang, 2002). In these
studies, carbonyl stretching regions together with hydroxyl
stretching regions of the FTIR spectra of the components
and the blends enable significant information about the
specific bonding interactions in the systems. On the other
hand, in a polymer mixture of two components where both
components have multiple hydroxyl groups (as in the case
of most carbohydrate polymers), the analysis would be
more complex. In the current paper, we aim to extend the
combined analysis of using DSC and FTIR spectroscopy to
carbohydrate polymers to probe the miscibility and to
understand the mechanism of miscibility in model systems
consisting of mixtures of chemically derivatized dextrans.
As the selected model carbohydrate system has charged
side groups, the effect of ionic strength through addition of
NaCl on miscibility of the systems was also investigated.

2. Materials and methods
2.1. Materials

Two chemically derivatized dextrans, dextran sulphate
(DS500) and diethylaminoethyl dextran (DEAE) that are
both produced from standard dextran with an average
molecular weight of 500,000, were used (pK Chemicals
A/S, Denmark). Dextrans are high molecular weight poly-
mers of glucose. About 95% of the linkages in dextran are
a-D-(1-6), while the other 5% of the linkages are o-p-(1—
3), that account for branching (Ioan, Aberle, & Burchard,
2000). Dextrans behave as flexible, slightly branched ran-
dom coil polysaccharides rather than ideal random coils
in dilute solutions (Nordmeier, 1993; Tvaroska, Perez, &
Marchessault, 1978) and are highly soluble in water at
room temperature (Blondiaux et al., 2001; Walsh, Arcelli,
Ikoma, Tanaka, & Mann, 2003). They represent good
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model systems for carbohydrate-carbohydrate interac-
tions in foods since their molecular structure is similar to
food carbohydrate polymers, such as amylopectin; they
are commercially available in chemically derivatized
forms; and they provide the precise and thorough charac-
terization needed to conduct meaningful interpretable
experiments compared to many other complex carbohy-
drate polymers.

Diethylaminoethyl dextran (DEAE) is a chemically
derivatized dextran produced by reacting diethylamino-
ethyl chloride with standard dextran. It is a polycationic
derivative and the degree of substitution corresponds to
approximately 1 DEAE substituent per 3 glucose units
(0.33mol DEAE per 1 mol glucose) (Fig. 1).

Dextran sulphate (DS500) is another derivatized dextran
that is produced by sulphating standard dextran. It is the
polyanionic derivative in which each glucose unit has
approximately two sulphate groups, located normally at C2
and C4 of the glucose units (2mol sulphate per 1 mol glu-
cose) (Fig. 2).

2.2. Sample preparation for DSC and FTIR spectroscopy
measurements

The samples were prepared at different total polymer
concentrations (30%, 50%, and 70% (w/w, w.b.)); and at
various component ratios (0/100, 25/75, 50/50, 75/25, and
100/0 (w/w, d.b.)). The powders of the components were
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Fig. 2. Molecular structure of dextran sulphate (DS500).

first mixed and then solubilized using deionized, distilled
water at 45-50°C to ensure complete solubilization of the
powders in water, especially at high total polymer concen-
trations. The effect of salt addition on the miscibility was
investigated using NaCl solutions with ionic strengths of 0,
1, and 2 M. The required amount of salt was added to the
systems after solubilizing the dextran powders in water. By
this way, “salting out effect” of NaCl, where salt competes
for the available water resulting in insufficient solubiliza-
tion of dextran, was eliminated. The prepared solutions
were freeze-dried in a bench top freeze dryer (The Virtis
Company Inc., Gardiner, NY). Dried samples were grinded
using a mortar and a pestle. These ground samples were
then equilibrated at a specific water activity to ensure that
all samples analyzed were in similar conditions (at a,, =0.33
over saturated MgCl, solution). After equilibration, the
powder samples were directly used for analysis.

2.3. Moisture content of samples

The moisture contents were measured using the AOAC
method 950.46 (air-drying at 103°C, 16-18h), using a
Thermolyne 9000 air-drying oven (Dubuque, 1A). The
water activity of the samples were measured using an
Aqualab hygrometer (Decagon Devices Inc., Pullman,
WA). Two replicate measurements were performed for each
analysis.

2.4. Methods of analysis

2.4.1. Differential scanning calorimetry (DSC)

Thermal analysis is performed using a TA 4000 Ther-
mal Analysis System with a DSC 30-S Cell/TC11 TA Pro-
cessor (Mettler Instrument Inc., Highstown, NJ). 120 pl,
medium pressure, stainless steel crucibles with O-ring
were used for the analysis. An empty crucible was used as
a reference. Calibration of the instrument was performed
using indium as a standard. A heating rate of 10 °C/min
was used throughout the study with scan ranges between 0
and 150°C. Rescans were performed immediately after
each scan, in order to erase the thermal history of the sam-
ples and to confirm the location of the 7,, based on the
reversibility of this second-order transition. The 7, of
dextran systems were determined from the DSC rescans,
at the midpoint in the shift of the heat flow baseline,
which corresponded to the temperature at which one-half
of the change in the heat capacity, ACp, occurred. The
reported data are the averages of at least two replicate
measurements.

2.4.2. Fourier transform infrared (FTIR) spectroscopy

A Bruker Equinox 55 FTIR-Attenuated Total Reflec-
tance (ATR) (SensIR Durascope™) spectrometer (Bruker
Optics Inc., Billerica, MA) was used for the analysis.
Approximately 10 mg of powder samples was placed on the
ATR crystal and the measurements were done by co-add-

ing 100 scans with a resolution of 4cm™".
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3. Results and discussion

3.1. Glass transition temperature (T,) of derivatized
dextrans

According to Icoz, Moraru, and Kokini (2005), the T o of
the standard dextran with an average molecular weight
(M,,) of 500,000 equilibrated at a,=0.33 was around
100°C. In the current study, 7, of pure DEAE prepared
from solutions at different polymer concentrations that
were equilibrated at a, =0.33 were determined between 56
and 57°C (Fig. 3). The difference of T,s between the stan-
dard dextran of M~ 500,000 and DEAE dextran pro-
duced from a similar molecular weight showed the effect of
the added side chains on the mobility of the dextran. The
addition of DEAE-subunits (0.33mol DEAE/1 mol glu-
cose) increased the mobility of dextran molecule signifi-
cantly that resulted in decrease of T, from around 100 to
56-57°C. On the other hand, the T, for DS500 at similar
conditions was obtained around 106 °C (Fig. 3), which was
slightly higher than the T, of standard dextran with
M, ~500,000. Even though the substitution of sulphate
groups in DS500 (2 mol sulphate/1 mol glucose) was signifi-
cantly higher than the substitution in DEAE dextran, they
did not contribute to the mobility of the system. The reason
for obtaining slightly higher 7, than that of standard

W/g
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°C
Fig. 3. DSC thermograms of DEAE and DS500 prepared from 30% poly-

mer concentrated solutions in the absence of NaCl [IS(NaCl) = 0].

Table 1

dextran would be due to having slightly higher molecular
weight of DS500 compared to standard dextran because of
the high number of added side chains. Long side chains
even with lower degree of substitution (as in the case of
DEAE dextran) promoted flexibility of the molecule and
increased the mobility in the system, resulting in lower 7, as
compared to the 7, of standard dextran with similar M;
and as compared to another similar M, derivatized dextran
with short side chains even with higher degree of substitu-
tion (as in the case of DS500). The comparison between the
T, of derivatized dextrans and standard dextran at similar
molecular weights shows that even small changes in the
chemistry of a carbohydrate polymer change the thermal
phase behavior of the system significantly.

3.2. T, as a marker of miscibility for mixtures prepared from
different polymer concentrations and added NaCl

In the absence of NaCl [IS(NaCl)=0], the T, of DEAE
prepared from 30%, 50%, and 70% polymer concentrated
solutions were determined as 56.1 +0.28, 56.9 +0.14, and
56.3+0.35°C, respectively (Table 1). Similarly, 7, of DS500
prepared from different concentrated solutions were deter-
mined as 106.71+0.28, 105.74+0.64, and 1054 40.21°C,
respectively (Table 1). Samples prepared from different
polymer concentrations in the absence of NaCl resulted in
similar glass transition temperatures, as would be expected.
The moisture contents of these samples [IS(NaCl) = 0] were
also very comparable to each other (Table 2).

T, values of mixtures prepared only at 50/50 ratio are
reported, since sensitivity of DSC to monitor multiple 7,
behavior in 25/75 and 75/25 ratios, if any, would be limited.
Because as one of the component ratios gets smaller, as in
the case of 25/75 or 75/25, the heat flow would also get
smaller at a similar ratio, which would make 7, identifica-
tion difficult. In the absence of NaCl [IS(NaCl) =0], sam-
ples prepared from 30%, 50%, and 70% total polymer
concentrated solutions showed a single 7, (Fig.4)
(829+0.71, 82.1£0.57, and 80£0.71°C, respectively)
(Table 1), indicating miscible systems. Icoz et al. (2005)
showed that the 7, of the mixed dextrans were controlled

g
by their number-average molecular weight, rather than

Glass transition temperature (7,) of DS500 and DEAE systems prepared from 30%, 50%, and 70% polymer concentrations with added NaCl of IS=0,

IS=1M,and IS=2M

T,(°C)

IS(NaCl) =0 IS(NaCl)=1M IS(NaCl)=2 M
DS500 — 30% 106.7 +0.28 100.8 £ 035 101.1 £0.21
DS500 + DEAE — 30% — 50/50 82.9+0.71 41.740.14/103.8 £ 0.35 41.640.35/113.7 £ 0.85
DEAE - 30% 56.1+£0.28 4704071 46.8 +1.06
DS500 — 50% 105.7 4 0.64 100.1 +0.14 100.8 4 0.35
DS500+DEAE — 50% — 50/50 82.1£0.57 40.740.21/111.9 £0.28
DEAE - 50% 569+0.14 52.540.71 50.1 £ 0.64
DS500 — 70% 10544 0.21 102.7 4+ 1.20 10244 1.20
DS500 + DEAE — 70% — 50/50 8040.71 79.0 £ 141 78.64+0.14
DEAE - 70% 56.3+£0.35 5524007 51.3+£3.96
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Table 2
Moisture content (% d.b.) of DS500 and DEAE systems prepared from 30%, 50%, and 70% polymer concentrations with added NaCl of IS=0,IS=1M,
and IS=2M
% Moisture (d.b.)
IS(NaCl) =0 IS(NaCl)= 1 M IS(NaCl) =2 M
DS500 - 30% 13.71 £0.52 12.54 £0.02 11.43+0.08
DS500 + DEAE - 30% — 50/50 11.93£0.72 11.36 £ 0.04 11.05+£0.00
DEAE - 30% 11.09 £0.74 11.79+1.23 991+£0.03
DS500 — 50% 13.68 £0.90 1348 £0.10 13.00 + 0.20
DS500 + DEAE — 50% — 50/50 1241 £0.93 1248 £0.42 12.49+0.01
DEAE - 50% 10.85 £0.02 11.59 £0.08 11.13+0.11
DS500 - 70% 13.64 £ 045 13.58 £0.06 1392 +£0.27
DS500 + DEAE - 70% — 50/50 12.48 £0.31 12.06 £ 0.02 12.84 £0.85
DEAE - 70% 10.85£0.21 11.26 £0.42 12.06 + 1.88
conformation of the molecule (Dobrynin, Rubinstein, &
0.0 1 Obukhov, 1996; Jousset, Bellossent, & Galin, 1998; Lauten
& Nystrom, 2000; Shinoda, 1978; Walstra, 2003). These
-0.21 strong repulsive interactions have shown to be screened by
o DS500+DEAE - from 30% conc - 50/50 the addition of an electrolyte (such as salt) to the aqueous
= IS(NaCl)=0 solution of charged polymer molecules (Basak, Nisha,
-0.41 Manorama, Maiti, & Jayachandran, 2003; Demetriades &
McClements, 1998; Hellebust, Blokhus, & Nilsson, 2004;
-0.61 Lauten & Nystrom, 2000). A charged polymer can be
, , , | , , , assumed to behave as a soft sphere with an approximate
20 40 60 80 100 120 140 effective radius (R.;), which is the sum of hydrodynamic

Cc

Fig. 4. Single 7, in 50/50 ratio of DS500+ DEAE prepared from 30%
polymer concentrated solutions in the absence of NaCl [IS(NaCl) = 0].

weight-average molecular weights. When a small molecular
weight dextran was mixed in equal weight proportions (50/
50) with a high molecular weight dextran, the single 7, of
the mixed system was closer to the T}, of the small molecu-
lar weight component. This was because when the two dex-
trans of different molecular weights were mixed in equal
amounts, the mixture had higher number of small molecu-
lar weight dextran than high molecular weight dextran
resulting in higher free volume in the system and causing
the significant effect on the 7, of the mixture (Icoz et al.,
2005). In the current study, since the two components in the
blend (DS500 and DEAE) had similar molecular weights
(around 500,000), the 7, of the 50/50 ratio mixtures were
approximately at the midpoint of the 7,s of the individual
components (Table 1).

T, of both DS500 and DEAE samples prepared from
30% polymer concentration in the presence of NaCl
[IS(NaCl)=1M or IS(NaCl)=2M] were lower than T, of
samples prepared from 30% concentrated samples in the
absence of NaCl (100.84+0.35 and 47.04+0.71°C at
IS(NaCl)=1M; 101.1 £0.71 and 46.8 £ 1.06 °C at IS(NaCl)
=2M compared to 106.7£0.28 and 56.1+0.28°C at
IS(NaCl)=0) (Table 1). Both DEAE and DS500 are
charged polymers (polyelectrolytes). There are strong
repulsive forces between similarly charged monomers of a
polyelectrolyte that result in highly swollen and stretched

radius of gyration (R,) and Debye screening length (xh
(Tadros, 1996). Addition of an electrolyte increases the
ionic strength and results in decrease of effective radius of
the polyelectrolyte (Russel, 1991), because increase in ionic
strength reduces k~'; and electrostatic screening reduces the
repulsion of the charged groups along the polymer chain,
resulting in decrease of R, (Demetriades & McClements,
1998). Due to electrostatic screening effects in the presence
of an electrolyte, flexibility of the polyelectrolyte increases
favoring intra-molecular interactions, and leads to more
compact and less expanded structure that occupies less vol-
ume (Basak et al., 2003). Hellebust, Nilsson, and Blokhus
(2003) and Hellebust et al. (2004) has further shown that
the addition of salt to a mixture of polyelectrolytes affects
the phase behavior in the system, resulting in both associa-
tive and/or segregative phase separation depending on the
ionic strength contributed by the addition of salt.

In the current study, both DEAE and DS500 became
more flexible upon addition of NaCl; and as the 7, data
showed, the mobility in the polymers increased, resulting in
lower T, values in the presence of added NaCl compared to
systems without NaCl (Table 1). Moisture contents of these
samples were slightly different from each other; for exam-
ple, moisture content of DS500 prepared from 30% solu-
tions at IS(NaCl) =0, 1, and 2M were 13.71%, 12.54%, and
11.43% (d.b.), respectively (Table 2). Lower moisture con-
tent at IS(NaCl)=2M than IS(NaCl)=1M resulted in
slightly similar 7, value of the two samples. If these two
samples have closer moisture contents, then 7, of sample
with IS(NaCl)=2M would be slightly lower than the
reported value due to plasticization effect of water, which
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Fig. 5. Two T,s in 50/50 ratio of DS500 + DEAE prepared from 30% poly-
mer concentrated solutions with IS(NaCl) =1 M.

would more clearly show the effect of more addition of
NaCl (1 M vs. 2M) on the T, behavior of the samples.

In the 50/50 mixture of the same system, there were 2 7,
values (Table 1) (41.7£0.14 and 103.84+035°C at
IS(NaCl)=1M (Fig. 5); 41.6+£0.35 and 113.7£0.85°C at
IS(NaCl) =2 M), representing the 7, of the individual compo-
nents in the blend, indicating immiscibility between the com-
ponents. The explanation of immiscibility of two
polyelectrolytes in the presence of added salt would be due to
“preferable” intra-molecular interactions in the components
rather than inter-molecular interactions between the compo-
nents. At IS(INaCl) =0, both polyelectrolytes had intra-molec-
ular repulsive forces so when these polyelectrolytes came
together, they got involved in inter-molecular interactions,
resulting in miscible systems with 1 7,. However, in the pres-
ence of NaCl, the repulsive forces were screened and the intra-
molecular interactions were enabled, decreasing the possible
inter-molecular interactions and resulting in 2 7.

Similar behavior was observed for samples prepared from
50% total polymer concentrated solutions and their blends.
On the other hand, for samples prepared at 70% polymer con-
centration, the effect of added NaCl (1 and 2 M) on reducing
the 7, of pure components were less compared to samples
prepared at lower polymer concentrations (Table 1). The 7,
of the individual components prepared at 70% concentration
in the presence of NaCl were closer to the 7,s in the absence
of NaCl. There was also a single 7, in the mixed systems.
Because at high polymer concentrations, the concentration of
the counter-ions in the polyelectrolyte was also high, so the
presence of NaCl did not significantly affect the mobility and
miscibility in the systems. Therefore, the polyelectrolyte at
high polymer concentration, even in the presence of added
NaCl, behaved closer to the system in the absence of salt.

3.3. FTIR spectroscopy for misciblelimmiscible systems to
investigate specific bonding interactions

Hydroxyl stretching regions of FTIR spectra (~4000—
2700cm™!) for DS500 + DEAE blends prepared from 30%
polymer concentration in the absence of NaCl is given
in Fig. 6. Molecules containing hydroxyl groups can

DEAE

DS500+DEAE 25/75 s /ﬂ\
DS500+DEAE 50/50 / \

DS500+DEAE 75/25 =
DS500 ,.' / \\ e s
,\f\f‘ﬁw

V«.\/’

Absorbance (a.u.)

I I I I I I I
4000 3800 3600 3400 3200 3000 2800
Wavenumber (cm-1)

Fig. 6. Hydroxyl stretching regions of FTIR spectra for DS500 + DEAE
blends prepared from 30% polymer concentration in the absence of NaCl
[IS(NaCl) =0].

self-associate and can form intra-molecular interactions
through formation of hydrogen bonds between their
hydroxyl groups, forming dimers and higher multimers.
Hydrogen bonds are dynamic in nature, so they continu-
ously break and reform by the thermal motion. At any
instant of time, there exists a number of free (non-hydrogen
bonded) monomers, hydrogen bonded dimers and multi-
mers; and the changes in concentration and temperature
affect their distribution (Coleman et al., 1991; Coleman &
Painter, 1995). Coleman and Painter (1995) have shown the
infrared spectra of the hydroxyl stretching region of 2-pro-
panol, a small molecule with a hydroxyl group that can
form hydrogen bonds, in cyclohexane (an inert solvent that
can not make any hydrogen bonds with 2-propoanol) at
different temperatures and concentrations. Bands at 3630,
3530, and 3350cm ™! are assigned to non-hydrogen bonded
hydroxyl groups, hydrogen bonded dimers and hydrogen
bonded multimers, respectively (Coleman & Painter, 1995).
These assigned bands would form the basis for the
observed bands in hydroxyl stretching regions of dextran
systems in the current study. Moreover, Kuo and Chang
(2002) investigated the specific interactions in phenolic
resin and poly(acetoxystyrene) (PAS) blends using FTIR
spectroscopy. Hydroxyl stretching frequencies have shown
that pure phenolic resin had a broad band at 3350cm™!,
which was due to large number of hydrogen-bonded
hydroxyl groups, and a narrow band at 3525cm™!, which
was assigned to the free hydroxyl groups. The band at
3525cm™! decreased with PAS content and the band at
3350cm™! shifted to 3384cm™! with increasing PAS con-
tent, indicating the switch from hydroxyl-hydroxyl bond to
hydroxyl-carbonyl bond. Their result have shown that
inter-molecular hydrogen bonding occurred between the
hydroxyl group of the phenolic resin and the carbonyl
group of PAS (Kuo & Chang, 2002).

Based on the band assignments mentioned by Coleman
and Painter (1995) and Kuo and Chang (2002), Fig. 6 was
interpreted as follows: individual DEAE showed a broad
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band at 3286cm™! due to high number of hydrogen bonded
OH groups (in the form of multimers). Individual DS500
had a shoulder in the similar region (at 3250cm™") due to a
number of hydrogen bonded OH groups (in the form of
multimers). DS500 (Fig. 2) has one hydroxyl group per glu-
cose molecule that can make intra-molecular hydrogen
bonds and these groups are much less than those in DEAE
(Fig. 1), which was confirmed in the spectra as a shoulder
rather than a broad band at 3250 cm™". DS500 also showed
a broad band at 3450cm ™! due to hydrogen bonded OH (in
the form of dimers); and a shoulder around 3600cm™" due
to free OH groups. The shoulder of DS500 around
3600cm ™" disappeared as DEAE was introduced into the
system, showing that those free OH groups participated in
hydrogen bonding with DEAE. The shoulder of DS500 at
3250cm ™! was still present in the blends although its mag-
nitude was getting smaller. The broad band of DS500 at
3450cm™! and the broad band of DEAE at 3286cm™!
shifted towards each other in mixtures, indicating that the
components were forming inter-molecular hydrogen bonds
with each other. This was shown by the broad bands at
3420, 3381, and 3323cm~! for 75/25, 50/50, and 25/75
blends, respectively (Fig. 6).

Another significant region that can be analyzed in terms
of interactions in dextran systems was the C—OH stretching
region of FTIR spectra (~990-1060 cm™"). Because when a
hydroxyl group next to a carbon atom is involved in hydro-
gen bond formation, the bond between C and OH would
also be affected. C-OH stretching vibrations of
DS500 + DEAE blends prepared at 30% polymer concen-
tration in the absence of NaCl is shown in Fig. 7. DEAE
had a single peak around 1003 cm™". DS500 had two peaks
at 1010 and 976 cm™!, respectively. In the blends, as DS500
was introduced into DEAE, the following shifts in the
bands occurred: A peak around 1005cm™~! and a shoulder
around 990cm™! in DS500+ DEAE(25/75) blend; two
peaks around 1007 and 985cm™! in DS500 + DEAE(50/50)
blend; two peaks around 1009 and 978cm™!' in

1
DEAE
. DS500+DEAE_25/75
\{ DS500+DEAE_50/50
i DS500+DEAE_75/25
i DS500

Absorbance (a.u.)

T T T
1100 1000 900
Wavenumber (cm-)

Fig. 7. C-OH stretching region of FTIR spectra for DS500 + DEAE
blends prepared from 30% polymer concentration in the absence of NaCl
[IS(NaCl) = 0].

DEAE
DS500+DEAE_25/75
DS500+DEAE /50/50
DS500+DEAE_75/25
DS500 /

Absorbance (a.u.)

I I I I I I
4000 3800 3600 3400 3200 3000 2800
Wavenumber (cm-)

Fig. 8. Hydroxyl stretching regions of FTIR spectra for DS500 + DEAE
blends prepared from 30% polymer concentration with IS(NaCl) =1 M.

DS500 + DEAE(75/25) blend. The systematic shift/change
in the bands of mixtures indicated the switches from intra-
molecular hydrogen bonds to inter-molecular hydrogen
bonds between the components that affected the C-OH
vibrations. These blends have shown a single 7, behavior
determined by DSC (Table 1). Therefore, the formation of
hydrogen bonds between the two components in the blend
is concluded to be the mechanism for the formation of mis-
cibility observed by thermal analysis. Other blends that
showed a single 7, behavior have shown similar FTIR
spectra.

Hydroxyl stretching regions of FTIR spectra for
DS500+DEAE blends prepared from 30% polymer
concentration and at NaCl added [IS(NaCl)=1M] is given
in Fig. 8. FTIR spectra of these blends, which showed 2 Ts
with DSC, did not show such systematic change in the bands
compared to those with a single 7. IR spectrum of the pure

|
DEAE
DS500+DEAE_25/75
\ DS500+DEAE_50/50
i DS500+DEAE_75/25
\ DS500

Absorbance (a.u.)

T T T
1100 1000 900
Wavenumber (cm-)

Fig.9. C-OH stretching region of FTIR spectra for DS500 + DEAE
blends prepared from 30% polymer concentration with IS(NaCl) =1 M.
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components, DEAE and DS500, showed similar bands as
those in Fig. 6. The bands of the mixtures got broader rather
than any kind of shifts or changes in the bands. Similarly,
C-OH vibrations for this system did not show the systematic
change in the bands of the mixtures (Fig. 9). For example,
DEAE showed a peak around 1002cm~!; DS500+
DEAE(25/75) blend had a single peak around 1004cm™";
DS500+ DEAE(50/50) blend also had a single peak around
1005cm™!; DS500 shows two peaks around 1010 and
977cm~!; and DS500+ DEAE(75/25) blend has two peaks
similar to pure DS500, around 1007 and 995cm™'. These
results can be interpreted as the “appropriate addition” of IR
spectra of pure components (Chalmers & Everall, 1993;
Dong & Ozaki, 1997). Other blends that showed 2 7,s with
thermal analysis had similar FTIR spectra.

4. Conclusions

Thermal analysis of systems consisting of DS500 and
DEAE has shown miscible and immiscible systems with 1
T, or 2 T,s, depending on the polymer concentrations and
the addition of salt (NaCl): 1 7, for samples prepared from
low, medium and high polymer concentrations in the
absence of salt, and for samples prepared from high con-
centrations in the presence of salt; and 2 T,s for samples
prepared from low and medium polymer concentrations in
the presence of salt. FTIR spectroscopy provided analysis
on the possible bonding interactions that was combined
with thermal analysis to explain the mechanism of miscibil-
ity in the carbohydrate systems through formation of
hydrogen bonding interactions between the components in
the blend. Systems that showed 2 7s with thermal analysis
did not have sufficient inter-molecular hydrogen bonding
to form miscible systems.
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