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ABSTRACT
Purpose To characterize and interpret the miscibility of dextran
and maltodextrin with poly(vinylpyrrolidone) (DEX-PVP) as a
function of polymer molecular weights.
Methods Blend miscibility was studied using 4 different molecular
weight (MW) grades of DEX combined with 5 MW grades of PVP,
over a broad compositional range. Miscibility was evaluated by
inspection of glass transition events measured by differential scanning
calorimetry (DSC). Fourier transform mid-infrared spectroscopy
(FTIR), combined with curve fitting, was performed to characterize
the extent of hydrogen bonding. The observed miscibility behavior
was further interpreted in terms of mixing thermodynamics.
Results Miscibility of the blends ranged from fully miscible to
completely immiscible with multiple partially miscible systems
observed. Increasing polymer molecular weight decreased mis-
cibility. For the lowest DEX grade, hydrogen bonding was
independent of PVP MW, as expected since all systems were
completely miscible. Higher molecular weights of DEX resulted
in reduced intermolecular hydrogen bonding and decreased
miscibility, increasingly so for higher MW PVP grades. Evaluation
of the mixing thermodynamics supported these findings.
Conclusions With higher combined molecular weights of DEX-
PVP blends, phase behavior evolves from completely miscible to
virtually immiscible. Concurrently, DEX-PVP hydrogen bonding
decreases. From a thermodynamic perspective, the combinatorial
mixing entropy was observed to decrease as the molecular weight
of the polymers increased, providing a reduced counterbalance to
the unfavorable mixing enthalpy thought to accompany this
polymer combination.

KEY WORDS dextran . differential scanning calorimetry
(DSC) . maltodextrin . mid infrared spectroscopy . miscibility .
molecular weight . phase separation . poly(vinylpyrrolidone)

INTRODUCTION

The characterization of miscibility in amorphous pharma-
ceutical systems is a topic of historical and current interest.
Examples of systems where miscibility plays an important
role in drug product performance include amorphous solid
dispersions and freeze-dried formulations. In the former
case, an amorphous drug is intimately mixed with a poly-
meric carrier (1), and attaining miscibility is considered
favorable in the sense that it increases the likelihood of
conserving the amorphous form of the drug for prolonged
periods of time, compared to the amorphous form without
polymer (2,3). Indeed, it has been reasoned and can be
intuitively understood that in phase-separated systems, the
drug will be more prone to crystallization as there is less
polymer available for physical stabilization of the drug-rich
phase (4). For freeze-dried formulations, polymers and/or
small molecules are added to protect the active ingredient
(e.g. a protein) against deleterious chemical and physical
changes during the freezing, drying and storage steps, as
well as to facilitate the formation of a glassy solid with a glass
transition temperature (Tg) higher than the intended storage
temperature (5).
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Traditionally, differential scanning calorimetry (DSC)
has been the most extensively used characterization tech-
nique applied for miscibility evaluation (4). Where a single
glass transition (Tg) event is expected for a miscible system,
evidence of phase separation is inferred from the observa-
tion of two Tg events (4). However, a number of issues are
known to be associated with this methodology (4); potential
problems include (i) the difficulty of resolving Tg events of
mixture components having similar Tg values, (ii) limitations
in terms of minimal domain sizes needed to enable the
detection of phase-separated domains (e.g. 10–50 nm for
polymeric blends) (6,7), and (iii) glass transition regions of
materials can sometimes be broad and/or have small
changes in heat capacity, challenging the capability of the
technique to identify Tg events (see Baird and Taylor for a
more detailed discussion) (4). Furthermore, the fact that the
determination of glass transition events by DSC involves
heating of the sample through the glass transition tempera-
ture region(s) of the sample, may have an effect on misci-
bility which varies with temperature.

Therefore, the implementation of complementary tech-
niques and the development of new methodologies for mis-
cibility evaluation is an important area of research. Potential
alternative techniques that have been explored to some
extent include Fourier transform mid-infrared spectroscopy
(FTIR, with or without further multivariate analysis) (8–10),
X-ray powder diffraction (XRPD, with or without subse-
quent calculation of pair distribution functions) (7,10–12),
solid state nuclear magnetic resonance (SSNMR) (13–15),
atomic force microscopy (AFM) (9,16), scanning and/or
transmission electron microscopy (SEM/TEM) (9,13),
Raman mapping (12,17,18), local (photo)thermal analysis
(19–22) and nanoscale infrared spectroscopy (23,24).

Several studies exploring the miscibility of dextran-PVP
(DEX-PVP) blends have been reported (e.g. 7,12,25–28). A
number of these describe the miscibility of DEX-PVP sys-
tems in freeze-concentrated solutions in the presence or
absence of additives (25–27). Other studies evaluate the
miscibility of DEX-PVP systems in the solid state (7,12,28).
In one study (28), the miscibility of high molecular weight
blends of DEX (molecular weight 520 kDa) and PVP (PVP
K 90, molecular weight 1,000 kDa) was evaluated using
DSC, and complete immiscibility was observed. In another
investigation, X-ray powder diffraction was used to evaluate
miscibility in a blend of high MW grades of both polymers
(DEX of 64–76 kDa and PVP K 90) (7), and the authors
concluded that the system was completely immiscible. In a
more recent study (12), DSC, Raman mapping and XRPD
analysis were used to evaluate the miscibility of two DEX-
PVP systems, one combining polymers of relatively high
molecular weights (DEX of 8.5–11.5 kDa with PVP of
29 kDa) and another combination with relatively low poly-
mer molecular weights (DEX of 4-6 kDa and PVP of
10 kDa). Again, phase separation appeared to be the dom-
inant process across all compositions. Hence, in systems
where the miscibility of DEX-PVP systems has been evalu-
ated in the solid state, relatively high polymer molecular
weights have been studied leading to largely immiscible
systems. In one study, however, the miscibility of a very
closely related polymer system (29) was investigated. Here,
the miscibility of PVP was evaluated with maltodextrin and
it was found that miscible blends were obtained upon freeze-
drying PVP K 90 with maltodextrins (molecular weights of
860 and 1,050 Da). Based on the molecular structures of the
polymers (Fig. 1), it can be seen that maltodextrin and
dextran have similar chemical structures. Both polymers
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Fig. 1 Molecular structures of the different polymers used in this study: (a) PVP, (b) dextran, and (c) maltodextrin.
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are composed of D-glucose units. While dextrans consist of a
backbone where the glucose units are 1-6 linked with a low
degree (approximately 5 %) of branched, short (mostly 1 or
2 glucose units) 1-3-linked sidechains, maltodextrins can be
considered as low molecular weight analogues where the
glucose units of the backbone are linked by 1-4 bonds, with
1,6 connected branches. Given the excellent chemical sim-
ilarity between dextrans and maltodextrin, maltodextrins
will be applied as low MW analogs of dextrans and the term
DEX will refer to both dextran and maltodextrin in the
remainder of this report.

DEX-PVP systems have a number of features that make
them interesting model systems for the evaluation of novel
characterization approaches to study miscibility. First, both
polymers are amorphous, resulting in the formation of fully
amorphous blends upon mixing. As crystallization cannot
occur in these systems, the interpretation of results can
be limited to the differentiation between amorphous-
amorphous phase separation and the formation of miscible
blends. Second, it is well known that polymer molecular
weight is a key factor that influences miscibility (30). Thus,
by changing molecular weights of the polymers, systems
with variable miscibility characteristics but virtually constant
chemical composition potentially can be obtained. Ideally,
demonstrating the ability of an analytical technique to char-
acterize miscibility should involve testing of miscible, par-
tially miscible and immiscible systems of the same
constituents, thereby eliminating chemical variation.

In this work, a comprehensive study of the miscibility
behavior of blends of dextran or maltodextrin (DEX) in
combination with PVP as a function of composition and
polymer molecular weight is reported. Structures of the
polymers are provided in Fig. 1 and key characteristics of
the various grades used can be found in Table I. Miscibility
was evaluated using DSC and FTIR spectroscopy. Further
analysis of the FTIR spectra was performed using curve
fitting to evaluate the extent of intermolecular hydrogen

bonding in the mixtures. Finally, mixing thermodynamics
were considered to further rationalize the miscibility trends
observed.

MATERIALS AND METHODS

Materials

Polyvinylpyrrolidones [PVP, Kollidon®, K 12 (PVP12), K
17 (PVP17), K 25 (PVP25), K 30 (PVP30), K 90 (PVP90)]
were kindly provided by BASF Aktiengesellschaft (Ludwig-
shafen, Germany). Dextrans [from Leuconostoc spp., molecu-
lar weights 6,000 (DEX6), 40,000 (DEX40), 400,000–
500,000 (DEX450)] were purchased from Sigma-Aldrich
Co. (St. Louis, MO, USA). Maltodextrin (extra low MW
grade, molecular weight 783 g/mol (DEX1)] was obtained
from V-LABS Inc, Covington, LA, USA).

Preparation of Dextran-PVP Solutions

Aqueous DEX-PVP solutions [10 % (w/v) total solids] were
prepared in different weight ratios [10/90, 20/80, 30/70,
40/60, 50/50, 60/40, 70/30, 80/20 and 90/10 (w/w)
DEX-PVP] by mixing the pure solutions [0/100 and 100/
0 (w/w) DEX-PVP] in volume ratios, identical to the result-
ing weight ratios. Samples were stored in a refrigerator prior
to further use.

Differential Scanning Calorimetry

Glass transition temperatures (Tg) of the samples were de-
termined using a TA Q2000 DSC equipped with a refrig-
erated cooling accessory (TA Instruments, New Castle, DE,
USA). For the preparation of the bulk samples, solutions of
DEX and/or PVP were freeze-dried in 2 ml vials (Wheaton
Science Products, Millville, NJ, USA). After filling the vials,
rubber stoppers (Wheaton Science Products, Millville, NJ,
USA) were gently placed on top of the vials so that contact
between the vial interior and the sample chamber was
maintained and lyophilization was performed using a pro-
grammable bench top lyophilizer (VirTis, Gardner, NY,
USA) and a fixed lyophilization cycle (Table II). After com-
pletion of the cycle, the vials were closed, the lyophilizer was
brought to atmospheric pressure and vials were removed
from the instrument. Vials were then stored under vacuum
overnight, to further remove residual water. Samples, prepared
in aluminum pans with a pin hole, were heated to either 200 °C
(for samples containing DEX1) or 250 °C (all other samples)
using a heating rate of 10 °C/min. Subsequently, samples were
held isothermally for 1 min, cooled to 40 °C using a cooling
rate of 10 °C/min, held isothermally for 1 min followed by
reheating the sample using a heating rate of 10 °C/min. From

Table 1 Overview of the Different Grades of the Polymers Used in this
Study, their Corresponding Molecular Weights and the Abbreviations Used

Polymer and grade Abbreviation Molecular weight (Da)a

Poly(vinylpyrrolidone) – K 12 PVP12 2,000–3,000

Poly(vinylpyrrolidone) – K 17 PVP17 7,000–11,000

Poly(vinylpyrrolidone) – K 25 PVP25 28,000–34,000

Poly(vinylpyrrolidone) – K 30 PVP30 44,000–54,000

Poly(vinylpyrrolidone) – K 90 PVP90 1,000,000–1,500,000

Maltodextrin DEX1 783

Dextran – low MW DEX6 6,000

Dextran – medium MW DEX40 40,000

Dextran – high MW DEX450 400,000–500,000

a As obtained from the manufacturer
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the resulting thermograms, Tg events were determined as the
midpoint of the glass transition events observed in the second
heating run, except for samples containing DEX1, where the
analysis was performed on the first heating run of the samples,
as degradation was often observed at higher temperatures for
these samples.

Fourier Transform Mid-Infrared Spectroscopy

For collection of Fourier transform mid-infrared (FTIR) trans-
mission spectra, DEX-PVP solutions were spin-coated onto
KRS-5 substrates. A few drops of the solution was placed on
the substrate, and rotated using aKW-4A spin-coater (Chemat
Technology Inc., Northridge, CA, USA) at 8,000 rpm for 20 s.
Subsequently, the thin films were stored overnight under a dry
nitrogen purge (<10 % relative humidity), to remove residual
water. Spectra of the resulting thin films were obtained in
transmission mode using a Bio-Rad FTS 6,000 spectropho-
tometer (Bio-Rad Laboratories, Hercules, CA, USA) equipped
with globar infrared source, KBr beamsplitter, and DTGS
detector. The scan range was set from 500 to 4000 cm−1 with
4 cm−1 resolution, and 128 scans were co-added. During
infrared measurements, the spin-coated samples and the sam-
ple compartment of the spectrophotometer were flushed with
dry air (<10 % relative humidity) in order to further minimize
interference from absorbed and gas-phase moisture. Spectra
were recorded for 0/100, 20/80, 50/50, 80/20 and 100/0 (w/
w) DEX-PVP mixtures for all DEX and PVP grades. In
addition, spectra were collected for all DEX-PVP ratios pre-
pared for the DEX1-PVP12 system. Background corrections
were performed on all samples. For further determination of
the extent of hydrogen bonding based on changes in the PVP
carbonyl stretching peak, the latter was corrected for the
contribution of the peak of DEX1 at 1600 cm−1, by subtract-
ing the spectrum of the pure DEX1 from those of the DEX1-
PVP blends using an appropriate factor. This was not neces-
sary for samples containing other DEX grades, as the contri-
bution of that peak was negligible in these samples. All PVP
peaks were normalized to the area under the curve. Subse-
quently, spectra of the DEX-PVP blends were fitted to the
spectra of non-hydrogen bonded PVP (the pure PVP

spectrum) and that of the maximally hydrogen bonded PVP
carbonyl peak [using the 0.9 (w/w) DEX weight fraction of
the DEX1-PVP12 system], keeping the sum of the factors by
which the spectra were multiplied equal to 1. The optimal fit
was obtained by minimizing the sum of the squares of the
residuals over the 1590–1750 cm−1 spectral range. The latter
was expressed as a percentage, relative to the spectral data (by
taking the ratio of the square root of the sum of squares and
the sum of the intensities in the spectral data). Additional
detail on the determination of the degree of hydrogen bond-
ing can be found in the Discussion section.

RESULTS

Very Low MW Dextran Analog (DEX1)
with Different PVP Grades

For DEX1 systems, representative DSC and FTIR data are
provided in Fig. 2a and b, respectively. DSC data of the
DEX1-PVP25 system (Fig. 2a) shows a single Tg event for
all compositions whereby the Tg increases with an increas-
ing amount of the higher Tg component (PVP25). These
results suggest the formation of a miscible system over the
complete composition range (4). Similar phase behavior was
observed for all other PVP grades in combination with
DEX1 (see Figure S1 in the Supplementary Material).
Hence based on DSC data, PVP is miscible with DEX1
for all the MW grades evaluated and over the complete
compositional range. FTIR data of the carbonyl stretching
band of PVP in DEX1-PVP12 blends are provided in
Fig. 2b. This band has been described as a mixed mode
containing combinations from carbonyl stretching and N-C
stretching vibrations (31–33). Since the carbonyl function
has hydrogen bond acceptor character and PVP lacks hy-
drogen bond donors, it forms a useful probe to assess inter-
molecular hydrogen bonding with a hydrogen bond donor
(29,33). In contrast, DEX has the ability to undergo hydro-
gen bonding with itself, both intermolecularly and intramo-
lecularly. The formation of homo and hetero (with PVP)
hydrogen bonds would be expected to influence the DEX

Table II Overview of the Lyophilization Cycle Used for Freeze-Drying the Dextran-PVP Samples

Freezing step Primary drying Secondary Drying

Step 1 2 3 4 5 6 7

Temperature (°C) −2 −40 −35 −20 −5 5 20

Duration (h) 0.5 1 10 10 5 5 5

Total time (h) 0.5 1.5 11.5 21.5 26.5 31.5 36.5

Vacuum (mTorr) N/A N/A 100 100 100 100 150

N/A not applicable
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O-H stretching bands whereby the formation of hydrogen
bonds with PVP would occur at the expense DEX-DEX
interactions. As a result, interpretation of spectral changes in
the O-H stretching bands is more complicated than interpre-
tation of changes to the PVP carbonyl stretching band and has
therefore not been further considered to the same extent that
changes in the PVP carbonyl band were investigated. For pure
PVP [Fig. 2b, 0 (w/w) DEX weight fraction] the maximum of
the (non-hydrogen bonded) carbonyl stretching band lies at
1680 cm−1. Upon mixing PVP12 with DEX1, a second lower
wavenumber band gradually develops, showing amaximum at
1661 cm−1. This red-shifted band corresponds to the hydrogen
bonded carbonyl group, as the weakening of the energy of the
carbonyl vibration due to hydrogen bonding causes the band
to shift to lower wavenumbers. This extensive hydrogen bond-
ing between DEX1 and PVP12 is in excellent agreement with
the proposed miscibility suggested from the DSC results. For
high dilutions of PVP12 [0.8 and 0.9 (w/w) DEX fraction],
two observations can be made: First, the carbonyl peak
remains virtually unchanged. This suggests that at these dilu-
tions, hydrogen bonding with DEX is maximal. It is important
to note that this state of maximum hydrogen bonding of
carbonyl groups does not necessarily mean that all PVP car-
bonyl groups participate in hydrogen bonding. Previous obser-
vations showed that hydrogen bonding interactions between
PVP and maltodextrin were lower than those observed be-
tween e.g. sucrose and PVP, which was interpreted as being
due to differences in the extent of hydrogen bonding and not
caused by alterations in the strength of the hydrogen bonds
(29). This agrees well with observations made in other polymer
systems, where it was suggested that factors such as steric
constraints may explain the observation that even at high
dilutions, a non-hydrogen bonding fraction still remains (34).
Second, for these samples with high DEX1 fractions, an addi-
tional weak band develops [maximum at 1597 cm−1 for the 0.9

(w/w) DEX fraction sample]. This band which originates from
DEX1 lies at 1601 cm−1 in the pure sample (data not shown).
FTIR results on the other PVP grades mixed with DEX1 are
very similar to those obtained from the DEX1-PVP12 (see
Figure S2 in the Supplementary Material). Hence, DEX1-
based systems are miscible over their whole composition range
and extensive hydrogen bonding occurs between PVP carbon-
yl groups and DEX1 hydroxyl groups.

Low MW Dextran (DEX6) with Different PVP Grades

On moving to a higher molecular weight dextran grade
(DEX6), the miscibility behavior of the systems starts to
change. As can be seen from the DSC data for the DEX6-
PVP25 system (Fig. 3a), the system ceases to be miscible
over the whole composition range whereby two Tg events
can be observed for DEX weight fractions between 0.5 and
0.8 (w/w) indicating the development of a miscibility gap
(i.e. a region of immiscibility can be observed) (4). Based on
the Tg values of the pure polymers, for compositions where
two Tg events are observed, the lower Tg values correspond
to the PVP-rich phase, while the higher Tg values corre-
spond to the DEX-rich phase. Similar behavior can be
seen for the DEX6-PVP30 and DEX6-PVP90 systems (see
Figure S3 in the Supplementary Material). For the lower
molecular weight PVP grades, the miscibility gap tends to
become smaller (DEX6-PVP17) or disappear entirely
(DEX6-PVP12) (see Figure S3 in the Supplementary Mate-
rial). In addition, it can be noted that (i) the miscibility gap,
i.e. the compositional region where phase separation is
observed, tends to occur at high DEX weight fractions,
and (ii) where phase separation is observed, the Tg values
of the PVP-rich phase tend to vary with composition while
the Tg values of the DEX-rich phase are more uniform and
close to the values seen for pure DEX. This suggests PVP
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Fig. 2 Representative DSC and FTIR results for DEX1-based systems: (a) variation of the Tg as a function of the DEX weight fraction for the DEX1-PVP25
system, and (b) changes in the PVP carbonyl stretching peak as a function of the DEX weight fraction for the DEX1-PVP12 system (normalized and offset).
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miscibility in DEX is lower than DEX miscibility in PVP.
This can be rationalized based on the fact that PVP gains
hydrogen bonding interactions, since it does not form hy-
drogen bonds in the pure state. DEX, on the other hand
does form hydrogen bonds with itself and replacing these
with hydrogen bonds with PVP probably results in a lower
overall extent of hydrogen bonding (28). Thus, the PVP-rich
phase will contain more DEX while the DEX-rich phase will
contain lower amounts of PVP. FTIR data for the 0.5 (w/w)
DEX weight fraction samples mixed with different PVP MW
grades are provided in Fig. 3b, together with pure PVP12 and
0.5 (w/w) DEX1-PVP12, as references. Clearly, even the
DEX6-PVP12 system shows less hydrogen bonding than the
DEX1-PVP12 system. While the carbonyl band of the DEX6-
PVP17 blend is similar to that of the blend with PVP12, large
additional reductions in the extent of PVP-DEX hydrogen
bonding are clearly observed as the MW of PVP increases

beyond this point (PVP25, PVP30 and PVP90). A similar
reduction in hydrogen bonding with increasing PVP molecular
weight can be observed for the 0.2 and 0.8 (w/w) DEX weight
fractions (Figure S4 in the Supplementary Material), most
clearly for the latter weight fraction.

Intermediate MW Dextran (DEX40)
with Different PVP Grades

Upon further increasing the molecular weight of DEX to
40 kDa (DEX40), the miscibility gap of the blends widens as
illustrated by Fig. 4a which shows DEX40 with PVP25.
Data for the other PVP grades are shown in Figure S5 in
the Supplementary Material. While for low molecular
weight PVP grades (PVP12 and PVP17), the Tg of the
PVP-rich phase still tends to increase considerably with
increasing DEX weight fractions, those of higher molecular
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weight PVPs show only small differences compared to the
Tg of pure PVP. In contrast, all Tg values of the DEX-rich
phases tend to be very similar to that of pure DEX40 and
show less dependence on PVP molecular weight. This again
suggests the formation of PVP-rich phases with a higher
maximum DEX content (that tends to decrease with in-
creasing PVP molecular weight) and DEX-rich phases that
are rather limited in terms of the fraction of PVP they can
contain. From the FTIR data it is clear that the extent of
DEX-PVP hydrogen bonding further decreases. More spe-
cifically, only the 0.8 (w/w) DEX weight fractions show a
clearly detectable hydrogen bonding shift for PVP12 and
PVP17 containing systems which further decreases signifi-
cantly for higher molecular weight grades of PVP (Fig. 4b).
For lower DEX weight fractions, shifts due to hydrogen
bonding are much weaker and often hard to identify (Figure
S6 in the Supplementary Information). Summarizing, the
data obtained on the DEX40 systems show that miscibility
and hydrogen bonding tend to further decrease with in-
creasing DEX and/or PVP molecular weights.

High MW Dextran (DEX450) with Different PVP
Grades

Finally, DEX450-based blends are considered. From the
DSC data (Fig. 5a and Figure S7 in the Supplementary
Material), it is clear that, except for the DEX450-PVP12
system, the miscible regions become minimal (for PVP17,
PVP25 and PVP30) or even completely disappear (for
PVP90). For the DEX450-PVP12 mixtures and the
DEX450-PVP17 systems, the Tg of the PVP-rich phase still
shows considerable compositional trends. For all other sys-
tems and DEX-rich phases, this is not the case. In terms of
spectral changes, a further downward trend in DEX-PVP

hydrogen bonding can be observed. FTIR data, provided in
Fig. 5b for the 0.8 (w/w) DEX systems and in Figure S8 for
the 0.2 and 0.5 (w/w) DEX weight fractions, show that,
except for the DEX450-PVP12 system, which still shows a
certain extent of hydrogen bonding (although greatly re-
duced compared to DEX1-based systems), little to no hy-
drogen bonding can be observed in all other systems.

To summarize the results, both blend miscibility as deter-
mined from calorimetric Tg measurements and the extent of
intermolecular hydrogen bonding between PVP carbonyl
groups and DEX hydroxyl groups varies widely, depending
on the molecular weight of both polymers. By varying molec-
ular weight, systems can be obtained covering a range from
completely miscible and extensively hydrogen bonding to par-
tially miscible with an intermediate level of hydrogen bonding
to virtually immiscible with little to no hydrogen bonding.

DISCUSSION

As described above, by varying the molecular weight of the
DEX and PVP polymers, a spectrum of miscibility and inter-
polymer hydrogen bonding can be obtained. The miscibility/
immiscibility regions of the different systems, as inferred from
the calorimetric Tg have been graphically summarized in
Table III. The main observable trend is that the miscibility
gap increases with an increase in theMWof both components.

While the DSC results are fairly easily summarized,
based on the occurrence of a single Tg or two Tg events,
the FTIR spectra are much harder to compare in a quan-
titative manner. As discussed above, the peak shifts in the
carbonyl band of PVP arise from hydrogen bonding with
DEX; such peak shifts in carbonyl function of PVP in the
presence of a hydrogen bond donor have been extensively
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documented (e.g. 28, 30–33). For the DEX1-PVP12 system,
it was found that, upon dilution of PVP with DEX, hydro-
gen bonding increases, reaching a plateau at a DEX weight
fraction of 0.8 and 0.9 (w/w), in agreement with previous
studies. Based on this observation, it is reasonable to assume
that at these compositions, where PVP is miscible with and
highly diluted in DEX, the extent of hydrogen bonding of
PVP with DEX hydroxyl functions is maximal. As noted
earlier, this is not necessary the same as stating that all PVP
carbonyl groups are hydrogen bonded at that point, as there
is likely to be a fraction of PVP groups that cannot hydrogen
bond due to e.g. steric hindrance (34). Bearing this interpre-
tation in mind, we can use this state of maximal PVP hydro-
gen bonding to enable a more quantitative evaluation of the
hydrogen bonding in the different systems. Both the non-
hydrogen bonded PVP carbonyl peak and the maximally
hydrogen bonded PVP carbonyl peak [taken to be that
in the 0.9 (w/w) DEX weight fraction of the DEX1-
PVP12 system] are fitted using the peak fitting routine
described in the Materials and Methods section. As
such, the carbonyl peaks in the spectra of the blends
can be expressed in terms of areas of fitted free (AF) and
maximum hydrogen bonded (AHB) carbonyl bands . This
enables the extent of hydrogen bonding in the blend
(relative to the maximum hydrogen bonding observed)
to be determined using Eq. 1 (33):

fHB ¼
aF
aHB

� AHB

AF þ aF
aHB

� AHB

� � ð1Þ

Where fHB is the fraction of hydrogen bonding and aF/
aHB is the ratio of the molar absorption coefficients of
the free and hydrogen-bonded carbonyl bands. For the
latter, a value of 1.3 was taken from literature (33).
Based on the above analysis, it is clear that the fHB

values obtained can be interpreted as the number of
carbonyl groups that hydrogen bond, relative to the
maximum number of carbonyls that can undergo

hydrogen bonding (i.e. not necessarily all the carbonyl
groups). As such, hydrogen bonding can be assessed in a
more quantitative way.

Results for the different systems are shown in Fig. 6. For
the DEX1-PVP12 systems (Fig. 6a), hydrogen bonding frac-
tion initially tends to increase rapidly [0.1–0.4 (w/w) DEX].
Subsequently, more moderate increases in hydrogen bond-
ing can be observed [0.5–0.7 (w/w) DEX], followed by the
formation of a plateau, where the extent of hydrogen bond-
ing is maximal [0.8–0.9 (w/w) DEX, both fHB values are
1.00]. The overall profile is well described by a quadratic
cu rve ( fHB ¼ �0:00013� f 2D þ 0:02238� fD þ 0:02138 ;
R200.993), note that this equation is just used for fitting
purposes and has no physical significance), and the latter curve
was included in the other graphs shown in Fig. 6 for compar-
ison purposes. It is apparent from Fig. 6a, that a similar profile
of hydrogen bonding is obtained for DEX1 with all PVPMW
grades. This result is in good agreement with the DSC data
where complete miscibility was observed, independent of the
PVP molecular weight.

For the DEX6-based systems (Fig. 6b), it is clear that
fraction of hydrogen bonding of the PVP carbonyl groups
decreases with increasing PVP MW. At 0.2 weight fraction of
DEX, hydrogen bonding in the PVP12 and PVP17 systems
(points lie on top of each other) is similar to that in the DEX1-
based systems, while for higher PVP grades, the fraction of
hydrogen bonded PVP groups tends to decrease when com-
pared with the DEX1-systems (the PVP25, PVP30 and
PVP90 points lie on top of each other). At 0.5 DEX weight
fractions, a decrease in hydrogen bonding can be noted for all
systems (the DEX6-PVP25 system appears to be an outlier
since it does not follow the same trends as the other PVPMWs
and was characterized by the largest fitting error of all systems
evaluated, as can be seen from Table S1). For the 0.8 frac-
tions, all systems show a decrease in hydrogen bonding with
larger decreases for higher PVP molecular weights.

Further decreases in hydrogen bonding are observed for
the DEX40-based systems (Fig. 6c). For the 0.2 DEX weight

Table III Schematic Overview of the Miscibility Behavior of the DEX-PVP Systems as Derived from DSC Measurements. Key: Miscible Region (black),
Immiscible Phase Separated Region (gray), Actual Measurement (solid), Inferred by Considering Neighboring Compositions and Molecular Weight Trends
(shaded)
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fractions, PVP12 shows a reasonable extent of hydrogen
bonding while hydrogen bonding with all other grades is
negligible. The points at 0.5 and 0.8 DEX weight fractions
show increases in hydrogen bonding, although overall much
reduced compared to that seen in DEX1-based systems.
There is a nice trend of decreasing hydrogen bonding for
higher PVP grades in these samples.

Finally, DEX450 blends are shown in Fig. 6d. A further
reduction in hydrogen bonding can be seen for these blends.
Except for the DEX450-PVP12 system, which still shows
some extent of hydrogen bonding (although greatly reduced
compared to DEX1-based systems), minimal hydrogen
bonding is observed in all other systems. Even at large
dilutions (0.8 DEX weight fraction), hydrogen bonding is
minimal, not exceeding a value of 0.2.

Based on the previous analysis, it is clear that the mis-
cibility behavior of the DEX-PVP model systems studied
shows a strong dependence on the molecular weight of both
polymers. At this point, it is of interest to consider molecular
weight effects on mixing thermodynamics. The free energy
of mixing can be described by (Eq. 2):

ΔGmix ¼ ΔHmix � TΔSmix ð2Þ
Where ΔGmix is the free energy of mixing, ΔHmix the enthal-
py of mixing and ΔSmix the entropy of mixing at the (abso-
lute) mixing temperature T. According to the simplified

lattice model (Flory-Huggins theory), the enthalpy of mixing
per lattice site is given by (Eq. 3):

ΔHmix ¼ kT cf1f2 ð3Þ
Where k is the Boltzmann constant, χ the Flory-Huggins
interaction parameter (a parameter characterizing the dif-
ference of interaction energies in the mixture) and ϕ1 and
ϕ2 are the volume fraction of the two polymers (35). The
entropic contribution to the free energy of mixing per lattice
site can be written as Eq. (4):

�TΔSmix ¼ kT
f1
N1

1nf1 þ
f2
N2

1nf2

� �
ð4Þ

With N1 and N2 the number of lattice sites occupied by
each polymer molecule (35).

The Flory-Huggins equation serves as a good starting
point to rationalize the influence of molecular weight on
the observed miscibility behavior seen for the DEX-PVP
systems, recognizing that there are a number of limitations
to this model (35–37). It is of particular interest to evaluate
the influence of MW on the entropy of mixing for the
polymers studied herein, since we anticipate that this will
vary widely among the different combinations based on Eq. 4.
The entropy of mixing is key for the PVP dextran system,
since it is anticipated that the enthalpy of mixing between
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PVP and DEX is unfavorable. The rationale for this is that
the combinatorial entropy is always positive and therefore
favorable to mixing, hence if a system shows a miscibility
gap, there must be an opposing enthalpy of mixing term. In
other words, formation of PVP-DEX interactions occurs at
the cost of DEX-DEX (and PVP-PVP) interactions (29) and
the unfavorable mixing enthalpy can only be counterbal-
anced by a favorable enough value for the entropy of mixing
if the system is to show miscibility. With respect to the Flory-
Huggins parameter, it should be noted that this parameter is
not that easily accessible experimentally, but if we assume
that it is relatively independent of MW, based on the con-
sideration that chemical composition does not change with
MW, then differences in the combinatorial entropy of mix-
ing for the different systems can be directly compared.

Calculations of the entropic contribution to the free
energy of mixing (depicted as the free energy of mixing
per lattice site with no enthalpic contributions and entropy
described by Eq. 4) at 25 °C as a function of the DEX
weight fraction are provided in Fig. 7. For both polymers, a
density value of 1.2 g/ml was assumed, the PVP monomer
was taken as the lattice site, and for polymers where a
molecular weight range was provided, the average of that
range was used for calculations. For DEX1-based systems
(Fig. 7a), results are similar for different PVP MW grades
and favorable (more negative) compared to other DEX-
grades. The low DEX molecular weight underlies this be-
havior. This is in line with the complete miscibility and

extensive hydrogen bonding observed in these systems. Less
negative free energies of mixing and larger differences be-
tween PVP12 and higher PVP grades are observed for the
DEX6 systems (Fig. 7b), in agreement with the observation
that the PVP12 systems were completely miscible, while for
higher PVP grades a miscibility gap could be observed. This
trend further extends towards the DEX40 and DEX450
systems (Fig. 7c and d, respectively). Again, this is in line
with the observation that PVP12 shows higher miscibility
and hydrogen bonding compared to higher PVP grades. In
addition, it is worth noting that for the DEX450-PVP90

Fig. 7 Entropic part of the free energy of mixing per lattice site as a function of DEX weight fraction (w/w): (a) DEX1 systems, (b) DEX6 systems, (c)
DEX40 systems, and (d) DEX450 systems. Key: PVP12 (solid), PVP 17 (short dash), PVP25 (long dash), PVP30 (dotted) and PVP90 (dash-dot).
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system, the entropic contribution to the free energy of mix-
ing becomes virtually zero. Finally, given the phase separa-
tion observed in many of the systems, it is clear that the
enthalpic part of the free energy of mixing has to be positive,
resulting in phase separation in systems where the entropy of
mixing is not sufficiently large to counterbalance this term.
In other words, DEX-DEX interactions can be considered
energetically more favorable than DEX-PVP interactions,
which may stem from the DEX-DEX hydrogen bond being
stronger and/or more numerous than the DEX-PVP hy-
drogen bonds. Support for this is provided from IR data
that show a blue shift in the dextran OH vibration peak
maximum with increasing PVP amount (lower DEX
weight fraction) for the fully miscible DEX1-PVP12
system, indicating an overall decrease in the extent of
DEX-DEX hydrogen bonding with increasing DEX-
PVP hydrogen bonding (Fig. 8).

CONCLUSIONS

Depending of the molecular weights used to prepare DEX-
PVP blends, miscibility can vary from completely miscible to
virtually immiscible. The higher the combined polymer
molecular weights, the lower the miscibility of the resultant
blends. Lower miscibility also coincides with a lower extent
of inter-polymer hydrogen bonding between the hydroxyl
groups of DEX and the carbonyl groups of PVP. Upon
further consideration of the thermodynamics of mixing it
was surmised that (i) the enthalpy of mixing is positive for
these systems (ii) the entropy of mixing rapidly becomes less
favorable with increasing molecular weights and therefore
cannot offset the unfavorable enthalpy of mixing. Given the
fact that, depending on the molecular weights of the poly-
mers, chemically similar systems with tunable miscibility
characteristics can be obtained and have been characterized
in depth, DEX-PVP systems can be considered as excellent
model systems for the evaluation of analytical techniques
aiming at characterizing miscibility behavior.
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