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ABSTRACT: Binary blends and pseudo-complexes of
organosolv lignin (OSL) or its acetate (OSL-Ac) with syn-
thetic polymers including poly(vinyl acetate) (PVAc),
poly(N-vinyl pyrrolidone) (PVP), and poly(N-vinyl pyrroli-
done-co-vinyl acetate) (P(VP-co-VAc)) were prepared by
casting from mixed polymer solutions in N,N-dimethylfor-
mamide as good solvent and by spontaneous coprecipitation
from solutions in tetrahydrofuran (THF) as comparatively
poor solvent. Thermal analysis by differential scanning calo-
rimetry showed that OSL was not miscible with PVAc; how-
ever, OSL(-Ac) was miscible with PVP to form homogeneous
blends irrespective of the degree of acetylation of OSL. OSL
formed homogeneous blends with P(VP-co-VAc) with �30

mol % of VP contents. Fourier transform infrared spectra
measurements for the miscible blends of OSL/PVP revealed
the presence of hydrogen bonding interactions between
hydroxyls of OSL and carbonyls of VP units. However, there
was no evidence for the development of the hydrogen bond-
ing in miscible blends of fully acetylated OSL with PVP. For
complexes via THF solutions, its formation was found to be
primarily due to a higher frequency of hydrogen bonding
interactions. VC 2012 Wiley Periodicals, Inc. J Appl Polym Sci 125:
2063–2070, 2012
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INTRODUCTION

Currently, studies on bioethanol production from
lignocellulosics are being actively persued.1–4 Irre-
spective of the bioethanol manufacturing process,
lignin is inevitably produced as a consequence of
the saccharification of the cellulosic components of
lignocellulosics. However, in the present circumstan-
ces, this lignin byproduct is considered merely as a
heat resource for the process. Actually, the utiliza-
tion of lignin as a solid material is constrained by
poor film formability and less thermal moldability
due to its molecular architecture and intermolecular
interactions in itself. Blending of lignin with other
polymers is a possible way to modify the thermal
and other physical properties of the target lignin
and to obtain new polymeric materials having wide-
ranging properties.5–12

However, it is generally difficult to prepare miscible
blends because of the small contribution of the mixing
entropy. Therefore, in most cases, certain attractive
intermolecular interactions between the component
polymers should be adopted to attain miscibility or
practically good compatibility. Recently, some research
groups have focused on the intermolecular interactions
to obtain lignin-based polymer blends, for example, an
ionic interaction,6 hydrogen bonding attraction,7,8 and
a specific structure of the counterpart polymer10–12

were used to enhance the miscibility or compatibility
of two constituent polymers.
The current study provides a guide for the mate-

rial design of lignin via intermolecular interaction by
means of an example of an intimate microcomposite
of lignin/synthetic polymer to diversify the micro-
composites resulting in wood-related industries.
Organosolv lignin (OSL) is used as the lignin sam-
ple. OSL is produced as a solute byproduct during
the ethanol organosolv pulping process.13

Miscibility characterization is performed for the
binary blends of OSL with comparatively flexible,
noncrystalline vinyl polymers. Poly(N-vinyl pyrroli-
done) (PVP), poly(vinyl acetate) (PVAc), and poly(N-
vinyl pyrrolidone-co-vinyl acetate) (P(VP-co-VAc))
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are selected as the mixing partners for OSL. In fact,
a crosslinked product of PVP can be used as a fining
agent to remove polyphenolic impurities by absorp-
tion in beverage industries.14 For DNA purification,
PVP is also exceptionally good at absorbing poly-
phenols, which are common in many plant tissues
and can deactivate proteins if not removed and
therefore inhibit many downstream reactions like
PCR.15 Because of these factors, we initially expected
that technically isolated lignin materials could also
interact with PVP.

Actually, there have been reports for blends of
PVP16 and PVAc17 with sugarcane bagasse lignin
extracted with formic acid from a sugar and alcohol
factory residue. However, in these systems, lignin
contents in the blends were low (�15 wt %) and
they have not yet led to clear miscibility judgments.
In the current work, different conditions for mixing
OSL with PVP, involving wide-ranging blend com-
positions, selections of the solvent, and the degree of
acetylation of OSL as well as of the VP/VAc compo-
sition in the P(VP-co-VAc), were examined to clarify
the effect of molecular structure on the miscibility
attainment. Measurements including differential
scanning calorimetry (DSC) and Fourier transform
infrared spectroscopy (FTIR) were performed to elu-
cidate the emergence of the intermolecular interac-
tion between OSL and PVP.

EXPERIMENTAL SECTION

Materials

OSL was purchased from Aldrich Chemical (WI,
USA). The vinyl polymers used as mixing partners
for OSL were PVP, P(VP-co-VAc), and PVAc. The
PVP sample was purchased from Nacalai Tesque
(Kyoto, Japan); its nominal weight–average molecular
weight (Mw) was 24,500. Three P(VP-co-VAc) samples
were obtained from Polysciences, with nominal VP/
VAc (mol/mol) compositions of 70/30, 50/50, and
30/70, respectively; the corresponding copolymer
samples were designated as P(VP-co-VAc)7030, P(VP-

co-VAc)5050, and P(VP-co-VAc)3070, respectively.
The Mw values of these samples were in the range of
25,000–30,000, and the molecular weight distributions
were about 5.5–6.0, as estimated by gel permeation
chromatography (mobile phase, N-methyl pyrroli-
done containing 10 mM LiBr; calibration, monodis-
perse polystyrene standards). The PVAc sample was
purchased from Nacalai Tesque; its nominal num-
ber–average molecular weight (Mn) is 35,000. The
chemical structures of OSL, PVP, PVAc, and P(VP-co-
VAc) are illustrated in Scheme 1. All the solvents
and chemicals used in this study were purchased
from Wako Pure Chemical Industries (Osaka, Japan);
these were all guaranteed as reagent grade and were
used without further purification.

Preparation of acetylated OSL

A 3 g sample of OSL was added to 30 mL of pyri-
dine. Subsequently, 45 mL of acetic anhydride and
1.5 g of 4-dimethylaminopyridine were added to the
OSL solution. The mixture was then heated to 100�C
and maintained at this temperature for 3 h. The
above procedure was conducted with vigorous stir-
ring. The acetylated product (OSL-Ac) was recov-
ered by precipitation in water, washed successively
with water, and dried at 40�C in vacuo for 48 h. By
this procedure, 60% acetylated OSL was obtained,
designated as OSL-Ac60. Subsequently, 1 g of this
product was further acetylated with 15 mL of acetic
anhydride and 0.5 g of 4-dimethylaminopyridine in
10 mL of pyridine to complete the substitution. Puri-
fication and drying of the product [100% acetylated
OSL (OSL-Ac100)] were performed using a sequence
of procedures similar to that mentioned above.

Characterization of OSL

Methoxyl (AOCH3) group content in OSL was deter-
mined by the modified method of Viebock and
Schwappach.18 Elemental analysis was conducted at
the Natural Science Center for Basic Research and
Development, Hiroshima University. For descriptive

Scheme 1 Chemical structures of (a) a typical phenyl propane unit in OSL (R1 and R2 represent H or lignin; R3 repre-
sents H, OH, or lignin; and R4 represents H or OCH3), (b) PVP, (c) PVAc, and (d) P(VP-co-VAc).

2064 TERAMOTO, LEE, AND ENDO

Journal of Applied Polymer Science DOI 10.1002/app



purpose, the phenyl propane unit (PPU) formulae of
the OSL used was determined to be C9H8.7O2.6

(OCH3)0.83, even though technical lignins are chemi-
cally denatured by various types of reactions, such
as ethylation and condensation for the organosolv
pulping process.19 The PPU molecular weight of the
OSL was 184 g/mol.

Functional group contents of OSL and the degree
of acetylation for OSL-Ac were further determined
by FTIR and 1H-NMR spectroscopy. FTIR spectra
were obtained by using a PerkinElmer Spectrum GX
spectrometer. A standard KBr pellet method was
used for all the measurements. 1H-NMR spectra (300
MHz) were measured at 20�C for OSL and OSL-Ac
by using a Varian INOVA 300 apparatus. A pulse
width of 3.0 ls was used and 256 scans were con-
ducted. Approximately 100 mg of OSL or OSL-Ac
was dissolved in 1 mL dimethyl sulfoxide (DMSO)-
d6 (99.9% deuterated, 0.05% tetramethylsilane; Cam-
bridge Isotope Laboratories) and left overnight over
molecular sieves to reduce water contamination.
Chemical shift assignments were taken from the
literature.20–23 Functional groups present in OSL
were determined by 1H-NMR spectroscopy using
dichloromethane as internal reference. Aromatic pro-
tons (ArH, 8–6.2 ppm) were used as a reference. In-
terference occurred between aromatic alcohol
(ArOH) and aldehyde (CHO) proton signals in the
8–11 ppm range. After obtaining the initial spectrum
of OSL in DMSO-d6, by an addition of 20 vol %
D2O, an exchange of the ArOH protons with a deu-
terium nucleus of D2O occurred, whereas the CHO
protons were not substituted by deutrium.20,24

Therefore, a subtraction of the signal with D2O from
the signal with the plain DMSO-d6 canceled out the
CHO proton contribution, then the ArOH content
could be estimated. Aliphatic alcohol (AlOH) content
in OSL was calculated from the total and aromatic
hydroxyl conversions of acetylated OSL. The extent
of acetylation of OSL-Ac was determined from the
acetyl protons (1.6–2.5 ppm). FTIR measurements
demonstrated that the bands of hydroxyls for OSL-
Ac100 disappeared, revealing that this acetylated
product is fully substituted one.

The molecular weights of OSL and its esters were
determined by using a TOSOH HLC-8220 gel perme-
ation chromatograph equipped with a refractive
index detector and two TSK-GEL SuperAWM-H col-
umns connected with each other. The measurement

was conducted by using N-methylpyrrolidone con-
taining 10 mM LiBr as the mobile phase at a flow
rate of 0.3 mL/min. The concentration of the test
sample was 1.0 g/L, and the quantity of injection
was 20 lL. The system was calibrated with monodis-
perse polystyrene standards. The results of the quan-
tifications are summarized in Table I.

Preparation of blend samples

Polymer blends of OSL(-Ac) with vinyl polymers
were prepared in film form from mixed polymer sol-
utions by the solvent evaporation process. N,N-Dime-
thylformamide (DMF) was selected as the common
solvent. About 1.0 wt % solutions of OSL(-Ac) and
vinyl polymer were prepared separately and mixed
with each other in the prescribed proportions. After
stirring for 24 h at 25�C, each mixed solution (trans-
parent but brown) was poured into a Teflon tray, and
a film sheet was prepared by solvent evaporation at
50�C under reduced pressure (<10 mmHg).
Pseudo-complexes of OSL(-Ac)/vinyl polymer

were prepared in powder form via mixing of two
polymer solutions with tetrahydrofuran (THF) as a
common solvent. A 0.4 wt % solution of OSL(-Ac)
and those of the respective vinyl polymers were pre-
pared separately, and the pairing polymer solutions
were mixed with each other in the desired propor-
tions to give a brown precipitate spontaneously. After
stirring over a period of 24 h at 25�C, each suspen-
sion was centrifuged at 2500 rpm for 15 min and
washed with THF several times. The precipitates thus
obtained were then dried at 40�C in vacuo for 3 days.

Measurements

FTIR spectroscopy and elemental analysis of blend
films and powdery precipitates were obtained by
means of the method described above.
DSC measurements were performed using a

Perkin-Elmer Pyris 1 DSC. The measurements were
conducted using 5 mg samples under a nitrogen
atmosphere after calibrating the temperature readings
with an indium standard. The samples were first
heated from �50 to 220�C at a scanning rate of 20�C/
min (first heating scan) and then immediately
quenched to �50�C at a rate of 80�C/min. The second
heating scans were run from �50 to 220�C at a scan-
ning rate of 20�C/min to record stable thermograms.

TABLE I
Characterization of OSL Used in This Work

Sample

Functional groups per PPU

Mw (10�3) Mw/MnTotal OH AlOH ArOH AOCH3 ArH

OSL 1.23 0.61 0.62 0.83 2.92 3.38 3.52
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RESULTS AND DISCUSSION

OSL/PVAc blends

As-cast films of OSL/PVAc blends from the mixed
polymer solutions in DMF were visually homogene-
ous, but became browner with an increase in the
OSL content. The visual inspection provided no indi-
cation of phase separation in any of the blends.

Polymer–polymer miscibility is commonly esti-
mated by the determination of the glass transition
temperature (Tg) of the blends. If any sample of a bi-
nary polymer system exhibits a single glass transi-
tion between the Tg values of both the components
and a composition-dependent shift in Tg of the blend
is clearly observed, then the system can be regarded
as a highly miscible one.

Figure 1 displays selected data of DSC thermo-
grams obtained for a series of OSL/PVAc samples.
In the DSC curve of PVAc alone, a clear baseline
gap reflecting the glass transition is observable.
From the midpoint of the discontinuity in heat flow,
the Tg of the unblended PVAc was evaluated to be
34�C. The other component OSL also exhibits an
explicit signal of glass transition in the thermogram,
and its Tg was determined to be 110�C. Concerning
the blends of these polymers, two independent glass
transitions were clearly detected for OSL/PVAc ¼
40/60, 60/40, and 80/20 (wt/wt), and the other
composition showed only the glass transition of
PVAc ingredient at almost the same positions
observed for the unblended sample, as demonstrated
in this figure. From these results, it is seen that the
polymer pair of OSL and PVAc is immiscible.

OSL(-Ac)/PVP blends

OSL(-Ac)/PVP blend films were also homogeneous
to the naked eye over the whole range of composi-
tion for each blending pair. DSC thermograms of
selected blends of OSL with PVP are illustrated in
Figure 1(b). The plain PVP sample exhibits a clear

baseline gap due to glass transition with the mid-
point at 172�C. In contrast to the result obtained for
the OSL/PVAc system [Fig. 1(a)], the thermograms
compiled in Figure 1(b) for the OSL/PVP blends
definitely indicate a single Tg that shifts to the lower
temperature side along with the increase in the OSL
content. The detection of the single Tg varying in
location with composition allows us to conclude that
the OSL is capable of forming a miscible amorphous
phase in the binary blends with PVP.
In Figure 2, FTIR spectra of selected OSL/PVP sam-

ples are shown on an enlarged scale for two regions
of (a) OAH and (b) C¼¼O stretching vibrations. As
can be seen in Figure 2(a), the unblended OSL pro-
vides a major peak with its maximum at 3418 cm�1,
which is associated with hydroxyl groups. PVP
homopolymer also demonstrates OAH stretching
band of the adsorbed water because of its hygro-
scopic nature. For the OSL/PVP blend samples, the
3418 cm�1 band of OSL shifted to a lower wavenum-
ber position. In addition, a prominence around the
band maximum was observed for PVP-rich composi-
tions. By the addition of excess amounts of PVP, the

Figure 1 DSC thermograms (second heating scan) obtained for (a) OSL/PVAc [(a0) shows the data for 40/60 and 60/40
blends on an enlarged scale], (b) OSL/PVP, and (c) OSL-Ac100/PVP blends. Arrows indicate Tg positions.

Figure 2 FTIR spectra of OSL, PVP, and their blends in
the frequency regions of (a) OAH and (b) C¼¼O stretching
vibrations.
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OAH stretching shifted to higher wavenumber and
got close to the band of PVP homopolymer.

On the other hand, as shown in Figure 2(b), the
plain PVP sample exhibits an absorption peak with
its maximum at 1665 cm�1. This absorption signal is
assigned to the stretching vibration of C¼¼O group
in the pyrrolidone ring. The band at 1685 cm�1 for
plain OSL may principally indicate the presence of
C¼¼O bond of Hibbert’s ketones formed by organo-
solv pulping process. When OSL was added to PVP,
a new shoulder corresponding to hydrogen-bonded
C¼¼O appeared at � 1635 cm�1. The shoulder shifted
to a lower frequency and became conspicuous with
an increase in OSL content in the blend. These low-
frequency shifts for both the OAH and C¼¼O bands
can be ascribed to the formation of intermolecular
hydrogen bonding in the blends, as extensively
observed in other blend systems.25,26 Thus, the prin-
cipal driving force for the miscibility attainment for
the OSL/PVP system is hydrogen bonding.

Figure 3 shows Tg versus composition plots col-
lected for a series of OSL(-Ac)/PVP blends prepared
with different degrees of acetylation (0, 60, and
100%) for the OSL constituent. Looking over the
data depicted here, we can readily see the presence
of a single glass transition in all the blend samples.
The detection of the single Tg varying in location
with composition allows us to conclude that the
OSL(-Ac) samples are all miscible with PVP.

It is noteworthy that a miscibility attainment was
confirmed even in the characterization for a series of
fully acetylated OSL (OSL-Ac100)/PVP blends [their
DSC thermograms are shown in Fig. 1(c)]. As has
been described above, the miscibility characteristics
are primarily related to hydrogen bonding for the
blends containing OSL. This factor can be applicable
for the blends containing OSL-Ac60 having hydroxyl
groups, but not for those of OSL-Ac100.

Figure 4 illustrates the FTIR spectra of PVP and its
blends with OSL-Ac100 in the range of 1550–1750
cm�1. In this region, OSL-Ac100 is characterized by
bimodal bands centered at 1770 and 1740 cm�1,
which could be the bands of C¼¼O stretching vibra-
tion for the acetate of phenolic and alcoholic
hydroxyl groups, respectively. On the other hand,
pure PVP provided a band of >C¼¼O stretching
vibration at 1665 cm�1, as has been pointed out
above. On adding OSL-Ac100, this band was
observed to shift to a higher frequency by 15 cm�1

when OSL-Ac100 content was 80%, suggesting the
significant change of the intermolecular (or intramo-
lecular) interactions due to blending. It should be
noted that this high-frequency shift could not be
interpreted as the formation of intermolecular
hydrogen bonding in the blends. In this system, sev-
eral kinds of intermolecular and intramolecular
interactions could be involved, including P–p conju-
gation associated with amide functional groups of
PVP27 and the dipole–dipole interactions between
carbonyl groups of PVP and OSL(-Ac). The inclusion
of miscible OSL-Ac100 possibly brings about the dis-
association of PVP chains. As a consequence, the car-
bonyl stretching vibration of PVP will shift to a
higher frequency.

OSL/VP-containing copolymer blends

On visual inspection, cast films of OSL/P(VP-co-VAc)
blends also showed a homogeneous appearance irre-
spective of the VP/VAc ratio of P(VP-co-VAc); the

Figure 3 Tg versus composition plots for blends of OSL,
OSL-Ac60, and OSL-Ac100 with PVP, together with the
data for OSL/PVP complexes.

Figure 4 FTIR spectra of OSL-Ac100, PVP, and their blends
in the frequency regions of C¼¼O stretching vibration.
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situation was almost comparable with that of the cast
films of the corresponding OSL blends with PVP.

The miscibility behavior of this blend system can be
presumed to be significantly affected by the copolymer
composition. Figure 5 shows selected DSC thermo-
grams for three series of OSL/P(VP-co-VAc) blends
with different VP/VAc compositions in the copolymer
component. As can readily be seen from the figure, the
Tgs of both the component polymers were so close to
each other that it was somewhat difficult to discrimi-
natewhether a single glass transitionwas truly detected
or not. However, even for the copolymer P(VP-co-
VAc)3070 containing the least VP fraction in the three
copolymers, its blends with OSL exhibited a single Tg

varying systematically with OSL content. Therefore, it
can be safely concluded that the use of P(VP-co-VAc)
containing �30 mol % VP residues results in a good
miscibility state of the blends with OSL.

OSL(-Ac)/VP-containing vinyl polymer complex

As an extension of the miscibility of OSL blends
with PVP, further insight was provided into the

intermolecular interaction between the two polymer
components. The mixing of two polymer solutions,
OSL(-Ac) in THF and a VP-containing vinyl polymer
in the same solvent, led to immediate occurrence of
a brown precipitation. This is not the case of usual
segregation of different polymers. When an exother-
mic interaction stronger than the respective
polymer–solvent interactions acts between the pair
polymers, an insoluble complex-like agglomerate
may be formed in the precipitation. Actually, PVP is
known to form interpolymer complexes with poly-
mers containing strong proton-donating groups such
as poly(acrylic acid) and poly(methacrylic acid),28

aliphatic hydroxyl-containing polymers [e.g., poly
(2-hydroxypropyl methacrylate) and poly(styrene-
co-allyl alcohol)29], cellulose acetate,30 and phenolic
polymers (p-bromo-phenol-formaldehyde resin31 and
p-hydroxybenzoic acid-formaldehyde copolymer32).
The yield of the brown precipitate thus obtained

varied according to the in-feed polymer composition
in the mixed solution. Data of the yield, defined as
weight percentage of precipitate relative to the total
weight of polymers existent in the respective mixed
solutions, are presented in Figure 6 for three series
of OSL(-Ac)/PVP complexes. As can readily be seen
from the figure, the yield of complex depends on
the in-feed polymer composition, and the maximal
yield is observed when the OSL(-Ac) proportion of
mixing is roughly 40–60 wt %. It is also found in
Figure 6 that the higher the degree of acetylation of
the OSL used, the more greatly the yield of complex
decreases in the entire range of in-feed composition,
implying depression in the capability of OSL to form
the complex with a diminish in the number of the
hydroxyl groups. In addition, the OSL(-Ac) propor-
tion in-feed with the highest of the complex yield
increased with an increase in the acetylation degree,
which can be attributed to the decrement of
hydroxyl groups in OSL by acetylation.
Elemental analysis was carried out for the OSL/

PVP complexes to estimate their actual composition.
The results are summarized in Table II. It is found
from the data that the polymer composition in the

Figure 5 DSC thermograms (second heating scan) obtained for OSL blends with (a) P(VP-co-VAc)7030, (b) P(VP-co-
VAc)5050, and (c) P(VP-co-VAc)3070. Arrows indicate Tg positions.

Figure 6 Plots of the yield of complex-like precipitate
versus blend composition [weight percentage of OSL(-Ac)
in feed] for mixtures of OSL(-Ac) and PVP solutions.
Degree of acetylation: l, 0%; ~, 60%; h, 100%.
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complex-like products depends on the in-feed com-
position, but there is less stoichiometric relationship
in the coprecipitation, suggesting almost no inci-
dence of such a regularly assembled structure as
that in a ladder-type polymer complex.33 Further-
more, there arises a difference regarding the extent
of compositional discrepancy between the precipi-
tated OSL complexes with PVP, that is, the composi-
tion is richer in the VP component when compared
with the corresponding composition in feed. Thus, it
is likely that a larger number of the interactive sites
in the vinyl polymer component leads to the precipi-
tation with a smaller quantity of the OSL ingredient.
This may be a consequence of easier attainment of
the intermolecular interactions in excess of a limiting
frequency required for forming an insoluble polymer
complex.

Figure 7 shows the yield data observed for other
series of OSL/vinyl copolymer complexes, again
plotted against in-feed OSL proportion in the mixed
solutions, in which the VP/VAc ratio in the copoly-
mer is a changing factor. When the VP fraction in
the vinyl polymer component is lowered, the com-
plex yield also decreased, indicating that the VP side
group participates in the OSL/vinyl copolymer
complexation.

FTIR spectra (Fig. 8) for the OSL/PVP complexes
exhibited both the prominence at � 3350 cm�1

(OAH of OSL) and shoulder at � 1635 cm�1 (C¼¼O
of PVP), displaying the development of hydrogen
bonding. Thus, it can be reasonably assumed from
these results that the complex attendance on mixing
is dominated substantially by the number of
hydroxyl groups of OSL(-Ac) and carbonyl groups
of the VP fraction. In addition, as the complex for-
mation was observed even for OSL-Ac100/PVP as
shown in Figure 6, there may collaterally exist other
interactions as has been pointed out above for the
interpretation of the blend miscibility of this
combination.
In Figure 3, Tg data for the OSL/PVP complexes

are plotted as a function of OSL fraction and com-
pared with those obtained for the corresponding
blends. Here, the OSL fractions of the complexes are
the ones determined by the elemental analysis, and
the plot for blends has already been discussed in the
above section. As is apparent in this figure, the Tg

values of the complexes are always higher than
those of OSL/PVP blends having the corresponding
compositions and show a large positive deviation
from a line according to a simple additive rule of
mixture. Such a positive deviation of Tg has been
experienced, for instance, in cellulose acetate/PVP
mixtures30 and PVP/poly(4-hydroxystyrene) mix-
tures.34 The present observation indicates that a high
frequency of interactions combined OSL with PVP
intimately in the complexes to seriously reduce the
mobilities of the individual polymer chains.

CONCLUSION

The miscibility characterization was performed on
binary blends of OSL with synthetic homopolymers
and copolymers containing a VAc and/or VP unit.

TABLE II
Data of Polymer Composition for OSL/PVP Mixtures

Precipitated from THF Solutions

OSL/PVP in feed
weight ratio

Composition in
precipitate (wt/wt)

20/80 19/81
40/60 29/71
60/40 36/64
80/20 43/57

Figure 7 Plots of the yield of complex-like precipitate
versus blend composition (weight percentage of OSL in
feed) for mixtures of OSL and P(VP-co-VAc) solutions.
VP/VAc ratio in P(VP-co-VAc): l, 100/0; ~, 70/30; h,
50/50; n, 30/70.

Figure 8 FTIR spectra of OSL, PVP, and their complexes
in the frequency regions of (a) OAH and (b) C¼¼O stretch-
ing vibrations.
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From the measurements of thermal transition behav-
ior by DSC, it was found that OSL/PVAc blends are
immiscible, whereas PVP forms a miscible mono-
phase with OSL and OSL-Ac irrespective of the
degree of acetylation. Concerning the vinyl copoly-
mers of VP and VAc, they are miscible with OSL
when the VP fraction in P(VP-co-VAc) is �30 mol %.

FTIR measurements revealed the presence of
hydrogen bonding interactions between hydroxyls of
OSL and carbonyls of VP in the miscible blends of
OSL/PVP. The mixing state in this system appears
to depend primarily on whether or not a given pair
can produce an effective number of attractive hydro-
gen bonding interactions. However, hydrogen bond-
ing was not applicable for the miscibility attainment
for the fully acetylated OSL (OSL-Ac100), which was
supported by the spectroscopic measurements. Fur-
ther characterization will be required to clarify the
existence of the driving force for the miscibility
achievement other than hydrogen bonding.

On the other hand, by simply mixing OSL(-Ac)
and VP-containing polymer solutions in a solvent
THF, both polymer components precipitated sponta-
neously to form complex-like agglomerate because
of stronger attraction in preference to their respec-
tive solvations; however, the product was accompa-
nied by less stoichiometric structure. The yield of
precipitate diminished with increasing the degree of
acetylation of OSL and with decreasing VP fraction
in P(VP-co-VAc).

These findings are expected to be useful for
improvements in film formability and other physical
properties of OSL. Even though PVP provide a misci-
ble system with OSL, bulk materials of the resultant
miscible blend are too brittle. Such a drawback would
be avoided by means of blending with the copolymer
P(VP-co-VAc). From a functional viewpoint, the water
absorption property of the blend system would be
widely variable by altering the binary polymer com-
position and the ratio of hydrophilic/hydrophobic
(VP/VAc) residues in the copolymer. This may be of
significance in the applications to medical and sani-
tary areas. Another significant topic is the utilization
of PVP as a compatibilizer for lignin-containing ter-
nary systems. A possible approach is the formation of
intimate mixing of lignin with cellulose acetate,
which is known to be miscible with PVP.35 Study on
such a ternary composite system is in progress and
will be reported somewhere in no distant future.
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