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ABSTRACT Cellulose was dissolved in the solvent system dimethyl sulfoxide-paraformaldehyde (DMSO- 
PF) and blended with poly(vinylpyrro1idone) (PVP) dissolved in DMSO. The homopolymers and blend films 
were solution cast at 25 "C under reduced pressure. To ascertain the state of miscibility of the blends, they 
were investigated by using wide-angle X-ray scattering (WAXS), Fourier transform infrared (FTIR) 
spectroscopy, differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA), and solid-state 
magic-angle spinning (CP-MAS) NMR. X-ray analysis revealed that in the blends each polymer influences 
the structural order of the other. A detailed estimation of the glass transition temperature (T,) by DMA 
revealed that cast cellulose displays a Tg at 208 "C and that every blend shows a single TB, which varies with 
composition. The increase in Tg in going from the Tg of PVP to the Tg of cellulose is not monotonic but shows 
a discontinuity at a composition of ca. 60% (w/w) cellulose. This behavior is tentatively interpreted in 
relation to the molar ratio of the repeating units of the constituent polymers. The miscibility was shown, 
from FTIR and CP-MAS NMR, to be driven by the interaction between a portion of the ensemble of the 
carbonyl groups of PVP and the primary hydroxyl functionalities of cellulose. From solid-state CP-MAS 
NMR measurements of proton TI, relaxation times, it is suggested that below the discontinuity in the Tg 
vs composition curve the two polymers mix on a scale of ca. 2.7 nm and that above the discontinuity they 
mix on a scale between 2.7 and 15 nm. 

Introduction 
During the past decade, intense interest has been focused 

on polymer blends in which both components are synthetic 
polymers.lJ In contrast, few studies3-9 have been made 
on blends in which one component is cellulose. Never- 
theless, cellulose/synthetic polymer blends are attractive 
and important not only because of potential applications 
but more especially as models for the investigation of 
blends containing polymers with functional groups that 
can engage in strong intermolecular interaction such as 
hydrogen bonding. 

For thermodynamic miscibility in polymer blends a basic 
prerequisite is that the Gibbs free energy of mixing be 
negative. For this purpose it is usually necessary to have 
some kind of favorable interaction between segments of 
the component polymer chains. Because of the abundance 
of hydroxyl groups in cellulose, blends with synthetic 
polymers offer the interesting possibility of studying the 
effects of strong hydrogen bonding as a major factor in 
inducing miscibility. Thus for blending with cellulose it 
is important to choose synthetic polymers containing 
functional groups that can potentially interact with the 
hydroxyl groups of the cellulose chains. Many important 
synthetic polymers fall into this category, notably, poly- 
amides, polyesters, and vinyl polymers such as poly(viny1 
alcohol) and polyacrylonitrile. Thus in recent studies it 
has been shown that cellulose/poly(vinyl a l~oho l ) ,~  cel- 
lulose/ polyacrylonitrile,3 and cellulose/ poly( ethylene ox- 
ide)' are miscible pairs. 

In the present work we have extended the study of 
cellulose/synthetic polymer blends to the system cellulose/ 
poly(vinylpyrro1idone). The latter has been chosen not 
only because it is amorphous and does not self-associate 
but also because the interactions between the carbonyl 
and the cellulose hydroxyl groups are expected to favor 
miscibility. 

Blends covering the entire composition range were 
prepared by casting from mixed polymer solutions in di- 

* To whom correspondence should be addressed. 
t Present address: National Research Council of Canada, Institute 

for Research in Construction, Ottawa, ON, Canada K1A OR6. 

0024-9297 191 / 2224-6670$02.50/ 0 

methyl sulfoxide. We characterized the phase behavior of 
the blend pair by several methods. The state of miscibility 
was quantified by measuring the TB by means of thermal 
analysis and dynamic mechanical testing.lP2J0 From X-ray 
analysis, we monitored the changes in the diffraction 
patterns of the constituent polymers as we varied the blend 
composition. With infrared and NMR spectroscopy, we 
scanned for specific interactions between the polymer 
moieties. Finally, we estimated the scale of phase sep- 
aration produced upon blending the two polymers by spin- 
diffusion measurements.11-13 

Experimental Section 
Materials. The cellulose sample used was a dissolving pulp 

(Temalfa A) kindly supplied by Tembec (Temiscamingue, 
Quebec, Canada); the degree of polymerization was 870. The 
other polymer, poly(vinylpyrro1idone) purchased from Aldrich 
Chemical Co. (cat. no. 85,647-9), was dried at 100-105 "C and 
kept in a desiccator over calcium chloride until used; the nominal 
molecular weight was 360 0oO. Dimethyl sulfoxide (HPLC grade, 
cat. no. 27,043-1) and paraformaldehyde (cat. no. 15,812-71, both 
purchased from Aldrich Chemical Co., were used as supplied. 

Preparation of Samples. The dissolution of cellulose was 
carried out in a manner analogous to the procedure described by 
Seymour and Johnson.14 Cellulose (5 g) was stirred in the presence 
of paraformaldehyde (PF) (9.6 g) in dimethyl sulfoxide (DMSO) 
(260 g) at 65-70 "C. After 20 h of heating, a clear and viscous 
solution resulted. The viscosity of this solution was reduced by 
the addition of ca. 100 mL of solvent. The excess PF present in 
solution was removed by leaving the solution under vacuum until 
bubbling of the solution ceased. The complete removal of residual 
PF was attested when no bubbles were produced when an aliquot 
of the solution was heated at 130 "C, a temperature at which PF 
decomposes violently to produce formaldehyde. The concen- 
tration of the cellulose solution was calculated to be 1.37%. A 
3.20 96 solution of poly(vinylpyrro1idone) (PVP) was prepared in 
a few hours by stirring the polymer in DMSO at room temper- 
ature. 

The two solutions thus separately prepared were mixed in 
appropriate amounts to give blends of various compositions 
ranging from 10/90 to 901 10 in ratio of weight percent, the first 
numeral referring to cellulose throughout this paper. After the 
blend solutions were stirred for at least 2 days at room temper- 
ature, the blend films were obtained by slow casting under reduced 
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pressure in polypropylene dishes over a period of 4 days. Once 
casting was complete, the films were kept at 75 "C in vacuo for 
an additional 4 days. Finally, to remove as much residual DMSO 
as possible, each film was kept at 195 "C for 5 min in a nitrogen 
atmosphere, unless otherwise stated. All samples were kept in 
a desiccator over calcium chloride until measurements were 
performed. 

Measurements. Wide-angle X-ray scattering (WAXS) pat- 
terns of the different blends were recorded witha flat-film camera 
with the use of nickel-filtered Cu Ka radiation produced by a 
Philips X-ray generator operating at 40 kV and 20 mA. 

Density measurements were made at 23 "C with a density 
gradient column containing carbon tetrachloride and xylene and 
calibrated between 1.10 and 1.55 g/cm3. The reported sample 
densities are the averages of three measurements. 

The molar substitution (MS) of the anhydroglucose unit was 
determined from the amount of formaldehyde liberated upon 
immersion of methylolcellulose in an aqueous solution of sodium 
sulfite. The formaldehyde, produced by hydrolysis of the me- 
thylol groups, reacts with sodium sulfite to produce sodium 
hydroxide.16 From the acid titration of the latter and the weight 
of the cellulose recuperated, the MS was readily calculated. The 
amount of DMSO present in the film was estimated from the 
total weight lost upon immersion. Typically 500 mg of cast film 
was steeped in a 0.5 M solution of sodium sulfite, and after waiting 
24 h to ensure complete hydrolysis of the methylol groups, the 
basic mixture was titrated with 0.05 M hydrochloric acid. 

Differential scanning calorimetry (DSC) was performed in a 
Perkin-Elmer Model DSC-7 instrument operated with theTAS-7 
data station on the samples (12-15 mg) after they had been dried 
for 4 days at 75 OC. The instrument was calibrated with an 
indium standard and operated at a heating rate of 20 OC/min. 
The samples were thermally analyzed in a nitrogen atmosphere 
in two scans between 100 and 240 OC. The first scan showed a 
broad endotherm between 150 and 200 "C due to the presence 
of residual water and/or solvent. The second scan showed no 
such endotherm. Between the two heating scans the samples 
were kept at 240 "C for 3 min and then quenched to 100 "C. The 
reported glass transition temperatures are those from the second 
heating scan. 

Fourier transform infrared (FTIR) spectroscopy of the blend 
films was performed on a Mattson Instrument Inc. Model Cyg- 
nus 25 photoacoustic FTIR spectrometer. The resolution was 8 
cm-l and 100 signal-averaged scans were performed and stored 
on a magnetic disk. Infrared spectra of the PVP solutions were 
acquired on an Analect RAM-56 FTIR spectrometer operated 
with a MAP-67 control station. A minimum of 64 scans were 
signal-averaged at a resolution of 2 cm-1. The frequency scale 
was internally calibrated with a reference helium-neon laser to 
an accuracy of 0.2 cm-l. The concentration of the PVP solutions 
was approximately 2% by weight. 

The dynamic storage modulus E', loss modulus E", and me- 
chanical loss tangent tan 6 of cellulose and blend films were 
measured with a Rheovibron Model DDV-I1 viscoelastometer 
(Toyo Baldwin Co., Ltd.) at 11 Hz in a nitrogen atmosphere. The 
samples cut from the cast films had typical dimensions of 2.0 x 
0.5 X 0.005 cm. PVP was run on a dynamic mechanical thermal 
analyzer (DMTA) (Polymer Laboratories Inc.) at 10 Hz. In this 
case the sample had a free length, a width, and a thickness of 1.6, 
1.2, and 0.2 cm, respectively. In the runs on both the Rheovi- 
bron and the DMTA the temperature was raised at a rate of 1.5 
f 0.2 "C/min in the range 30-220 "C. 

All solid-state NMR experiments were performed with a 
dedicated solid-state Chemagnetics Inc. M-100 spectrometer 
equipped with a magic angle spinning probe. The blend films 
cut in squares of ca. 1 mm2 were packed in zirconia rotors equipped 
with Kel-F end caps. Spinning rates were generally 3.5-4.0 kHz. 
A 90' pulse width of 5 ps was employed with 5000-10 OOO fid 
signal accumulations depending on the amount of sample and 
composition of the blend. The Hartmann-Hahn match was 
adjusted prior to every run with hexamethylbenzene. Chemical 
shifts were referred to tetramethylsilane using the methyl 
carbon of hexamethylbenzene at 17.45 ppm. Proton spin-lattice 
relaxation times in the rotating frame were measured via carbon 
signal intensities using a lH spin-lock-r sequence prior to cross 
polarization.16 Acquisition was performed with 1H decoupling, 

Table I 
Molar Substitution of Cellulose end Dimethyl Sulfoxide 

Content as a Function of Temperature 
temp, "C 

25O 75O 140b 195b 
molar substitution 2.38 1.98 1.60 0.78 
DMSO per AHGC unit, mol/mol 0.78 0.36 0.28 0.28 

AHG: anhydroglucose. 
a Four days in vacuo. * Five minutes in a nitrogen atmosphere. 

and delay times (7) ranged from 1 to 10 ms. All spectra were 
obtained at room temperature. 

Results and Discussion 
Cast Cellulose. It is ~ e l l - k n o w n ' ~ J ~ - ~ ~  that the dis- 

solution of cellulose in the system DMSO-PF proceeds 
via the formation of methyolcellulose, a hemiacetal 
derivative. The molar substitution (MS) of the anhydro- 
glucose unit depends on the temperature at which the 
cellulose is dis~olved.~~Jg~20 When the temperature of 
dissolution is 125-130 "C, the MS varies between 1.0 and 
6.1.17J9122 The use of a lower dissolution temperature, like 
that used in this study, has been shown to produce a 
product with a MS as high as 18.8;20 under these conditions 
each of the three hydroxyl groups of cellulose is substituted 
with a poly(oxymethy1ene) chainS20 The recuperation of 
essentially undegraded and unsubstituted cellulose can 
be achieved by hydrolysis of the methylol adduct with the 
addition of water or a protic solvent. 

Upon mixing cellulose and PVP, however, the blend 
must be recuperated by some other means than coagulation 
since PVP will coagulate to form a film only with difficulty 
once i t  is in solution. Thus it  is necessary to cast the films 
of cellulose, PVP, and the cellulose/PVP blends to  obtain 
comparable solid samples. Because prolonged heating of 
the cellulose solution at 85 "C has been shown20 to decrease 
the MS and since paraformaldehyde rapidly decomposes 
to volatile formaldehyde even at moderate temperature, 
we expected regeneration of unsubstituted cellulose from 
casting the DMSO solution and heat-treating the resulting 
film. The data in Table I show that the regeneration 
process proceedsalmost to completion. From an estimated 
initial value of close to 20, the MS is reduced to 2.38 after 
the casting period and 4 days in vacuo at 25 "C. It is 
interesting to note that this film does not redissolve in 
DMSO, in contrast with samples with a lower MS of 1.1 
obtained by free~e-drying.'~ An additional 4 days at 75 
"C causes the MS of the solid cellulose film to decrease 
to 1.98. Further heat treatment at 140 and 195 "C for 5 
min causes the MS to decrease to 1.60 and 0.78, respec- 
tively. From the data of Table I, we can also note that the 
effective number of DMSO molecules per anhydroglucose 
unit of cellulose remains constant at 0.28 after treatment 
at 140 or 195 "C. Treating the samples for times up to 1 
h at 195 "C does not reduce any further the amount of 
DMSO that remains bound to cellulose. The steeping of 
the cellulose films in nonprotonated solvents miscible with 
DMSO but incapable of dissolving PVP, for example, ethyl 
ether, acetone, or carbon tetrachloride, does not remove 
DMSO either. Presumably, the complete removal of 
DMSO is hampered by strong interaction between the 
hydroxyl groups of cellulose and the sulfoxide group of 
DMSO. 

Visual Observations. The initial cellulose solution 
was clear at a concentration of ca. 2% in contrast to 
solutions obtained by Seymour and Johnson,14 which were 
opaque at concentrations higher than 0.5 76 under similar 
conditions. The PVP solution and all the blend solutions 



Macromolecules, Vol. 24, No. 25, 1991 6672 Masson and Manley 
.. 

Figure 1. Wide-angle X-ray diffraction patterns for f i i  
prepared by casting from DMSO-PF solutions: (a) cellulose; (b) 
PVP; (c) 2080 cellulose/PW; (d) 7030 cellulose/PW. 

were also clear to the naked eye. The solutions showed 
neither any phase separation into bilayers nor the ap- 
pearance of a precipitate even after 8 months a t  room 
temperature. Cast films of both homopolymers and their 
blends were clear irrespective of the blend composition. 
Viewed under the optical microscope, all the cast samples 
had a uniform appearance. No phase separation above 
micron size could be perceived. 
WAXS Characterization. The WAXS pattern of the 

cast cellulose film is shown in Figure la ,  and Table I1 
summarizes the 28 values of the observed maxima. Such 
a diffractogram suggests the existence of a cast cellulose 
crystal lattice different from the known cellulosem pol- 
ymorphs. This crystal lattice presumably owes its exist- 
ence to the presence of methylol adducts, partially 
substituting the ensemble of the hydroxyl groups, and the 
presence of complexing DMSO molecules. Depletion of 
the methylol substituent from cellulose and removal of 
the DMSO by steeping the film in hot water for a t  least 
1 h permits rearrangement of the cellulose chains into the 
more familiar monoclinic unit cell characteristic of cellulose 
11. 

The WAXS pattern of PVP (Figure lb)  shows two halos 
centered at  28 = 11.2 and 20.2O. The halo a t  20.2O cor- 
responds to scattering produced by short-range order in 
the noncrystalline regions while the more intense maxi- 
mum at  1 1 . 2 O  arises from a pseudocrystalline phase." The 
WAXS pattern of the blends shows no evidence of a mixed- 
crystal structure that could arise from the interaction of 
the crystalline and pseudocrystalline phases of the re- 
spective polymers. However, the diffractograms of the 
blends are all different from a true superposition of the 
patterns of the two homopolymers. I t  is qualitatively 
observed that by mixing the two polymers the relative 
intensities of several maxima are significantly reduced. 
For example, in the WAXS pattern of the 7030 blend 
(Figure Id), the three sharper maxima of cellulose a t  20.3, 
21.8, and 23.3' can no longer be distinguished from one 
another but appear as a halo, while the maximum that 
was centered a t  11.2O in pure PVP is almost totally absent. 
In the 20:80 blend (Figure IC), this same diffraction a t  

11.2O no longer has a stronger intensity than the one a t  
20.2O, which overlaps indistinguishably with the now weak 
reflections of cellulose a t  20.3,21.8, and 23.3". Each blend 
with a cellulose/PVP composition between 2080 and 80: 
20 shows a broad diffraction maximum arising from the 
overlapping maxima produced by the amorphous regions 
of the respective polymers; no reflections arising from 
ordered or pseudoordered regions are observed. It thus 
appears that in the blends each polymer influences the 
structural order of the other. 

FTIR Measurements. Infrared spectra were acquired 
on the cellulose/PVP blends and on solutions of PVP in 
various alcohols. The carbonyl band of PVP was examined 
for changes in line shape and/or frequency which might 
indicate a specific interaction with cellulose. Shifts to 
lower frequencies and line broadening can reveal the 
involvement of the carbonyl groups in hydrogen-bonding 
type of interactions.% Figure 2 shows the carbonyl region 
of the infrared spectra for pure PVP and two cellulose/ 
PVP blends. Characteristic of pure PVP is a rather broad 
band centered a t  1681 cm-l. When PVP is blended with 
cellulose, a shoulder on the carbonyl band appears a t  1656 
cm-1 as shown for the 3070 blend. This shoulder, also 
observed upon mixing PVP with poly(vinylphenol), has 
been assigned to hydrogen-bonded carbonyl groups.% In 
the 90:lO blend, both the 1681- and 1656-cm-1 bands are 
clearly present although the carbonyl groups are largely 
outnumbered by the hydroxyl functionalities. This in- 
dicates a partial involvement of the carbonyl function- 
alities in the interaction with cellulose. In complement, 
these spectra demonstrate that interactions a t  the mo- 
lecular level are present in the blends. 

Because stronger interactions manifest larger shifts, a 
comparison of the shift recorded in the cellulose/PVP 
blends with the shift produced by dissolving PVP in al- 
cohols might inform us on the relative strength of the 
hydrogen bonding in which the carbonyl group is involved 
in the blends. The results are shown in Table 111. The 
dissolution of PVP in a solvent that has a readily accessible 
hydroxyl group, like methanol or l&butanediol, produces 
a shift of the carbonyl band frequency of 17 cm-l. 
Substituting these solvents for cyclohexanol, which has a 
more sterically hindered hydroxyl group, produces a 
smaller shift of 12 cm-l. The viscous poly(ethy1ene glycol)- 
400, with a much lower degree of freedom than the other 
solvents used here, lowers the carbonyl band frequency 
by 5 cm-l in comparison with pure PVP. In contrast, 
cellulose with its molecular weight of ca. 141000 and 
relatively rigid structure interacts more strongly with PVP 
than any of the other alcohols, since the carbonyl band 
shows a shift of 25 cm-1. I t  is thus possible that more than 
one hydroxyl group of cellulose interacta with the same 
carbonyl functionality of PVP. In other words, a single 
carbonyl group can interact simultaneously with several 
hydroxyl groups, be they from the same or from different 
anhydroglucose units. 
As a consequence of the interaction between the two 

moieties, we might expect an increase in the density of the 
blends over that calculated from the simple rule of 
mixtures. Figure 3 shows that this is not warranted. The 
increase in the apparent density of the blends from 1.22 
g/cm3 for PVP to 1.45 g/cm3 for cellulose follows the tie 
line joining these two densities. This can be rationalized 
by recalling that only a fraction of the carbonyl groups are 
interacting with cellulose as shown in the FTIR spectra 
(Figure 2). Presumably, the interaction of a larger fraction 
of the different functionalities is necessary to cause a 
positive deviation from the tie line joining the densities 
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Table I1 
Peak Positions in X-ray Diffractograms and *% Chemical Shifts of Cellulose Polymorphs 

l3c chem shifts. DDm 
~ ~ ~~ ~~ 

c1 c4 C6 C7C 

CELL-DMSOo 6.3 20.3 21.8 23.3 27.0 35.4 103.3 82.3 63.1 88.9 

diffraction angle 28, deg polymorph 

dellulose ~b 14.8 16.3 22.6 
cellulose IIb 12.1 19.8 22.0 
cellulose IIIlb 11.7 20.7 
cellulose IV1b 15.6 22.2 
amorphousb 

105.3-106.0 89.1-89.8 63.5-66.2 
105.8-106.3 88.7-88.8 63.5-64.1 

105.6 83.6-84.4 63.3-63.8 
106.7-106.8 88.0 62.1-62.8 

ca. 105 ca. 84 ca. 63 

a The NMR spectrum of cellulose-DMSO is shown in Figure 11. b From ref 23. C7 is the methylol adduct. 

1656 
1681 I 

30:70 9030 PVP A 
1800 CM-' 1550 

Figure2. Infrared spectra of PVP and cellulose/PVP 3070 and 
W10 blends in the carbonyl stretching frequency region. 

Table I11 
Carbonyl Band Absorption Frequency for P W  Blended 

with Cellulose and Dissolved in Analogue Solvents 
freq, cm-l shift, cm-l 

1.4 . 

0.0 0.2 0.4 0.6 0.8 1.0 

Cellulose Weight Fraction 
Figure 3. Apparent density of cellulose, PVP, and their blends. 
All densities are the averages of three measurements. The 
deviation from the mean is about 1 % as shown by the error bm.  

pure PVP 1681 
PVP dissolved in 

methanol 1664 17 
1,4- butanediol 1664 17 
cyclohexanol 1669 12 
poly(ethy1ene glycol)-400 1676 5 

cellulose/PVP blends 1656 25 

of the respective polymers. 
Thermal Analysis. Differential scanning calorime- 

try (DSC) was used to assess the extent of blending between 
cellulose and PVP. Generally, the observation of a single 
glass transition temperature (T,) for a blend pair, between 
those of the homopolymers, is regarded as decisive evidence 
of a unique environment and of polymer miscibility, 
although different methods of measuring Tg are sensitive 
to different scales of h ~ m o g e n e i t y . ~ ~  In the present DSC 
study, however, a single Tg is not necessarily a sign of 
miscibility, since cast cellulose itself does not show any 
features to which the glass transition temperature can be 
related (Figure 4, uppermost curve). On the other hand, 
the DSC run of PVP (Figure 4, lowest curve) shows a change 
of slope in the range 150-180 "C, and from the midpoint 
of the discontinuity of heat flow the Tg was estimated to 
be 168 OC. For blends with an increasing amount of 
cellulose, the Tg gradually loses its prominence and 
becomes more diffuse. Consequently, it becomes increas- 
ingly difficult to determine exactly the location of the 
discontinuity in heat flow as the cellulose content in the 
blends increases, and it is impossible to locate it in the 
blends with more than 70 70 cellulose. Notwithstanding, 
a gradual increase in the recorded T is readily discernible 
as the composition goes from pure P&P to the 70:30 blend. 
This demonstrates that, in the blends where the Tg is 

I .  I 

140 160 180 200 220 
Temperature (OC) 

Figure 4. DSC thermograms of cellulose, PVP, and cellulose/ 
PVP blends. The numbers accompanying each curve denote 
weight percentage of each component. The asterisk marks the 
position of Tg. 

observed, the amorphous phases of the respective polymers 
are mixing. 

Dynamic Mechanical Characterization. In many 
blend miscibility studies3-6.ntB dynamic mechanical anal- 
ysis (DMA) has proven to be more sensitive than calori- 
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Temperature ("C) 

Figure 5. Temperature dependence of tan 6 for cellulose, PVP, 
and their blends. The numbers accompanying each curve denote 
weight percentage of each component. 

metric measurements for the detection of Tg. Accordingly, 
we measured the dynamic mechanical relaxation spectra 
of the blends, hoping to find the transition of the blends 
with more than 70% cellulose. The results are given in 
Figure 5-7. 

The cast cellulose specimen shows a transition a t  208 
"C (Figure 5a). Because previous cellulose blend ~tudies3-~ 
did not reveal any clearly discernible transition in cellulose 
below 220 "C, this seemed rather surprising. The tran- 
sition is possibly the Tg of cellulose lowered, from the 
estimated Tg of 250 "C for unmodified c e l l ~ l o s e , 3 ~ ~ ~  by the 
presence of the residual methylol substituents and/or the 
presence of plasticizing DMSO. This is consistent with 
the fact that the Tg of cellulose is depressed by substit- 
u e n t ~ ~ ~  and DMSO is known to interact with oligosac- 
c h a r i d e ~ . ~ ~  

As mentioned before, the sensitivity of DMA is greater 
than that of DSC. However, despite this higher sensitivity 
the transition monitored a t  208 "C is still very weak 
considering the scale to which it is shown in Figure 5a. I t  
is thus not surprising that the transition was imperceptible 
by DSC. 

The DMA spectra of PVP and the blends are shown in 
Figure 5. With the exception of PVP, all the measurements 
were performed with the Rheovibronviscoelastometer (see 
Experimental Section) on cast films that had a thickness 

CELL 

80:20 

A'. 
I..... 

'A. 
a .  

'AA.. 

60:40 
a. 

A. 
.... .. ....,, ..*... . 

50 100 150 200 250 

Temperature (T) 
Figure 6. Temperature dependence of the storage modulus (E') 
for cellulose, PVP, and their blends. 

of ca. 50 pm. PVP was run on a dynamic mechanical 
thermal analyzer (DMTA) using a much thicker 2000-pm 
melt-pressed sample. This was necessary because we could 
not measure the tan 6 peak of PVP cast films with the 
Rheovibron due to the excessive softness of PVP a t  tem- 
peratures approaching 180 "C, conjugated with the fact 
that a t  this temperature than tan 6 values transcended 
the range covered by the Rheovibron. The tan 6 vs tem- 
perature plot of PVP shows a single transition centered 
a t  187 "C, which is close to the glass transition of high 
molecular weight PVP obtained by calorimetry.31 The 
high amplitude of this transition reflects well the high 
mobility of the amorphous polymer a t  the glass transition, 
in contrast with cellulose, which shows a weak transition 
due to its rigid anhydroglucose units. 

As cellulose is blended with PVP, the decrease in the 
temperature of the onset of the transition particular to 
every blend is conspicuous (Figure 5a). In addition, a 
broadening of the transition as well as an increase in its 
magnitude is apparent, althoughfor blends with more than 
50% PVP it was not possible to measure the maximum 
in the tan 6 peak, as was the case for pure PVP as explained 
previously. I t  is thought that the increase in the breadth 
of the tan 6 peak is not due to incomplete mixing of the 
two polymers but is rather a consequence of the close 
proximately of the Tgs of the homopolymers, namely 187 
and 208 "C for PVP and cellulose, respectively. 

Like the temperature dependence of tan 6, the storage 
modulus (E') displays a single transition for PVP (Figure 
6). The initial (or frozen) values of E' for cellulose and 
PVP also reflect the relative stiffness of the former in 
comparison with the latter as a factor of ca. 6 differentiates 
the moduli. As the cellulose content in the blend increases 
the initial modulus increases monotonically; furthermore, 
the midpoint of the plunge in the E'VS temperature curves 
appears syste. latically, as every sample goes through its 
glass transition, a t  a higher temperature, increasing from 
ca. 150 "C for PVP to ca. 195 "C for cellulose. Never is 
there a plateau or a break in the decreasing portion of the 
curves that would reveal the presence of phase separation. 

Figure 7 shows the temperature dependence of the loss 
modulus (E"). PVP (Figure 7a) displays a Tg peak a t  148 
"C, and cellulose a Tg peak a t  208 "C (Figure 7b). This 
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Table IV 
!Pg As Obtained from DSC and DMA for Cellulose, PVP, 

and Their Blends 

5 

4 

- 
n 
k 3  
In - 
E 
w 2  
3 

1 

0 

T""- PVP I 
I . , _ , . I .  1 
50 100 150 200 250 

Temperature ("C) 

b 

50 100 150 200 250 

Temperature ("C) 
Figure 7. Temperature dependence of the loss modulus (E") 
for cellulose, PVP, and their blends. 

difference of 60 "C between the loss modulus peaks of the 
homopolymers allows a complete and precise assessment 
of the location of the T,  of the blends. This was not possible 
from DSC measurements and difficult from the storage 
modulus curves. The loss modulus curves show that the 
T, increases as the composition of the blends varies from 
pure PVP to pure cellulose, This behavior is consistent 
with the observed trend of the DSC results. In addition, 
the overall magnitude of the peaks remains practically 
constant over the whole composition range, and broadening 
of these transition peaks, which would indicate incomplete 
mixing of the polymers, is absent. The precise locations 
of the loss modulus peaks are shown in Table IV along 
with the values of T,  obtained by DSC. It  may be noted 
that the T,  values obtained by the two techniques are not 
identical. This should not be surprising because the 
different methods used for measuring T, are sensitive to 
various molecular processes28 that may not occur a t  the 
same temperature. 

T,-Composition Relationship. There are several 
classical equations that correlate the glass transition tem- 
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perature of a miscible blend system with its composition. 
The simplest of these relations is the rule of mixtures: 

(1) 
whereT,, Tgl, and TB2, are the glass transition tempera- 
tures of the blend, homopolymer 1, and homopolymer 2, 
respectively. W1 and W2 are the corresponding weight 
fractions. With the same parameters it is possible to write 
the Fox equation32 as 

Tg = W1Tgl + W2T,, 

1 /T ,  = Wl/T , l+  WZ/T,Z (2) 
In the Gordon and Taylor equation33 an additional 

(3) 
where k is the ratio of the volume expansion coefficients 
of the homopolymers in the mixture. Similarly, the Jenckel 
and Heusch equation34 has an empirical parameter, b, 
which varies from system to system: 

parameter is introduced 

Tg = (WIT,, + kW2Tgz)/(WI + kWz) 

Tg = WITgl + WzTg2 + WiW2b(Tg1 - TgJ (4) 
Finally, Kwei proposed35 an equation in which an inter- 
action term q is introduced: 

Tg = (WIT,, + kW2Tg-J/(Wi + kWJ + qW1W7, (5 )  
These equations have been used to interpret both positives 
and negative37 deviations from the rule of mixtures, as 
well as S-~haped3~%8 Tg vs composition curves. 

With the E" data obtained over the whole composition 
range, we calculted the Tgs predicted by these semiem- 
pirical relationships. The result of the curve-fitting 
procedures is shown in Figure 8. For the cellulose/PVP 
pair, where the difference in Tg between the two polymers, 
given by their respective E" values, is 60 "C, the predictions 
of the different models are very close to one another. 
Furthermore, each model predicts a regular monotonic 
increase in the T,. In contrast, as seen in Figure 9, the 
experimentally observed spectrum shows two regions with 
a striking discontinuity a t  a blend composition correspond- 
ing to about 60% (w/w) cellulose. I t  is interesting to note 
that Kovacs developed a free volume t h e 0 r y 9 ~ ~ ~  that 
predicts a discontinuity a t  a critical temperature Tc, where 
T, = (Tg2 - 52),T82 > Tg1.41 However, as was shown by 
Aubin and Prud'homme+l this discontinuity is hardly 
noticeable for polymers that differ by less than ca. 75 "C 
in their respective T,, as is the case for the present polymer 
pair. In addition, Kovacs' theory predicts that below Tc 
the plot is concave upward, which is not consistent with 
the behavior displayed in Figure 9 below the discontinuity. 

The unusual trend exhibited by the T,  vs composition 
curve of the cellulose/PVP blends can be given a plausible 
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-.-.- Rule of Mixtures 
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Figure 8. Theoretical glass transition temperatures of cellulose/ 
PVP blends as a function of weight fraction according to the 
equations proposed by Fox (eq 2) and Kwei (eq 5) .  The curves 
calculated with the equations proposed by Gordon and Taylor 
(eq 3) and Jenckel and Heusch (eq 4) overlap with those of Fox 
and Kwei and were omitted for clarity ofpresentation; the straight 
line is the expected glass transition temperature from the rule 
of mixtures. 
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Figure 9. Glass transition temperature of cellulose/PVP blends 
as a function of cellulose weight fraction as obtained from dynamic 
mechanical loss moduli. 

explanation if the molar ratio of the repeating unit of the 
respective polymers for different compositions is taken 
into account. Figure 10 shows the molar ratio of the 
repeating unit of cellulose (anhydroglucose, AHG) to  PVP, 
the molar ratio of hydroxyl groups to PVP repeating units, 
and their reciprocal ratios as a function of blend compo- 
sition. Of particular importance are the points designated 
by A and B. At point A, which corresponds roughly to a 
blend composition of 60:40, cellulose and PVP are present 
in equimolar quantities in terms of their respective 
repeating units. In other words, when the AHG/PVP 
molar ratio is equal to one, for each AHG unit of cellulose 
one carbonyl group of PVP is present in the mixture. Thus, 
in the composition range 0-60% (w/w) cellulose in the 
blend, where the AHG/PVP molar ratio is less than one, 
there are always more carbonyl groups in the mixture than 
there are AHG units to which they can bind. Conse- 
quently, below 60% (w/w) cellulose in the blend, only a 
portion of the carbonyl groups of PVP can interact with 

I 
0 

Cellulose Weight Fraction 

Figure 10. Molar ratio of the repeating anhydroglucose unit of 
cellulose (AHG) to PVP, molar ratio of hydroxyl groups (OH) to 
PVP, and their reciprocal ratios as a function of the cellulose 
weight fraction in the blend. The molar ratios were calculated 
from the relative content of cellulose and PVP in the blends. The 
points correspond to the cellulose weight fractions for which the 
molar ratios were calculated. 

cellulose. This is in accordance with the presence of two 
carbonyl peaks in the IR spectra of the blends, one for the 
carbonyls that are not interacting with cellulose and 
another for those that are hydrogen bonded. It is 
interesting to note that in Figure 9 the curvature between 
40% and 60% (w/w) cellulose in the blends lies in the 
region between points A and B in Figure 10. At point B, 
just above 30% (w/w) cellulose in the blend, there is a 
one-to-one correspondence in the number of carbonyl and 
hydroxyl groups in the mixture so that between 40% and 
60% (w/w) cellulose in the blend we go from a one-to-one 
correspondence between the number of interacting groups 
of cellulose and PVP to a one-to-one correspondence 
between the number of AHG units and PVP units (where 
there is a 3:l hydroxyl to  carbonyl ratio). Thus for the 
blends with 40, 50, and 60% (w/w) cellulose there are 
enough hydroxyl groups in the mixtures for all the car- 
bonyl groups to interact. However, we already know from 
the FTIR measurements that  only a portion of the car- 
bonyl groups are interacting; consequently, for those car- 
bonyl groups that do interact with cellulose, it is possible 
that they interact simultaneously with more than one hy- 
droxyl group. Evidence of this behavior is also provided 
by the FTIR results as discussed earlier. Further dis- 
cussion of the T,-composition curve will be presented later. 

CP-MAS NMR. The solid-state 13C spectra for PVP, 
cellulose, and three blends are displayed in Figure 11. The 
carbon resonance peaks of PVP were aseigned to  specific 
ring and backbone carbons with the aid of the published 
13C solution spectra of PVP.42*43 The carbonyl carbon 
appears at 175 ppm, well separated from the peaks a t  42, 
33, and 20 ppm that correspond to the overlapping of the 
ring and main-chain carbon resonances. For cellulose, the 
carbon resonances were readily correlated to specific an- 
hydroglucose carbons with tables of the chemical shifts 
for cellulose polymorph~.~3~*~ The resonance peak at  88.9 
ppm was assigned to the methylol adduct after comparison 
with the spectrum of resole.45 The peak a t  40 ppm arises 
from the DMSO bound to the anhydroglucose units. The 
chemical shifts for the C1, Cq, Cg, and C7 (methylol ad- 
duct) carbons of cellulose are given in Table 11. The 
difference between the chemical shifts of these carbons 
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Figure 11. CP-MAS spectra of PVP,cellulose,and three blends. 
The labeled peaks correspond to the carbons identified in the 
chemical structure. The peak identified as S in the cellulose 
spectrum corresponds to bound DMSO. Note that the methylol 
adduct (C70H) can also be on OzH or OaH. 

and those of the cellulose I-IV polymorphs supports the 
existence of a different crystal lattice in the crystalline 
regions of cast cellulose as suggested by its X-ray dif- 
fractogram. 

The spectra of the blends exhibit three outstanding 
features. First, the carbonyl peak of PVP appears at  a 
lower field in the blends than in the pure homopolymer. 
This is consistent with the observed shift of tile infrared 
frequency of the carbonyl group. Second, t,he methylol 
resonance (C7), appearing as a shoulder in the spectrum 
of cellulose, almost vanishes in the blends. This is most 
apparent in the 30:70 blend. Third, the C6 peak of cellulose 
is distinct in the blends while in contrast it appears as a 
shoulder in unblended cellulose. Since changes in chemical 
shifts or line shapes of the blend components relative to 
their respective homopolymers are observed, cellulose and 
PVP must mix on an individual chain to chain basis. 
Because the changes in line shapes and shifts are observed 
mostly at  the carbonyl carbon of PVP and a t  the peaks 
of the CS and C7 pendant carbons of the anhydroglucose 
unit of cellulose, it is reasonable to assume that the 
interaction between the two polymers is directed through 
the functionalities attached at  these carbons, namely the 
oxygen of the carbonyl groups of PVP, the primary hy- 
droxyl groups of the unsubstituted c6, and the methylol 
adduct of cellulose, whether it be on CZ, CS, or c6. 
TI, Measurements. When the state of miscibility of 

a blend is discussed, the scale of the mixing has to be 
taken into consideration. A particular blend may be 
characterized as miscible with one technique and immis- 
cible with another.27 The limit of resolution inherent to 
the technique used to characterize the blend system 
permits the estimation of the upper limit of the scale of 
miscibility. For example, visual determination of optical 
clarity establishes the absence of heterogeneities exceeding 
ca. 500 nm in size. The Tg measured by DSC is sensitive 

0 2 4 6 8 

Delay time (ms) 
Figure 12. Semilogarithmic plot of the measured relative 13C 
CP/MAS resonance intensity versus delay time for cellulose, 
PVP, and three cellulose/PVP blends. The slope yields the 
proton relaxation time, TI#. 

Table V 

Blended and Unblended States 
Proton for Solid Films of Cellulose and PVP in Their 

TlDVa ms 
cellulose/PVP blend cellulose PVP 

o/ 100 10.8 
30/10 1.3 1.3 
50/50 6.2 6.3 
80120 4.2 4.2 
100/0 4.2 

&5%. 

to heterogeneities with sizes of ca. 25-30 nm, while the 
dynamic mechanical analysis is more sensitive with an 
upper limit of 15 nm.* From spin-diffusion measurements 
it is possible to estimate the size of heterogeneities in the 
range of a few angstroms to a few tens of nanometers.l1-l3 

When the scale of phase separation in the blend is 
sufficiently small to permit rapid spin diffusion and cause 
the observed magnetization intensity to decay as a single- 
exponential function after it has been disturbed, then it 
is possible to estimate the upper limit of domain size from 
the equation" 

L2 = ( t /T2)d2  ( 6 )  
where L2 is the mean-square distance over which diffusion 
is effective, d is the distance between protons, t is the 
measured relaxation time, in this instance TI,, and T2 is 
the spin-spin lattice relaxation time. Typically, d is ca.O.1 
nm and below the glass transition T2 i s  ca. 10 11s. Thus 
in this present case the above equation can be reduced to 

L = (TJ'2 (7) 
with L in nanometers and TlP in milliseconds. 

The relaxation times TI ,  for cellulose, PVP, and the 
3070,50:50, and 80:20 blends were obtained from the slope 
of a semilogarithmic plot of the intensity vs the delay time 
used in a delayed cross-polarization e ~ p e r i m e n t l ~ ~ ~ ~  (Figure 
12). All the blends showed a single-exponential decay, 
revealing the absence of heterogeneities of the scale covered 
by spin diffusion. The relaxation times were identical for 
all peaks of the spectrum, indicating efficient proton spin 
coupling in the blends. The results of the TI, experiments 
on the different samples are shown in Table V. The 
relaxation times for PVP and cellulose are 10.8 and 4.2 ms 
in their respective unblended states. In the 30:70 and 
50:50 blend the TI ,  values of both components are 
practically identical while being different from the values 
of the homopolymers. This reveals thorough mixing on 
a scale that is readily calculated to be ca. 2.7 nm with eq 
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7. However, because of uncertainty as to the exact value 
of d and TP in eq 6, this estimate of the scale of mixing 
is subject to an error limit of about 50%. On the other 
hand, although the 2'1, values of both components are the 
same in the 80:20 blend, this value is identical to that of 
unblended cellulose. This irregularity can be explained 
in a t  least three different ways, not all of which stand up 
to close scrutiny. First, identical 2'1, values for cellulose 
in the 80:20 blend and in the unblended state could indicate 
that 7'1, is determined by the residual crystallinity of 
cellulose in these specimens; i.e., the lower relaxation rate 
of the crystalline phase in comparison to the amorphous 
phase is rate determining. This possibility, however, must 
be discarded because WAXS has shown that the crystal- 
linity of cellulose decreases as it is blended with PVP. A 
reduction in crystallinity would necessarily cause a change 
in the measured TI, of cellulose in the blend, which is not 
the case. The second possibility is that the rates of 
relaxation of cellulose in the 80:20 blend and in the un- 
blended state lie close together on the broad minimum of 
the U-shaped 7'1, vs rate of motion (correlation time, TJ 
curve so that the measured TI, values are identical (see 
ref 11 for an in-depth presentation of the interrelation 
between the relaxation and correlation times). This 
possibility can also be ruled out because in another 80:20 
cellulose blend48 the TI ,  of cellulose is not identical to 
that of unblended cellulose, from which it follows that the 
T1, of cellulose in the present 80:20 blend does not lie at  
the minimum of the 2'1, vs T~ curve. The third and most 
plausible possibility is that cellulose acts as a matrix in 
which PVP is imbedded, so that the 80:20 blend would be 
inhomogeneous on a molecular scale. In such a matrix, 
the motions of cellulose in the blend would remain 
undisturbed and the relaxation rate would also remain 
constant. The rationale for considering the 80:20 blend 
as one where cellulose is a matrix hosting PVP can be 
understood by examining Figure 10. Above 60% cellulose 
in the blend less than one carbonyl per AHG unit is present 
in every blend. It is thus possibly increasingly difficult 
for cellulose to blend extensively with the PVP as the 
number of carbonyl groups decreases. The same argument 
could be used to justify incomplete blending below 60% 
cellulose; however, the number of hydroxyl groups is 3 
times that of the number of AHG units, so that below 
60°; cellulose in the blend there are always sufficient hy- 
droxyl groups in the mixture for cellulose and PVP to 
mix on a segmental level as calculated above. 

In light of these results it is now possible to correlate 
the T,  vs composition curve to the extent of mixing of the 
different blends. Below 60% cellulose in the blend, 
cellulose and PVP mix on a segmental scale with an upper 
limit of ca. 2.7 nm. The curvature between 40% and 60% 
cellulose arises from what can be termed "saturation", 
where for every carbonyl unit there is between one and 
three hydroxyl groups with which it can interact. Above 
6OC0 cellulose in the blend, cellulose and PVP mix on a 
scale between ca. 2.7 and ca. 15 nm. This is a consequence 
of the fact that the 2'1, value of cellulose in the 80:20 blend 
and in its unblended state is identical, revealing little 
blending of cellulose on a 2.7-nm scale and that for every 
blend a single Tg is observed by DMA, which reveals an 
upper limit in heterogeneity on a scale of 15 nm. Thus 
although for all blend compositions a single T, is observed, 
so that cellulose and PVP can be characterized as fully 
miscible, the discontinuity in the T, vs composition curve 
corresponds to the point where the level of miscibility 
between the two polymers changes. 
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Concluding Remarks 

The results reported in this paper provide a clear 
indication that blends of cellulose with PVP are miscible 
over the whole composition range and that the miscibility 
is driven by hydrogen bond formation between the hy- 
droxyl groups of cellulose and carbonyl functionalities of 
PVP. The plot of the measured T, vs composition is not 
a smooth function but shows a singularity a t  a blend 
composition of ca. 6040 cellulose/PVP (w/w). This is 
perhaps the most significant result of the present study. 
When this behavior is analyzed in terms of the molar ratio 
of the repeating units of the component polymers, it is 
seen that the singularity corresponds to the composition 
where the molar ratio is unity. This result has been 
tentatively interpreted in terms of solid-state NMR data. 
2'1, measurements on the two components in the blends 
suggest that below the discontinuity in the ?',-composition 
curve the two polymers mix on a segmental scale (2.7 nm) 
whereas they mix on a somewhat larger scale above the 
discontinuity. The scale of miscibility has been correlated 
with the relative abundance of carbonyl and hydroxyl 
groups available for molecular interaction. I t  is thought 
that below the discontinuity enough hydroxyl groups are 
present in the blends to interact with all of the carbonyls 
of PVP and produce mixing on a segmental level, whereas 
above the discontinuity the number of carbonyls in the 
blends is too low to achieve miscibility on the same scale. 

A change of miscibility across the composition spectrum 
is not a novelty since some polymer pairs are known to be 
miscible a t  one composition and immiscible a t  a n ~ t h e r . ~ ~ * ~  
However, for two polymers that are miscible over the whole 
composition range, a change in the scale of miscibility 
that manifests itself as a discontinuity in the Tg- 
composition curve has not previously been observed, as 
far as we know. 

Since it is thought that the scale of mixing is closely 
related to the molar ratio of the interacting groups in the 
blends and since the miscibility is driven by the interaction 
of only a portion of the carbonyl groups of PVP or of the 
hydroxyl groups of cellulose, as has been shown by FTIR 
and CP-MAS NMR, a reduction in the total number of 
available groups in either one or even both polymers would 
still possibly lead to miscibility. This raises the question 
as to the minimum number of interacting groups necessary 
for the two polymers to remain miscible. I t  has already 
been d e m o n ~ t r a t e d ~ l , ~ ~  that the number of favorable 
interactions necessary to drive blend miscibility is sur- 
prisingly low in some cases. For example, a number of 
immiscible polystyrene/polyacrylate blend pairs were 
rendered miscible by the introduction of as little as 1-2 % 
vinylphenol in p ~ l y s t y r e n e . ~ ~  Cellulose/synthetic polymer 
blends lend themselves to this kind of inquiry since 
systematic changes in chemical structure can readily be 
made by altering the degree of substitution of the cellulose 
component. This would be an interesting avenue for 
further experiments. 
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