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ABSTRACT: Blends of poly(vinylphenol-co-methyl methacrylate) (PVPh-co-PMMA) with poly(ethylene
oxide) (PEO) were prepared by solution casting from tetrahydrofuran (THF) solution. The miscibility
behavior and hydrogen bonding of blends were investigated by differential scanning calorimetry (DSC),
Fourier transform infrared spectroscopy (FTIR), and solid-state nuclear magnetic resonance (NMR).
Experimental results indicate that PEO was miscible with PVPh-co-PMMA as shown by the existence of
single composition-dependent glass transition temperatures over the entire composition range by DSC.
In addition, a negative polymer—polymer interaction energy density “B” was calculated based on the
melting depression of PEO using the Nishi—Wang equation. Solid-state NMR reveals single-exponential
decay of proton spin—lattice relaxation times in the rotating frame (7,%) in the amorphous PVPh-co-
PMMA phase. Furthermore, FTIR and solid-state NMR results reveal that at least three competing
equilibria are present in the blend; self-association of PVPh-co-PMMA copolymer (hydroxyl—hydroxyl
and hydroxyl—carbonyl) and hydroxyl—ether interassociation between PVPh and PEO. Quantitative
results show that although the hydroxyl—ether interassociation is favored at room temperature, the
hydroxyl—carbonyl self-association dominates at higher temperatures (>70 °C). The Painter—Coleman
association model (PCAM) can predict three interacting functional groups based on our experimental
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results at various temperatures.

Introduction

The miscibility of polymer blends has received much
attention in polymer science. Some of this research has
been performed with blends in which one or two
components are semicrystalline. A common component
in crystalline miscible blends is a polyether, poly-
(ethylene oxide) (PEO), a highly crystalline polymer
miscible with several amorphous polymers through
hydrogen bonding.!™® Various techniques have been
adopted to determine the miscibility of polymer blends,
including thermal analysis,* dynamic mechanical analy-
sis,® small-angle X-ray scattering,® microscopy’ and
solid-state NMR.8-13 Furthermore, DSC can determine
whether one or two T, values and a single T, point is
the most conventionally used criterion for the miscibility
of a polymer blend. On the contrary, an immsicible
polymer blend exhibits more than one T, A single
compositionally dependent glass transition indicates full
miscibility with a dimension on the order of 20—40 nm.
Over the years, various equations have been offered to
predict the variation of the glass transition temperature
of random copolymers or miscible blends as a function
of composition, which can be well interpreted in terms
of specific interaction within a polymer blend.

By Fourier transform infrared (FTIR) spectroscopy,
the carbonyl, hydroxyl, and ether vibrations have been
proved to be excellent clues to detect the molecular
interaction.14717 Solid state 3C NMR is also a highly
effective means of studying the miscibility and hydrogen
bonding of polymer blends. The 3C chemical shift and
line shape in cross-polarization and magic angle spin-
ning (CP/MAS) spectra can identify chemical environ-
ments of carbon in the blend, since the chemical shift

*To whom corresponding should be addressed. E-mail:
changfc@cc.nctu.edu.tw. Telephone: 886-3-5712121 ext. 56502.
Fax: 886-3-5723764.

and the line shape are highly sensitive to the local
electron density. If a specific interaction affects the local
electron density, a change in chemical shift can be
observed. This approach has been widely offered as
evidence of the interaction between the blend compo-
nents. The scale of miscibility of a polymer blend can
be estimated from proton spin—lattice relaxation times
in the rotating frame (T'1,5), measured by solid-state
NMR.

In addition to studying the miscibility of PVPh-co-
PMMA with PEO blends by DSC and solid-state NMR,
this study provides evidence of specific intermolecular
association and self-association by using FTIR and solid-
state NMR. The fraction of hydrogen bonding of the
carbonyl group in the PVPh-co-PMMA/PEO blend is also
calculated at various temperatures, as compared with
the inter and self-association equilibrium constants of
the Painter—Coleman association model’® (PCAM).
Experimental data are obtained using the PCAM results
to predict successfully the fraction carbonyl group that
are hydrogen bonded.

Experiment

Samples. The polymers used in this study, poly(vinylphe-
nol-co-methyl methacrylate) (PVPh-co-PMMA) with VPh con-
tents of 51 mol %, and poly(ethylene oxide) (PEO) with M,, =
20 000 were obtained from Aldrich Co. Figure 1 illustrates the
chemical structures of (PVPh-co-PMMA) and PEO.

Blend Preparations. Blends of various (PVPh-co-PMMA)/
PEO compositions were prepared by solution casting. Tetrahy-
drofuran solutions containing a 5 wt % polymer mixture were
stirred for 6—8 h and cast on a Teflon dish. The solution was
allowed to evaporate slowly at room temperature for 1 day.
The blend films were then dried at 50 °C for 2 days.

Characterizations. Differential Scanning Calorime-
try. Tss of blend films were determined by a DSC with a Du-
Pont (DSC-9000), with a scan rate of 20 °C/min over a
temperature range of 30—150 °C. The measurement was made
using a 5—10 mg sample on a DSC sample cell after the sample

10.1021/ma010047k CCC: $20.00 © 2001 American Chemical Society
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Figure 1. Chemical structures of PVPh-co-PMMA and PEO
and their atom numbering schemes

was quickly cooled to —100 °C from the melt of the first scan.
The glass transition temperature is taken as the midpoint of
the heat capacity transition between the upper and lower
points of deviation from the extrapolated liquid and glass lines.
The isothermal crystallization from the melt was also exam-
ined by DSC. The samples were melted at 80 °C for 10 min,
cooled quickly to the crystallization temperature (7.), and then
maintained at T for 12 h. After isothermal crystallization was
complete, the samples were cooled at 0 °C and heated to 100
°C at a rate of 10 °C/min to measure the melting temperature
(Tw).

Infrared Spectroscopy. Infrared spectra of polymer blend
films were determined by using the conventional NaCl dish
method. The THF solution containing the blend was cast onto
a NaCl disk and dried under conditions similar to those used
in the bulk preparation. The film used in this study was thin
enough to obey the Beer—Lambert law. FTIR measurements
were recorded on a Nicolet Avatar 320 FT-IR spectrophotom-
eter, and 32 scans were collected with a spectral resolution of
1 ecm™'. Owing to that fact that the sample containing hydroxyl
groups is water sensitive, a pure nitrogen flow was used to
purge the IR optical box in order to maintain dry sample films.
IR spectra recorded at elevated temperatures were obtained
by using a cell mounted inside the temperature-controlled
compartment of the spectrometer.

Solid State NMR. High-resolution solid state *C NMR
experiments were carried out at room temperature using a
Bruker DSX-400 spectrometer operating at resonance frequen-
cies of 399.53 and 100.47 MHz for 'H and '3C, respectively.
The 3C CP/MAS spectra were measured with a 3.9 us 90°
pulse, with 3 s pulse delay time, acquisition time of 30 ms,
and 2048 scans were accumulated. All NMR spectra were
taken at 300 K using broad band proton decoupling and a
normal cross-polarization pulse sequence. A magic angle
sample spinning (MAS) rate of 5.4 kHz was used to eliminate
resonance broadening due to the anisotropy of chemical shift
tensors. The proton spin—lattice relaxation time in the rotating
frame (7T',%') was measured indirectly via carbon observation
using a 90°-7-spin lock pulse sequence prior to cross-polariza-
tion. The data acquisition was performed via 'H decoupling
and delay time (7) ranging from 0.3 to 15 ms with a contact
time of 1.0 ms.

Results and Discussion

Thermal Analyses. Differential scanning calorime-
try (DSC) is extensively used to investigate miscibility
in polymer blends. A single compositionally dependent
glass transition is an indication of full miscibility at a
dimensional scale between 20 and 40 nm. Single T,
behavior represents macroscopically and implies full
miscibility of the blend. Figure 2 shows DSC analyses
of the PVPh-co-PMMA/PEO blends of various composi-
tions. The pure amorphous PVPh-co-PMMA exhibits one
Ty at 134.9 °C while the Tgs of PVPh-co-PMMA shift to
lower temperatures as the PEO content in the blend
increases. Furthermore, the melting temperature of the
PEO component in the blend decreases with the in-
crease of the PVPh-co-PMMA content. Table 1 sum-
marizes the thermal properties of PVPh-co-PMMA,
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Figure 2. DSC scans of PVPh-co-PMMA/PEO blends with
different compositions: (a) 100/0; (b) 90/10; (c) 80/20; (d) 70/
30; (e) 60/40; (f) 50/50; (g) 40/60; (h) 30/70; (i) 20/80; (j) 10/90;
(k) 0/100.

Table 1. Thermal Properties of PVPh-co-PMMA/PEO

Blends
PVPh-co- Tg T AHy T. AH,
PMMA/PEO (°C) (°C) (J/g) (°C) (J/g)
100/0 134.9
90/10 71.9
80/20 42.2
70/30 18.3
60/40 2.7
50/50 -19.6 59.0 5.6 20.0 —4.2
40/60 —-32.7 59.0 44.7 10.5 -30.4
30/70 —43.3 60.9 84.9 —13.8 -31.9
20/80 —-32.9 63.6 104.0
10/90 —38.2 66.3 128.6
0/100 —67.0 69.2 175.7

PEO, and their blends. All PVPh-co-PMMA/PEO blends
show only a single glass transition temperature (T) over
the entire blend composition. A single T, strongly
suggests that these are fully miscible blends with a
homogeneous amorphous phase.

Various equations have been offered to predict the
variation of the glass transition temperature of a
random copolymer or miscible blend as a function of
composition. The dependence of Tz on the composition
of the miscible PVPh-co-PMMA/PEO blends is shown
in Figure 3. The experimental T, vs composition curve
is not well fit either with the Fox!® or the Gordon—
Taylor equation.?’ However, the Kwei equation?! fits the
experimental data well. The Kwei equation is as follows

o Wil +RW,T,
e W, +EW,

+qW, W, (1

where W; and Wy denote weight fractions of the com-
positions, Ty1 and T2 represent the corresponding blend
component glass transition temperatures, and & and ¢
are fitting constants. 2 = 4 and ¢ = 32 are obtained from
the nonlinear least-squares “best fit” values. Here q is
a parameter corresponding to the strength of hydrogen
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Figure 3. T, vs composition curves based on (M) experimental data, (®) the Fox equation, (A) the Gordon—Taylor equation, and

(—) the Kwei equation.

bonding in the blend, which should be considered as a
balance between the breaking of the self-association
hydrogen bonding and the forming of the interassocia-
tion. The value of ¢ depends on the change of entropy
corresponding to the change in the number of hydrogen
bonding interactions with the PEO in this blend. In this
study, a positive ¢ of 30 was obtained, indicating a
strong intermolecular interaction between PEO and
PVPh-co-PMMA.

Equilibrium Melting Temperature and Melting
Point Depression. The depression of the melting point
of a crystalline polymer blended with an amorphous
polymer provides important information about its mis-
cibility and its associated polymer—polymer interaction
parameter. The temperature reduction is caused by
morphological effects and for thermodynamic reasons.
From the thermodynamic consideration, thermodynamic
properties of the crystalline component in the amor-
phous phase can be determined. When two polymers are
miscible in the molten state, the chemical potential of
the crystallizable polymer is decreased due to the
addition of the second component. This fact leads to a
reduction in the equilibrium melting temperature of the
resulting blend. The data obtained in this study were
analyzed by the Nishi—Wang equation?? based on the
Flory—Huggins theory.?? The melting point depression
is given by eq 2,223 where T’ and Tw,? denote the

1 1 _ —-R Vylngy (1 1
T_mo T, 0 Aqu V_lu Xq * (x_z x_l)(l )+
X12(1 — ¢2)2 (2)

equilibrium melting points of the pure crystallizable
component and of the blend, respectively. Vo, and Vi,
are the molar volumes of the repeating units of the
polymers. R is the universal gas constant. AHy, is the
heat of fusion of the perfectly crystallizable polymer per
mole of repeat unit; subscript 1 represents the amor-
phous polymer, and subscript 2 the crystalline polymer.

x1 and xg are degrees of polymerization; ® is the volume
fraction of the component in the blend, and yis is the
polymer—polymer interaction parameter. When both x1
and xg are large, for high molecular weight polymers,
these related terms in eq 2 can be neglected. The
interaction parameter y12 can be written as

BV,
X12 = RT

3

Substituting eq 3 into eq 2 yields the Nishi—Wang
equation??

BV.
0_ 0_ _mo2Y2u
T T‘“Z T AH,,

¢, (4)

where AH,,/Va, is the latent heat of fusion of 100%
crystalline component per unit volume and B denotes
the interaction energy density between blend compo-
nents.

The method of Hoffman and Weeks? has been used
to determine the equilibrium melting temperatures for
pure PEO (T,,%) and blends (T,°) of given compositions,
to eliminate the morphological effect from the melting
point depression. Figure 4 presents the Hoffman—
Weeks plots to obtain the equilibrium melting points
for pure PEO and various PVPh-co-PMMA/PEO blends.
The Tw,” values decrease with increasing PVPh-co-
PMMA content. An immsicible or partially miscible
blend typically does not show the depression of the
equilibrium melting point (T1,%), Tw, is depressed
significantly with increasing the content of the amor-
phous polymer for a miscible blend, especially one
containing specific interaction between the components.
As also shown in Figure 4, the melting point depression,
AT, for PVPh-co-PMMA/PEO blends increases linearly
with the volume fraction of the amorphous component
(®1). The weight fraction is converted into the volume
fraction using the molar volume of monomeric units
determined by a group contribution method.!®A B value
of —29.23 is calculated from the slope of Figure 5
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Figure 4. Hoffman—Weeks plots for PVPh-co-PMMA/PEO
blends: (a) 0/100; (b) 10/90; (c) 20/80; (d) 30/70; (e) 40/60.
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Figure 5. Plots of the equilibrium melting temperature
depression vs the square of the volume of fraction of PVPh-
co-PMMA.

according to eq 4 and the data of Vs, = 38.1 cm3/mol
and AH, = 1980 cal/mol.25> The negative B value is
consistent with a miscible system. According to eq 4,
the intercept of a plot of AT}, vs @12 should be close to
zero. However, the line has a finite intercept because
of the significant entropic effect of blending two poly-
mers.

Fourier Transform Infrared Spectroscopy Analy-
ses. Infrared spectroscopy has been proven a highly
effective means of investigating specific interactions
between polymers. This tool can be used to study the
mechanism of interpolymer miscibility through the
formation of hydrogen bonding both qualitatively and
quantitatively. Self-association may occur especially by
hydroxyl—hydroxyl and hydroxyl—carbonyl hydrogen
bonding, taking into account the chemical structure of
PVPh-co-PMMA. Figure 6 shows the infrared spectra
of the carbonyl stretching measured at 25 °C ranging
from 1660 to 1800 cm~! for PVPh-co-PMMA, PEO, and
their blends. The carbonyl stretching for the pure PVPh-
co-PMMA is split into two bands, absorption by free and
hydrogen-bonded carbonyl groups at 1730 and 1705
ecm™ 1, respectively. These bands can be readily decom-
posed into two Gaussian peaks, with areas correspond-
ing to the free carbonyl (1730 cm™!) and the hydrogen-

Macromolecules, Vol. 34, No. 12, 2001

PVPh-co-PMMA/PEQ

(a) 100/0

(b) 90/10

1) 80720

d) 70/30
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Figure 6. FTIR spectra recorded at room temperature in the
1660—1780 cm ™! region for PVPh-co-PMMA/PEO blends: (a)
100/0; (b) 90/10; (c) 80/20; (d) 70/30; (e) 60/40; (f) 50/50; (g) 40/
60; (h) 30/70; (i) 20/50; (j) 10/90; (k) 0/100.

Table 2. Curve-Fitting Results of the PVPh-co-PMMA/
PEO Blends at Room Temperature

free C=0 H-bonded C=0

blend v Wie A v Wiz Ap fb
(wt%) (em™) (em™) (%) (em™) (em™) (%) (%)

100/0 1729.6 17.17 41.40 1706.3 24.24 58.60 48.55
90/10 1729.3 17.26 46.74 1705.7 24.45 53.26 43.17
80/20 17289 17.23 53.86 1704.8 23.06 46.14 36.35
70/30 17287 17.53 61.73 1706.3 26.56 38.27 29.24
60/40 17284 17.14 70.26 17045 23.79 29.74 22.00
50/50 1728.7 16.23 75.26 1712.7 18.53 24.74 17.97
40/60 1728.5 17.65 178.46 1709.8 17.94 21.54 1547
30/70 1730.0 19.34 81.56 1710.3 18.00 19.44 13.09
20/80 1730.5 84.51 75.99 1709.7 23.07 15.01 10.53
10/90 1733.9 20.61 87.46 1717.0 24.11 12,54 8.73

*fb: fraction of hydrogen bonding

bonded carbonyl (1705 ¢cm™!) absorptions. Using the
respective absorptivity coefficients allows us to calculate
the fraction of these two carbonyl groups from the
relative intensities of these two bands. The fraction of
the hydrogen-bonded carbonyl group!8 is calculated from
eq 5, where Ay, and Ay are the peak areas corresponding

AJ15

C=0 _
fy A/1.5 + A, ®)
to the hydrogen-bonded carbonyl and the free carbonyl
groups, respectively. The conversion coefficient of 1.5
is the absorptivity ratio of these two bands, the “free”
and “hydrogen-bonded” carbonyl groups, in an ester
group.!8 Table 2 summarizes the curve fitting results
indicating that the fraction of hydrogen bonded carbonyl
groups decreases as PEO content increases. As a result,
the PMMA carbonyl competes with the ether oxygen of
PEO to form a hydrogen bond with the hydroxyl group
of the PVPh. According to the Painter—Coleman as-
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Table 3. Summary of the Self-Association and
Interassociation Equilibrium Constants of
PVPh-co-PMMA/PEO Blends

equilib enthalpy,
const AH
K (25 °C) (kcal/mol)
self-association®
dimer formation Ky 21.0 —5.60
multimer formation Kg 66.8 —5.20
between VPh and MMA K, 67.4 —4.20
interassociation between® 88.3 —5.40
PVPh and PEO
molar mol solubility deg of
vol wt param polymn,

polymer (mL/mol) (g/mol) (cal/mL)%5 DP
PVPhe 100.00 120.10 10.60 500
PMMA¢ 84.90 100.12 9.10 500
PEO¢ 38.10 44.06 9.40 500

@ Reference 36. ° Reference 37. ¢ Estimated by using a group
contribution method proposed by Coleman et al.18

hydrogen bonded-OH I

free-OH

3350

3525
(a) pure PVPh 3400

X

PVPh-co-PMMA/PEQ
(b) 100/0

-

—

Wasee

F

(c) 90/10

e

ey 8020

(e) 70/30

(f) 60/40
3350

Absorbance (a.u.)

(g) 50/50
3353
h) 40/60
3354
(i) 30/70

3357

r(/////

(i) 20/80

(k) 10/90

(1) 0/100 (pure PEQ)

— T T T T
4000 3800 3600 3400 3200 3000 2800

Wavenumber (cm™)

Figure 7. FTIR spectra recorded at room temperature in the
2700—4000 cm™! region for pure PVPh and various PVPh-co-
PMMA/PEO blends: (a) pure PVPh; (b) 100/0; (c) 90/10; (d)
80/20; (e) 70/30; (f) 60/40; (g) 50/50; (h) 40/60; (i) 30/70; (§) 20/
50; (k) 10/90; (1) 0/100.

sociation model (PCAM), Table 2 shows that the de-
crease in the fraction of hydrogen bonded carbonyl
groups with increasing PEO content implies that the
interassociation equilibrium constant of hydroxyl—ether
has a larger value than the self-associations equilibrium
constant of hydroxyl—carbonyl at room temperature.
Table 3 lists all the parameters required by the Painter—
Coleman association model to estimate thermodynamic
properties for the PVPh-co-PMMA/PEO blend.

Figure 7 shows the absorption region of the pure
PVPh, PVPh-co-PMMA, and various PVPh-co-PMMA/
PEO blends between 2700 and 4000 cm™! at room
temperature. As shown in Figure 7a, the pure PVPh
polymer exhibits two bands in the hydroxy stretching
region of the infrared spectrum. The free hydroxyl group
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PVPh-co-PMMA/PEC

(a) 90110

(b) 80/20

(c) 70/30

(d) 60/40

Absorbance (a.u.)

(h) 20/80

(i) 10/90

(j) 0/100

T T T A

1380 1360 1340 1320

Wavenumber (cm™)

Figure 8. FTIR spectra recorded at room temperature at 1320
c¢cm1-1380 ecm™! region for PVPh-co-PMMA/PEO blends: (a)
90/10; (b) 80/20; (c) 70/30; (d) 60/40; (e) 50/50; (f) 40/60; (g) 30/
70; (h) 20/50; (i) 10/90; (j) 0/100.

absorption is located at 3525 cm ™1, while the hydrogen-
bonded hydroxyl gives a broad absorption at 3350 cm™!
due to wide distribution of hydrogen-bonded hydroxyl
groups. However, the pure PVPh-co-PMMA (Figure 7b)
shows only one band at about 3400 cm™! in the hy-
droxyl-stretching region of the infrared spectrum. This
reflects the new distribution of hydrogen bonded be-
tween hydroxyl—hydroxyl and hydroxyl—carbonyl spe-
cific interactions. Furthermore, the band at 3400 cm™!
is shifted to 3350 cm ™1, a lower wavenumber, for blends
containing 60 wt % PEO content (Figure 7g). This
change is come from the switch from the intramolecular
hydroxyl—carbonyl bond to the intermolecular hydroxyl—
ether bond, indicating that there is hydrogen-bonding
interaction between the PEO ether group and the
hydroxyl group of PVPh. The average strength of the
intermolecular interaction can be obtained by the extent
of frequency difference (Av) between the hydrogen
bonded hydroxyl absorption and free hydroxyl absorp-
tion. A Av = 175 cm ! value for PVPh-co-PMMA/PEO
= 40/60 is obtained which is stronger than that of the
self-associated between hydroxyl and carbonyl of the
pure PVPh-co-PMMA copolymer (Av = 125 cm™1), and
this result is consistent with the positive ¢ value
obtained in the Kwei equation and the observed carbo-
nyl stretching in the infrared spectra.

The CH; wagging region of the pure PEO and its
blends with PVPh-co-PMMA is now examined. Figure
8 shows infrared spectra in the 1320—1380 cm ! region
of the pure PEO, and various PVPh-co-PMMA/PEO
blends. As shown in Figure 8j, the bands at 1360 and
1343 cm™! represent the crystalline phase of PEO.26
These bands decrease slightly as the PVPh-co-PMMA
content increases. The crystalline bands disappear at
the PVPh-co-PMMA/PEO = 40/60 blend and are re-
placed by a broad band roughly centered at 1350 cm™1
corresponding to the amorphous phase. The PEO crys-
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Figure 9. 13C CPMAS spectra at room temperature for pure
PVPh, pure PMMA and various PVPh-co-PMMA/PEO blends:
(a) pure PVPh; (b) 100/0; (c) 90/10; (d) 80/20; (e) 70/30; () 50/
50; (g) 40/60; (h) 30/70; (i) 20/50; (j) 10/90; (k) 0/100; (1) pure
PMMA.

Table 4. Chemical Shift of the 13C CP/MAS Spectra of
PEO, PVPh, PMMA, and Their Blends

blend composition C-6 C-10 C-12
pure PMMA 177.00
pure PVPh 153.24
PVPh-co-PMMA/PEO
100/0 155.61 178.33
90/10 155.76 178.18 70.72
80/20 156.15 178.12 70.71
70/30 156.19 178.07 70.93
50/50 156.20 177.11 70.79
40/60 156.22 177.09 70.93
30/70 155.96 177.05 70.79
20/80 155.79 177.00 71.02
10/90 155.78 176.55 70.88
0/100 71.76

tallization is retarded and even inhibited by adding the
amorphous PVPh-co-PMMA polymer.

Solid State NMR Analyses. Solid-state NMR spec-
troscopy provides further insight into the phase behav-
ior and morphology of polymer blends involving the
hydrogen bond formation. Figure 9 shows the 13C
CPMAS spectra of pure PVPh, PMMA, PVPh-co-PMMA,
PEO, and PVPh-co-PMMA/PEO blends of various com-
positions. The pure PVPh has six resonance peaks and
the hydroxyl-substituted carbon in the phenolic ring (C-
6) is at 153.2 ppm. Five peaks can be observed for pure
PMMA and the resonance peak at 177.0 ppm is from
the carbonyl carbon (C-10). The pure PEO should have
two bands corresponding to the methylene carbons (C-
12)27 in the crystalline phase at 72 ppm and the
amorphous phase at 70 ppm. All other peak assign-
ments are assigned in Figure 9 as shown in Figure 1.
Peak positions of these three resonance peaks for the
pure components and blends are listed in Table 4. The
variation in the observed chemical shift (1.33 ppm) of
the carbonyl carbon (C=0) between the pure PVPh-co-

Macromolecules, Vol. 34, No. 12, 2001

180 180
179 179
_—
X 1784 L] L 178
o
£
5 —_
= N £
~ - (=N
g 1774 J 177 g
c J/ L =
S £
1 K=l
g 1 G
o . @
2 40 . L4o 8
Z o £
k] @
‘. <
o AN
S ©
- o.
O - b -
g 2 - 20
iy -2 .
~2 e,
0 Lo
—
0.0 0.2 0.4 0.6 0.8 1.0
PEO Content (wi%)

Figure 10. Chemical shift and fraction of hydrogen bonding
of carbonyl groups vs PEO content.

PMMA and the pure PMMA indicates the existence of
a specific interaction between the PVPh and PMMA
segments. It is well-known that the hydrogen bonding
in polymer blends can affect the chemical environment
of the neighboring molecules, causing a chemical down-
field shift. Figure 10 shows the fraction of hydrogen
bonding of the carbonyl (Table 2) in FTIR and the
corresponding chemical shift in solid state NMR spectra
at room temperature vs PEO content. The chemical shift
and the fraction of hydrogen bonding of the carbonyl
exhibit the same decreasing trend as PEO content
increases. Evidently, the strength of the hydroxyl—ether
interassociation exceeds that of the hydroxyl—carbonyl
self-association. The dashed line is the predicted fraction
of hydrogen-bonded carbonyl groups at room tempera-
ture according to the Painter—Coleman association
model. The theoretical curve accurately predicts the
observed hydrogen-bonded carbonyl content at low PEO
contents, but deviation increases, due to the intramo-
lecular screening effect?® and the presence of a crystal-
line phase as PEO content in the blend increases.
The hydroxyl-substituted carbon in the phenolic ring
(C-6) of pure PVPh-co-PMMA is at 155.61 ppm. Com-
pared with the pure PVPh at 153.24 ppm, a downfield
shift of 2.37 ppm is observed, implying strong intramo-
lecular self-association between PVPh and PMMA seg-
ments in the pure PVPh-co-PMMA copolymer. Figure
11 shows the solid-state NMR chemical shift and the
FTIR wavenumbers of the hydroxyl group against the
PEO content. The chemical shift increases as PEO
content increases up to a maximum of 156.25 ppm for
the blend containing 60 wt % PEO and then decreases
gradually as the PEO content increases further. The
FTIR wavenumber decreases with increasing PEO
content and approaches a minimum at 3350 cm™1, also
for the blend containing 60 wt % PEO, and then
increases with further increase of the PEO content. It
is well-known that a downfield chemical shift (higher
chemical shift) in solid-state NMR and the wavenumber
shift to lower wavenumber in FTIR both indicate
stronger specific interactions between components. There-
fore, the solid-state NMR and FTIR results show the
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Figure 11. Chemical shift and wavenumber of the hydroxyl
groups at room temperature vs PEO content.

same trends over the entire compositions. The lower
chemical shift and higher wavenumber at higher PEO
content can be explained by the fact that these blend
systems possess a crystalline phase. Consequently, the
hydroxyl—ether interassociation tends to decrease be-
tween the PVPh and PEO segment due to reduced chain
mobility in the PEO crystalline phase.

IR spectra for these blends were measured at 150 °C
to support this claim. Measurements carried out at this
temperature, above the melting and glass transition
temperatures, can eliminate the effect from the PEO
crystallization. Therefore, the equilibrium condition is
reasonably attained at this temperature. Figure 12
shows the hydroxyl-stretching absorption region of the
pure PVPh-co-PMMA and various PVPh-co-PMMA/PEO
blends between 2700 and 4000 cm~!. The wavenumber
decreases with increasing PEO content for the entire
composition range. This result supports the claim that
the previous observed higher wavenumber and lower
chemical shift of blends containing higher PEO content
(Figure 11) are indeed caused by the presence of the
PEO crystalline phase with relatively lower chain
mobility. We will discuss the chain mobility by spin
lattice relaxation time in the rotating frame using solid-
state NMR in the next section.

Proton Spin Lattice Relaxation Time in the
Rotating Frame Analyses. The spin lattice relaxation
time in the rotating frame (71,5) was measured to
examine the homogeneity of PVPh-co-PMMA blends on
the molecular scale. The magnetization of resonance is
expected to decay according to the following exponential
function model given by eq 6, according to the spin
locking mode employed in this study, where T, is the

M, =M, expG-7/T; (H)U (6)

spin lattice relaxation time in the rotating frame. 7 is
the delay time used in the experiment and M, is the
corresponding resonance. T4, can be obtained from the
slope of In(M,/M,) vs t,
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Figure 12. FTIR spectra recorded at 150 °C at 2700 cm™1-
4000 cm™! region for various PVPh-co-PMMA/PEO blends: (a)
100/0; (b) 90/10; (c) 80/20; (d) 70/30; (e) 60/40; (f) 50/50; (g) 40/
60; (h) 30/70; (i) 20/50; () 10/90.

Table 5. T, Values of Pure PVPh and Various
PVPh-co-PMMA/PEO Blend Compositions

blend composition 115 ppm 70 ppm
pure PVPh 7.24
PVPh-co-PMMA/PEO
100/0 12.08
80/20 5.12 1.48
40/60 4.30 1.38
20/80 4.77 0.95 3.93
0/100 0.08 7.84

Table 5 summarizes those T4, values derived from
the binary exponential analysis, indicating that the
blend with high PVPh-co-PMMA content exhibits single
exponential. However, the biexponential decay gradu-
ally appears at higher PEO contents at 70 ppm. A
semicrystalline polymer will have two proton spin lattice
relaxations; the crystalline phase and the amorphous
phase, attributed to the long and short relaxation
components, respectively. According to Table 5, the
amorphous T, decreases with increasing PEO content
in the blend. Meanwhile, a high T,H value for PVPh-
co-PMMA/PEO = 80/20 blend, implies that the polymer
mobility is retarded reflecting the more rigid character
of the PVPh-co-PMMA. To the contrary, a decrease of
the T'1,H value in the PEO rich region is associated with
increased mobility of the amorphous PEO, related to the
reduction of the intermolecular hydrogen bonding
strength. An increasing amount of the long relaxation
component with increasing PEO suggests the existence
of a more crystalline PEO phase in the blend.

Table 5 also shows that both pure PVPh and PVPh-
co-PMMA/PEOQO blends exhibit only single-exponential
relaxation throughout all blends at 115 ppm, indicating
good miscibility and dynamic homogeneity in the PVPh-
co-PMMA phase. The maximum diffusive path length
L can be estimated using the approximate eq 7.29731 For
T, of 5 ms and a effective spin diffusion coefficient,
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L = (6DT)"? (7)

D, of 10716 m2 s~ 1, the dimensions of these PVPh-co-
PMMA/PEO blends are below 2—3 nm in the amorphous
phase. Interestingly, the T, has a minimum value for
the PVPh-co-PMMA = 40/60 blend showing that the
overall chain mobility is maximal at this composition.
This observation agrees with the earlier result concern-
ing hydroxyl group association obtained by FTIR and
solid-state NMR. In addition, all blends show shorter
T1,M than that of the pure PVPh-co-PMMA implying
that the PVPh-co-PMMA mobility also increases with
the increase of PEO content.

Stoichiometric Equations by Painter-Coleman
Association Model. In our previous study,?233 we
adopted the Painter—Coleman association model (PCAM)
to predict thermodynamic properties. However, all the
blends investigated in this study contain a self-associat-
ing polymer B and a nonself-associating polymer A,
which can interact with B. This PCAM model has been
modified to account for not only self-association equi-
librium in B but several other self-association equilibria,
all of which can be studied for the blends in this
study.?435 According to the PCAM model, we designate
B, C, and A as vinylphenol, methyl methacrylate, and
ethylene oxide units, respectively, and Kj, Kg, K¢, and
K, as their corresponding association equilibrium con-
stants.

K,
B, + B, —B, (8)
KB
B, +B,—B,,, (h =2) (9)
KC
B, +C,—B,C (10)
KA
B, +A, —B,A (11)

These four equilibrium constants can be expressed as
follows in terms of volume fractions

KD, Ko

o, = <I>31F2[1 L Ka®u ﬂ] 12)
N r'c

O, = Dy [1 + K, dp,T] (13)

By = D[l + Koyl (14)

where
K, K, 1 )
I'=1-5|++\——7F—7— (15)
! ( KB) KB((l — Kg®g,)

R
Kg|  Kp\(1 — Kydy,)?

dp, Pu, and D¢ are the volume fractions of repeat units
in the blend, ®g1, ®a1, and ®¢; are the volume fractions
of isolated units in the blend and ro = VA/Vp and r¢ =
V/Vp are the ratios of segmental molar volumes.

The self-association values of PVPh (Ko = 21.0 and
Ky = 66.8), the self-association between PVPh and
PMMA (K¢ = 67.4) and interassociation between PVPh
and PEO (K = 88.3) were determined by Coleman et
al.36:37 We did not adopt the interassociation equilibrium
(K¢ = 37.5) between pure PVPh and pure PMMA blend
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Table 6. Curve-Fitting Results of PVPh-co-PMMA/PEO =
60/40 Blend at Various Temperatures

free C=0 H-bonded C=0

temp v Wie Ar v Wie Ap b
°C) (em™) (em™) (%) (em™) (ecm™) (%) (%)

256 17283 18.71 7438 1703.7 22.12 25.62 18.66
50 17285 19.23 7454 1703.0 22.46 24.46 18.54
80 1728.8 19.33 73.56 1703.4 23.18 26.44 19.33
100 1728.9 19.32 72.61 1703.9 23.43 27.39 20.09
120 1729.2 19.06 70.19 1704.8 24.15 29.81 22.06
140 1729.4 19.32 69.34 1705.0 23.82 30.66 22.76
150 1729.6 19.37 68.20 1705.5 24.54 31.80 23.71
160 1729.7 19.42 67.45 1705.8 25.02 32.55 24.33
170 1729.7 19.56 66.93 1706.1 25.55 33.07 24.77

derived by Cesteros et al.?® due to the composition
heterogeneities in the hydrogen bonding polymer sys-
tem.3® Therefore, we used the equilibrium constant
previously reported by Coleman et al. for poly(vinylphe-
nol-co-ethyl methacrylate) (K¢ = 67.4). Table 3 presents
the corresponding values of the equilibrium constants
and segmental molar volumes. The fraction of hydrogen
bonding for a given blend composition can be calculated
from eqs 11—13, using

fup=1- =2 (a7

Therefore, the predicted fraction of hydrogen bonding
of carbonyl groups (dashed line) in Figure 11 can be
calculated numerically.

FTIR Analyses at Various Temperatures. Table
6 summarizes the quantitative analysis of the frac-
tion of the hydrogen bonding carbonyl groups from 25
to 170 °C for the PVPh-co-PMMA/PEO = 40/60 blend
which decreases from 25 to 50 °C, and then increase
with further increases of temperature. In general, the
fus®=0 decreases with increasing temperature as would
be expected. Initially, this observation seems counter-
intuitive. However, for a multicomponment hydrogen-
bonding system containing different competing acceptor
groups, different enthalpies from different hydrogen
bond formations can markedly affect the equilibrium
constant. The same phenomenon is observed in poly-
(vinylphenol-co-n-butyl methacrylate) and the styrene-
stat-23-gzinylpyridine blend system observed by Coleman
et al.

From the Van’t Hoff relationship shown in eq 18, we

__Ar
K=-pr+C (18)

can plot the values of the different equilibrium constants
as a function temperature from 25 to 200 °C, as shown
in Figure 13. Curves K and K¢ represents the competi-
tion of the hydroxyl—ether interassociation and hy-
droxyl—carbonyl self-association, respectively. The equi-
librium constants, Kx and K¢ change with temperature
at different rates. It can be found that Ky = K¢ at about
70 °C. This result implies that the equivalent numbers
of the hydroxyl—carbonyl association are favored be-
cause K¢ exceeds K above 70 °C. Therefore, the
observation that the fraction of hydrogen bonded car-
bonyl groups increases with increasing temperature can
be explained by the Painter—Coleman association model.

Conclusions

PVPh-co-PMMA and PEO are completely miscible in
an amorphous phase over the entire composition range.
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Figure 13. Equilibrium constant values as a function of
temperature from 25 to 200 °C.

A negative polymer—polymer interaction energy density
B was calculated from the melting depression of PEO,
using the Nishi—Wang equation and the single-expo-
nential decay of proton spin—lattice relaxation times in
the rotating frame (71,7 in amphorous PVPh-co-PMMA
phase, as can be observed with solid state NMR. The
Kwei equation can accurately predict Tgs from experi-
mental results due to the existence of hydrogen bonding
between PVPh-co-PMMA and PEO.

Both 13C solid-state NMR and FTIR were employed
to study the specific interaction at various compositions
and various inter and intramolecular hydrogen bonding.
The hydroxyl—ether association dominates at room
temperature but the hydroxyl—carbonyl association
dominates at higher temperatures (>70 °C). The
Painter—Coleman association model (PCAM) is able to
predict three interacting functional groups according to
our experimental results at various temperatures.
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