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Abstract

Polymer blends and complexes prepared from poly(methacrylic acid) (PMAA) and poly(4-vinylpyridine) (P4VPy) were investigated by
differential scanning calorimetry (DSC) and high-resolution solid-state *C nuclear magnetic resonance (NMR) spectroscopy. Complexes
were obtained from ethanol/water (1:1) solutions, whereas blends were cast from dimethylformamide (DMF) solutions. Each of the
complexes and blends showed one composition-dependent glass transition temperature (7,), indicating that both the complexes and the
blends are homogeneous on a scale of 10-30 nm. Furthermore, the T, value of a complex is much higher than that of a blend with the same
composition. Measurements of the proton spin—lattice relaxation time in the rotating frame, T;,(H), reveal that each of the complexes and
blends has one composition-dependent 7;,(H), indicating that both the complexes and the blends are homogeneous on a scale of 1-3 nm.
However, the calculated domain sizes of the complexes and blends are almost the same. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Two dissimilar polymers are likely to form a miscible
blend if they are capable of undergoing specific interactions
such as hydrogen-bonding or dipole—dipole interaction. The
miscibility of polymer blends is commonly ascertained
through the measurements of glass transition temperatures
(T,s) by differential scanning calorimetry (DSC). The
existence of a single composition-dependent 7, indicates
miscibility on a scale of about 10—30 nm [1,2]. Recently,
high-resolution solid-state '*C nuclear magnetic resonance
(NMR) spectroscopy has been used to study the scale of
miscibility in polymer blends [2,3]. Mirau and White [4,5]
used solid-state 2D HETCOR NMR to study intermolecular
interactions in several polymer blend systems. For example,
the spectrum of a 1:1 poly(methyl acrylate) (PMA)/poly(p-
vinylphenol) (PVPh) blend shows the presence of inter-
molecular carbon—proton dipolar interaction arising from
hydrogen-bonding interaction between the carbonyl carbon
of PMA and the hydroxyl hydrogen of PVPh. Ruhnau and
Veeman [6] used 'H/"*C/"“N triple resonance solid-state
NMR to study the miscibility of poly(methacrylic acid)
(PMAA)/poly(N-vinylimidazole) blends. The loss of "C
spin-echo intensity upon the irradiation of "N shows that
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most of the PMAA carbons are within 0.3 nm from the
imidazole ring, and thus, the two polymers mix intimately.
The domain size in a polymer blend can be estimated from
measurements of T,-, T;,-selective Goldman—Shen experi-
ment [7,8] and from measurements of spin—lattice relaxa-
tion times in the laboratory frame, 71(H), and in the rotating
frame, T),(H) [9-18]. The measurements are frequently
performed through the carbon spins. If the two polymer
chains in a blend mix intimately, spin-diffusion occurs
quickly among the chemically different components,
which equilibrates the magnetization, and so single values
of the T}(H) and T),(H) are obtained. If not, different 7'(H)
and T),(H) values are obtained for the carbons correspond-
ing to the different polymers. A single 7;(H) value indicates
mixing to a scale of about 20—30 nm, whereas a single
T,(H) value indicates mixing to a scale of about 1-3 nm.
As mentioned earlier, the formation of a miscible poly-
mer blend requires the presence of specific interactions
between the two polymers. When the polymer—polymer
interaction outweighs the polymer—solvent interaction, the
two polymers form precipitates upon mixing the two poly-
mer solutions, and the precipitates are commonly called a
complex [19]. Complex formation depends on the nature of
solvent used. If the solvent interacts strongly with the poly-
mers and thus prevents precipitation, the resulting material
obtained upon evaporation of the solvent is called a blend. It
is commonly observed that the T, value of a complex is
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higher than that of a miscible blend of the same system with
similar compositions [20—23]. While two polymers mix
randomly in a miscible blend, they are considered to pair
in a complex [24,25]. PMAA forms complexes with poly(4-
vinylpyridine) (P4VPy) [26,27]. Both Fourier transform
infrared spectroscopy (FTIR) and X-ray photoelectron spec-
troscopy (XPS) have shown that PMAA interacts with
P4VPy through hydrogen-bonding interactions [26,27]. In
this paper, we report a high-resolution solid-state NMR
study on the scale of mixing in the PMAA/P4VPy system.
Blends and complexes of PMAA/P4VPy are compared in
terms of the scale of mixing.

2. Experimental
2.1. Materials and sample preparation

PMAA and P4VPy with weight-average molecular
weights (M,,) of 400 and 200 kg mol ', respectively, were
obtained from Polysciences, Inc.

Various PMAA/P4VPy complexes were prepared as
follows. PMAA and P4VPy were separately dissolved in
ethanol/water (1:1) to form 3% (w/v) solutions. Appropriate
amounts of PMAA and P4VPy solutions were mixed and
precipitation occurred, and stirring was continued for 3 h.
The complex in the form of precipitate was then isolated by
centrifugation, followed by washing with the solvent three
times. The complex was dried in vacuo at 60°C for two
weeks. The dried complex was ground to fine powder, and
then, stored in a desiccator. The ratio of the amount of the
complex to the total amount of the two polymers in the
initial solutions gives the yield of complex. The bulk
compositions of the complexes were determined by nitrogen
analysis using a Perkin—Elmer 2400 elemental analyzer.
PMAA/P4VPy blends with the same compositions as
those of the complexes were then prepared by solution cast-
ing from DMF solutions. PMAA and P4VPy were sepa-
rately dissolved in DMF to form 3% (w/v) solutions.
Appropriate amounts of the DMF solutions of PMAA and
P4VPy solutions were mixed, and stirring was continued for
3 h. The solvent was then allowed to evaporate slowly at
room temperature for several days. The resulting blends
were finally dried in vacuo at 60°C for two weeks.

2.2. Differential scanning calorimetry

The T,s of various samples were measured with a TA
Instruments 2920 differential scanning calorimeter. The
scanning rate was 20°C min~'. The initial onset of the
change of slope in the DSC curve was taken as the 7.

2.3. NMR experiments

High-resolution solid-state '*C NMR experiments
were carried out on a Bruker DRX-400 MHz NMR
spectrometer operating at resonance frequencies of 400

and 100 MHz for 'H and “C, respectively. The high-
resolution solid-state '*C NMR spectra were obtained by
using the cross-polarization (CP) [28]/magic angle spin-
ning (MAS) [29]/high-power dipolar decoupling (DD)
[30] technique. A 90° pulse width of 2.75 us and a
contact time of 3 ms were used in °C CP/MAS experi-
ments. The MAS rate was 8 kHz for measurements of
both "*C spectra and relaxation time. The *C chemical
shift of the methine carbon of solid adamantane (29.5 ppm
relative to TMS) was used as an external reference standard.
The proton spin-—lattice relaxation times in the rotating
frame, 7',(H), were determined by spin-locking method
[31].

3. Results and discussion
3.1. Differential scanning calorimetry

The mixing of the ethanol/water (1:1) solutions of PMAA
and P4VPy led to immediate precipitation. Therefore, the
PMAA-P4VPy interaction is stronger than the PMAA—
solvent and the P4VPy—solvent interactions, leading to the
formation of insoluble polymer complexes. The main char-
acteristics of various complexes are given in Table 1. The yield
of complex depends on the feed composition, and reaches a
maximum when nearly stoichiometric amounts of PMAA and
P4VPy were mixed. The composition of the complex also
depends on the feed composition, as commonly observed in
other complex systems [22,23,27]. The T, values of the
complexes are even higher that those of PMAA and P4VPy.

The mixing of the DMF solutions of PMAA and P4VPy
did not lead to precipitation. The amide carbonyl groups of
DMF are able to compete with PAVPy for the interactions
with the carboxylic acid groups of PMAA, thus preventing
complex formation. Each of the DMF-cast blends also exhi-
bits a single 7,. However, the T, values of the blends are
substantially lower than those of the complexes with the
same compositions. It is generally believed that the pairwise
association between two different polymer chains in a
complex reduces segmental mobility, thus increasing its
T,. Nevertheless, the existence of a single 7, in each
complex or blend shows that the two polymers mix to a
scale of about 10-30 nm. The T,-composition curve for
PMAA/P4VPy blends as shown in Fig. 1 can be fitted by

Table 1
Characteristics of PMAA/P4VPy complexes

Complex number 1 2 3 4
Feed composition® 0.80 0.65 0.47 0.20
Bulk composition® 0.82 0.69 0.40 0.17
Bulk composition” 0.85 0.73 0.45 0.20
Yield of complex (%) 33 55 75 53

T, of complex (°C) 182 199 180 181

* Weight fraction of PMAA.
® Mole fraction of PMAA.



J.Z. Yi, S.H. Goh / Polymer 42 (2001) 9313-9316 9315

170

Il

1 L L 1 L
5?).0 0.2 0.4 0.6 0.8 1.0

Weight fraction of PMAA in blend

Fig. 1. Ty-composition curve of PMAA/P4VPy blends.

Kwei equation [32,33]
Tg(blend) = [(Wngl + szTg2)/(W1 + sz)] + qwiws

where k and ¢ are fitting constants. The curve in Fig. 1 was
drawn using k = 3 and g = 5.

3.2. CP/MAS 3C spectra

In addition to FTIR and XPS, evidence on interpolymer
interactions in polymer blends and complexes can also be
obtained from high-resolution solid-state '*C NMR as demon-
strated by changes in chemical shift and/or line shape. Hydro-
gen-bonding interactions between PMAA and poly(vinyl
alcohol) (PVA) in PMAA/PVA complexes cause an high-
field shift of about 3 ppm for the carboxyl carbon of

f
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Fig. 2. Part of *C CP/MAS spectra of PMAA, P4VPy and their complexes:

(a) PMAA; (b) P4VPy; (c) complex 1; (d) complex 2; (e) complex 3;
(f) complex 4.
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Fig. 3. Logarithmic plot of resonance of C=0 in PMAA vs delay time to
measure 7,(H). (a) PMAA; (b) complex 1; (c) complex 2; (d) complex 4;
(e) P4VPy. Lines (a)- (d) have been shifted down vertically for clearer
presentation.

PMAA [9]. The line shapes of the resonance peaks of pyri-
dine ring carbons of P4VPy show changes in miscible
P4VPy/cellulose and P4VPy/methylolcellulose blends, and
the development of a slight but perceptible shoulder could
be observed in the resonance peaks in some blends [10].

The "*C CP/MAS spectra in the low-field region of PMAA,
P4VPy and their complexes are shown in Fig. 2. The carboxyl
carbon peak of PMAA at 181.2 ppm shows a high-field shiftin
various complexes. The resonance peak around 150 ppm
originates from the two carbons adjacent to nitrogen and
also the pyridine ring carbon linked to the polymer main
chain, whereas the resonance peak around 120 ppm arises
from the other two pyridine ring carbons. A change in the
line shape of these two resonance peaks in the complexes is
noted although the development of a shoulder cannot be
clearly observed. The NMR spectra of the four blends
show essentially the same features as those of the complexes
and their spectra are not shown for brevity. Nevertheless,
the NMR spectra provide evidence of the existence of inter-
polymer interactions between PMAA and P4VPy.

3.3. Relaxation time T,,(H)

Although the existence of a single T, shows that the two
polymers mix to a scale of about 10—30 nm, it is worthwhile
to find out if PMAA and P4VPy mix to an even smaller scale
through measurements of 7;,(H). The T;,(H) values of the
blends and the complexes were measured through the
delayed-contact *C CP/MAS experiments. The T} o(H)
values were calculated from the following equation:

In(M,/My) = —/T} ,(H) (1)

where 7 is the spin-lock time used in the experiment, and M,
and M, are the intensity of peak at zero time and at 7,
respectively.
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Table 2
T,,(H) values of PMAA, P4VPy and PMAA/P4VPy complexes

Resonance line (ppm) T,,(H) (ms)

PMAA 85/15* 73/27% 45/55% 20/80* P4VPy
179.2 7.56 8.64 9.12 9.21 9.89
147.6 8.65 9.11 9.22 9.90 11.21
118.6 8.63 9.10 9.20 9.88 11.20

* Molar ratio of PMAA to P4VPy in the complex.

Table 3
Average T),(H) values and domain sizes for the PMAA/P4VPy system

Mole fraction of PMAA 1 085 073 045 02 O
T,(H) of complex (ms) 7.56 8.64 9.12 921 9.89 11.21
Ty,(H) of blend (ms) 7.82 856 9.03 9.57

Domain size of complex (nm) 1.51 1.61 1.65 1.66 172 184
Domain size of blend (nm) 1.51 153 1.60 1.65 1.69 1.84

Fig. 3 shows the plots of In(M /M) vs 7, for the carboxyl
carbon of PMAA and P4VPy/PMAA complexes and for the
pyridine carbon at 147.6 ppm for P4VPy. It is noted that the
experimental data were in good agreement with Eq. (1).
From the slope of the fitted line, the 7',(H) value was deter-
mined. Tables 2 and 3 list the results of the T',(H) values for
the PMAA/P4VPy complexes and blends.

A single composition-dependent 7' ,(H) was obtained for
each of the complexes and blends. Furthermore, the T;,(H)
values of the complexes and the blends are intermediate
between those of the two pure polymers, suggesting that
the blends and the complexes are homogeneous to a scale
where the spin-diffusion occurs within the time T;,(H). The
upper limit of the spin-diffusion path length L can be esti-
mated using the following equation [34]:

L = (6DT,,(H))"? )

where D is the effective spin-diffusion coefficient depending
on the average proton to proton distance as well as the
dipolar interaction. The typical value of D is 10~ ' m*s™".
Therefore, the upper limit of the domain size for the PMAA/
P4VPy system is estimated to be around 2 nm (Table 3). The
domain sizes of a blend and its corresponding blend are
nearly the same. Thus, there is no significant difference
between a blend and a complex in terms of the scale of
mixing based on NMR studies.

4. Conclusion

PMAA and P4VPy form complexes in ethanol/water (1:1)
solutions. The two polymers form miscible blends when cast
from DMF solutions. Each of the complexes and blends shows
a single T,. The T, of a complex is significantly higher than
that of a blend with the same composition. Changes in

chemical shift and line shape of the carbon resonance
peaks show the existence of interpolymer interactions.
Each of the complexes and blends also possesses a single
composition-dependent T;,(H), indicating that they are homo-
genous to a scale of 1-3 nm. The domain sizes of a blend
and a complex of the same composition are almost the same.

References

[1] Utracki LA. Polymer alloys and blends. Munich: Hanser, 1989.
[2] Guo M. Trends Polym Sci 1996;4:238.
[3] Takegoshi K. Annu Rep NMR Spectrosc 1995;30:97.
[4] Mirau PA, White JL. Magn Reson Chem 1994;32:S23.
[5] Mirau PA, White JL. Macromolecules 1994;27:1648.
[6] Ruhnau FC, Veeman WS. Macromolecules 1996;29:2916.
[7] Wang Y, Chen Q, Zhang X. Interfaces in polymer ceramics and metal
matrix composite. New York: Elsevier, 1988. p. 249.
[8] Tekely P, Canet D, Delpuech JJ. Mol Phys 1989;67:81.
[9] Zhang X, Takegoshi K, Hikichi K. Polymer 1992;33:718.
[10] Masson JF, Manley RStJ. Macromolecules 1991;24:5914.
[11] Miyoshi T, Takegoshi K, Hikichi K. Polymer 1996;37:11.
[12] Miyoshi T, Takegoshi K, Hikichi K. Polymer 1997;38:2315.
[13] Schantz S. Macromolecules 1997;30:1419.
[14] Lau C, Zheng S, Zhong Z, Mi Y. Macromolecules 1998;31:7291.
[15] Zheng S, Guo Q, Mi Y. J Polym Sci, Part B: Polym Phys 1999;
37:2412.
[16] Cheung MK, Wang J, Zheng S, Mi Y. Polymer 2000;41:1469.
[17] Wang J, Cheung MK, Mi Y. Polymer 2001;42:2077.
[18] Wang J, Chenug MK, Mi Y. Polymer 2001;42:3087.
[19] Jiang M, Li M, Xiang M, Zhou H. Adv Polym Sci 1999;146:121.
[20] Wang LF, Pearce EM, Kwei TK. J Polym Sci, Polym Phys Ed
1991;29:619.
[21] Dai J, Goh SH, Lee SY, Siow KS. Polym J 1994;26:905.
[22] Luo XF, Goh SH, Lee SY. Macromolecules 1997;30:4934.
[23] Liu'Y, Goh SH, Lee SY, Huan CHA. Macromolecules 1999; 32:1967.
[24] Jiang M, Qiu X, Qin W, Fei L. Macromolecules 1995;28:730.
[25] Qiu X, Jiang M. Polymer 1994;35:5084.
[26] Fujimori K, Trainor GT, Costigan MJ. J Polym Sci, Polym Chem Ed
1984;22:2479.
[27] Zhou X, Goh SH, Lee SY, Tan KL. Polymer 1998;39:3631.
[28] Pines A, Libby MG, Waugh JS. J Chem Phys 1973;59:569.
[29] Andrew R. In: Emsley JW, Feeney HF, Suticliffe LH, editors.
Progress in NMR spectroscopy, vol. 8. 1971. p. 1.
[30] Bloch F. Phys Rev 1958;111:841.
[31] Grobelny J, Rice DM, Karasz FE, MacKnight WJ. Macromolecules
1990;23:2139.
[32] Kwei TK. J Polym Sci, Polym Lett Ed 1984;22:307.
[33] Pennachia JR, Pearce EM, Kwei TK, Bulkin BJ, Chen JP. Macro-
molecules 1986;19:973.
[34] Douglass DC. In: Woodward AE, Bovey FA, editors. Polymer char-
acterization by ESR and NMR, ACS Symposium Series, 142.
Washington, DC: American Chemical Society, 1980. p. 147.



