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Solvent effects on the miscibility of PMMA/PVACc blends
Il. Using two-dimensional NMR method, NOESY
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Abstract

The influence of solvent on the miscibility of poly(methyl methacrylate)/poly(vinyl acetate), PMMA/PVAc, and the interpolymer inter-

actions responsible for their miscibility were investigated. 2D nuclear overhauser effect spectroscopy, NOESY, experiments were performed

with pure polymers and also with 50/50 blend. Under conditions of blend miscibility, chloroforni@ed4@ toluene at 3C, NOESY results

indicated the presence of two different types of intermolecular interactions between (i) methoxy protons of PMMA and methyne protons of

PVAc; (ii) methoxy protons of PMMA and methyl protons of PVAc. In immiscible conditions, in DMF and in benzene, bottCatofly

type (ii) interactions were detected. These results indicate that intermolecular interactions between the methoxy protons of PMMA and the
methyne protons of PVAc are responsible for the miscibility of the blends in chloroform and toluene. The interactions between the methoxy

protons of PMMA and the methyl protons of PVAc do not contribute to the miscibility of the blend and were explained as originating from
contacts of unlike polymers in the interpha®e1999 Elsevier Science Ltd. All rights reserved.

Keywords Solvent effects in the miscibility; Polymer blends; 2D NMR spectroscopy

1. Introduction was pointed out that interpolymer NOE becomes appreci-
able only when the polymer concentration is more than
The use of 2D NMR methods, like nuclear overhauser 25 wt.%. Above 40 wt.% concentration the interpolymer
effect spectroscopy (NOESY), in the investigation of speci- NOEs between the aromatic protons of PS and the methoxy
fic interpolymer interactions is of great fundamental interest protons of PVME, which indicate the existence of intermo-
[1,2]. Specifically, the utilisation of NOESY in the investi- lecular specific interactions, are the same magnitude as
gation of the miscibility of polymers has gained importance intrapolymer NOEs. Crowther et al. [6] also used NOEs
because this technique allows, in principle, examination of experiments to examine the solvent dependent compatibility
polymer—polymer interactions in detail [3,4]. In solution, of the PS/PVME blends in concentrated solutions. Since
dipole—dipole interactions, which is proportional to the interpolymer cross-relaxation was observed in toluene solu-
inverse sixth power of the interproton distance;’1give tion, they concluded that the polymers were intimately
rise to transient NOE [5]. Specific interactions may be mixed. However, no intermolecular NOE was observed
detected by use of thtH NOESY if the interacting groups  for the opaque (separated phase) blend in chloroform solu-
are ca. 5 Afrom each other or less [5]. tion. Zhang et al. [10] showed that even in a phase separated
In comparison with the solid state, the NOESY technique solution, NOEs between PMA and PVPh appear. Thus,
in solution presents several advantages. One advantage i®IMR is an appropriate technique for examining miscibility
the fact that the resonance is narrower than in the solid stateat the molecular level in solution and may be applied to
due to high chain mobility, which enables to investigate investigate the influence of solvent on the miscibility
specific interactions [6—9]. between polymers in a blend.
Mirau et al. [7,8] and Crowther et al. [6] applied NOE From the DSC and FTIR data, as reported by Song et al.
experiments to PS/PVME blends in concentrated solution. It [11], and the viscometric and DSC results, reported in the
preceding article of this series [12], it was concluded that the
*Corresponding _author. Temporary addrgss up to October 1999: Bte 48, 6, \S/\c/);lveennt);)rlzlljr?en(;:ii t;ies ,::1 Isci‘lrg:;:ycﬁlfof(')\]{lg/rlﬁ/il\llnﬁg ::))]!eSnOd/Zb
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Fig. 1. H spectrum of: (A) PMMA at 1% (w/v), (B) PVAc at 1% (w/v); and (C) 50/50 PMMA/PVAc blend at 3% (w/v), obtained in €&@1@’C. The letters
(a)—(f) indicate the protons as in Fig. 5. X and O indicate the peaks©fathd TMS, respectively.
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Fig. 2.'H spectrum of: (A) PMMA at 1% (w/v); (B) PVAc at 1% (w/v); and (C) 50/50 PMMA/PVAc blend at 3% (w/v), obtained in tolugaeaf’C. The
letters (a)—(f) indicate the protons as in Fig. 5. X and O indicate the peakg®aHd TMS, respectively andindicate the solvent peaks.
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Fig. 3.'H spectrum of: (A) PMMA at 1% (w/v); (B) PVAc at 1% (w/v); and (C) 50/50 PMMA/PVAc blend at 3% (w/v), obtained in Djit-d0C. The
letters (a)—(f) indicate the protons as in Fig. 5. X indicate the peaks©fahd” indicates the solvent peaks.
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Fig. 4. H spectrum of: (A) PMMA at 1% (w/v); (B) PVAc at 1% (w/v); and (C) 50/50 PMMA/PVAc blend at 3% (w/v), obtained in benzexiet@C. The
letters (a)—(f) indicate the protons as in Fig. 5. X and O indicate the peakg®ahd TMS, respectively.



936 E.G. Crispim et al. / Polymer 41 (2000) 933-945

() () Table 2
@ CHs @ H Chemical shifts of protons of PMMA and PVAc, determined in DMF-d
%CHZA‘% CHZ—é—>y and benzenegdn 1 wt.%
o//é\ ’ o:c/‘5 n H 8 (ppm)
H, \CH3 DMF-d, Benzeno-¢
o
© (a) 1.87; 1.94; 2.01; 2.08 2.07; 2.16; 2.20; 2.25
PMMA PVAc (b) 0.88; 1.05; 1.26 1.26; 1.33; 1.46
(©) 3.64 3.36; 3.44
Fig. 5. Structures representing the various protons in the PMMA and PVAc (d) 1.85;1.86 1.75;1.81;1.82
polymers. (e) 4.90; 4.92; 4.94 5.16; 5.21
® 1.97; 1.98; 1.99; 2.00; 2.01; 2.04 1.87;1.89;1.91; 1.92

involving polymer-A/solvent/polymer-B were detected by
viscometry measurements. When obtained by casting fromobtained from solutions at 1 wt.% for pure polymers and at
DMF, the films were opalescent and repulsive interactions 3 wt.% for 50/50 PMMA/PVAc blend in CDGI99D%
of unlike polymer coils seem to exist. In toluene, an inter- (Aldrich), benzene-g 99D% (Aldrich), DMF-d 99.5D%
mediate situation was observed [12]; films of the blend (Aldrich) and toluene-g199.5D% (Aldrich). Phase sensitive
showed transparency when cast at@@nd opalescence 2D NOESY experiments were performed from solution at
when cast at 5. Based on these observations and on the 30 wt.% for pure polymers and at 40 wt.% for 50/50
viscometry results, it was suggested that attractive inter- PMMA/PVAc blend in CDC}, benzene-g DMF-d; and
actions prevail in toluene at 3D but not at 50C, whose toluene-g. The temperature was maintained at@0except
viscometric properties of the system are closely similar to for the NOESY spectra obtained in toluengfatl which the
those presented in DMF. Thus, it was suggested [12] that in temperature was maintained af@0The (90—-t,—90—7,,,—
toluene at 58C, each component would exist in their own 90°—acquire) pulse sequence, according to the States et al.
coils. [13] method, was used. For each experiment, 256 1K
This article reports results about the influence of the complex spectra were acquired at several mixing times
solvent on the miscibility of PMMA/PVAc blends using ranging from 25 to 750 ms. After zero filling in thedimen-
NOESY, 2D NMR spectroscopy. The purpose of the present sion, the final data matrix size was XK (real points).
study is to correlate the miscibility of PMMA/PVACc blends Apodization was used in both dimensions. The delay
in different solvents, studied by DSC and viscometry [12], between acquisitions was 5 s.
and the specific interactions between the polymers in solu-
tion, characterised by NOESY. These techniques are impor-
tant and there is a little of study concerning this comparison. 3. Results and discussion

3.1.'H NMR measurements

2. Experimental .
Xper In Figs. 1-4 the'H NMR spectra, at 300 MHz, of pure

Poly(methyl methacrylate), PMMA (Aldrich 18,224-9, Polymers (PVAc and PMMA) and their 50/50 blend in
M, =105.0 kg molY) and poly(vinyl acetate), PvAc CPChk (Fig. 1), toluene-g(Fig. 2), DMF-¢ (Fig. 3) and
(Aldrich, 18,949-9, M, =83.0; M,=73.4, both in benzene-gl(Fig. 4) are shown. Peaks of different protons,
kg mol"l) were used witvrwut prié)r pL\Jlrificatioh. according to the scheme of Fig. 5, are assigned in the spectra

All NMR measurements were performed at 300 MHz on of the pure polymers. In Tables 1 and 2 the chemical shifts

a Varian spectrometer, model Gemini 2089 spectra were of each kind of proton as presented in the spectra of Figs.
1-4 are summarised. The existence of characteristic chemi-

Table 1 cal shifts of different configurations of methyl protdmand

Chemical shifts of protons of PMMA and PVAc, determined in CPatid methylene protona of PMMA, can be observed in the

toluene-g in 1 wt.% different solvents. They were attributed to the presence of

1 5 (ppm) triads of several tacticity [14]. Except in toluene, a splitting

in the signals of methyl protorfsof PVAc can be observed.

CDCly Toluene-¢ A splitting of methylene protonsl, also of PVAc was

@ 1.82: 1.90: 1.94: 1.96 2.04: 2.11: 2.17 observed in the four solvents. 'I_'h|s behaviour, a_lccordlng

(b) 0.86: 1.03; 1.22 0.88: 1.05; 1.26 to the Ramey et al. [15] and Fugiwara et al. [16], is due to

(c) 3.60 3.37;3.46 the presence of triads of different tacticity. In CR@hd in

(d) 1.76; 1.83 1.72;1.74;1.79 DMF-d;, the methylene protores of PMMA, and protong,

(e) 4.87 5.12;5.15 - . .

) 1.99: 2.01: 2.03 Loo of PVAc, show very similar chemical shifts and, thus, peak

overlapping is observed in the blend spectrum. In toluene
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Fig. 6. 'H NOESY spectrum of the 50/50 PMMA/PVAc obtained in CBGIt 40% (w/v), at 4€C.

and benzene these peaks are not so close and overlapping ifhis is probably due to anisotropy effects of solvent [14]. In
the blend spectra is not observed. The unambiguous assignthe CDC} and DMF-¢ spectra the signal of the methoxy
ment of signals referring to methylene prot@sf PMMA, protonsc, of PMMA, appear as only one singlet.

in toluene, was hampered due to overlap with the signal of

the residual methyl protons of the solvent. As will be shown 3 5 op NOESY experiments

later, these signals were suppressed in the NOESY spectrum

due, mainly, to the high concentration of the blend solutions.  Two-dimensional experiments were performed in

However, in DMF the methylene protoasof PMMA, and concentrated solutions to determine the intermolecular
methylene and methyl protondandf, both of PVAc, over- interactions that accompany the formation of a compatible
lap in the spectrum of the blend. blend. These measurements were also expected to confirm

The spectra obtained in benzengqtesented a close the solvent dependent compatibility of the 50/50 PMMA/
similarity to the ones in toluene, where a splitting in the PVAc blend that was observed previously [12]. PMMA/
peaks of methoxy protons of PMMA, can be observed. PVAc (50/50) blends were studied in four different solvents
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Fig. 7. 'H NOESY spectrum of the 50/50 PMMA/PVAc obtained in toluepead 40% (w/v), at 36C.

at 40 wt.% in: (i) CDC}, at 40C, and toluene] at 30C, PMMA. A weaker intermolecular NOE cross peak can also
where homogeneous solutions were obtained; (i) DMF-d be observed between the methyne protensf PVAc, and
and benzeneg both at 40C, where heterogeneous solu- the methoxy protons, of PMMA. The intra-molecular

tions (phase separated) were observed. interactions could be easily attributed since appear in the
In Figs. 6 and 7 the NOESY spectra from the homo- NOESY spectra of the pure polymers (see Appendix A).
geneous solution systems, CRQ@nd toluene-g obtained In Figs. 8 and 9 the NOESY spectra of immiscible solu-

at mixing time 750ms, are presented. Cross peaks,tions system obtained in DMFdand in benzenegdat
representing both intra- and intermolecular exchange of mixing time 750 ms, are presented. There, intra-molecular
magnetisation during mixing time, can be observed. The cross peaks not only appeared but also intermolecular ones
lower portion of the 2D spectra traces out the connectivities between the methyl protorfs of PVAc, and the methoxy
due to the intra-molecular interactions. The upper dashedprotonsc, of PMMA. As in the case of the spectra in CQCI
traces of diagonal show the intermolecular cross peaks.and in toluene-g connectivities for the intra-molecular
There appear intermolecular NOE cross peaks between thanteractions are showed in the bottom portion of spectra
methyl protond, of PVAc, and the methoxy protores of and the upper dashed traces show the intermolecular cross
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Fig. 8.'H NOESY spectrum of the 50/50 PMMA/PVAc obtained in DMF-dt 40% (w/v), at 4¢C.

peaks. There is a possibility that the intermolecular cross signals the cross peak relative to the intermolecular inter-
peak betweehandc protons to be raised by the intra-mole- action between methyl protords of PVAc, and methoxy
cular cross peak betweenandc protons, of PMMA. This protonsc, of PMMA can be observed. It is suggest that in
occurs because overlapping between protioraf PVAc, the NOESY spectra of blend obtained in CQGbluene-d
and protonsa, of PMMA. As shown in spectrum of the and in DMF-d, the overlapping may have caused, at
Fig. 4, in benzenegthe methyl protonsf, of PVAc, do maximum, a raising in the signal of tli& cross peak.

not overlap the methylene protona, of PMMA. Three The NOESY results indicate that the intermolecular
different cross peaks involved the methoxy protansf correlation between the methyne protansf PVAc, and
PMMA may be observed in the NOESY spectrum presented the methoxy protonsc, of PMMA, is an interaction

in Fig. 9, obtained in benzeng-d'wo of them are related to  responsible for the miscibility of PMMA/PVAc blends in
the intra-molecular interaction referring to the interactions CDCl;z and in toluene at 3C€. The proximity of the methyne
betweena and c and also betweern andb protons, all of protonse, of PVAc, and the methoxy protorts of PMMA,
PMMA. In the same region, but just among the a/c and a/b therefore, suggests interpolymer hydrogen bonding.
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Takegoshi et al. [9] applied NOE experiments to investigate NOE cross peak could be resultant from the exchange of
the miscibility and inter-polymer interactions in poly- magnetisation between spins in the same chain [18,19],
(methyl acrylate) and poly(vinyl acetate), PMA/PVAc, causingthe NOESY to be less useful to detect specific inter-
film blends obtained by casting from acetone solution. actions. Variation of the mixing time is indispensable to
Their PMA/PVAc system is very similar to our PMMA/  minimise such effects and thus, to do an unambiguous inter-
PVACc blend system. An intermolecular NOE between the pretation and in particular for a quantitative analysis of the
methyne proton®, of PVAc, and the methoxy protons of NOESY spectra [17]. If cross peak is mainly due to spin
PMA was observed by those researches. This suggests thadiffusion, the respective signal will not be detected at short
such specific interactions be probably due to hydrogen mixing times. Then short mixing times are of most direct
bonding interactions. interest [17].

The motional properties of molecules may affect the cross In Fig. 10 the dependence of relative area of NOESY
peak intensities of NOESY [17]. If molecules have high cross peaks between metoxy protoes,of PMMA and
mobility, spin diffusion becomes rapid and intermolecular methyne protonsg, of PVAc, as a function of mixing



E.G. Crispim et al. / Polymer 41 (2000) 933-945 941

15 at ambient temperature, are more compatible than those
from benzene solutions. They pointed out that in toluene
solutions specific interactions seem to induce smaller sizes
of domains which results in a higher compatibility level than
in benzene solutions. Schenk showed that films prepared by
casting from toluene at ambient temperature have domains
so small that the films are transparent to the eye. By using X-
ray scattering measurements, Schenk et al. [20] detected
domains in PMMA/PVACc (opalescent) films whose dimen-
coal sions could be larger than 100 nm when the films are
Area=0.0883exp“m”“'3 obtained by casting from benzene. But when cast from

101

Toluene-d, .
54 Area=1.27 exp™'*"

RELATIVE AREA
°

0 , —— e toluene, the films are transparent and the domains lie in
0 200 400 600 800 the 10—20 nm range.
MIXING TIME / ms From the results observed in this work can be inferred that

Fig. 10. Relative area of cross-peak of methoxy proigrsf PMMA and in toluene solutions there are analogous intermolegular
methyne protons, of PVAc as function of mixing time for 50/50 PMMA/  contacts as observed by Schenk et al. [20]. These inter-
PVAc blend in CDC} at 40C and toluene-glat 30C. molecular contacts may be detected by viscometry
[21,22], as discussed previously [12]. The specific respon-
time is presented for 50/50 PMMA/PVAc blend in CCI  sible interactions for these contacts may be characterised by

and toluene-gl The areas of cross peakf were normal- the NOESY technique.

ised in relation to the area of methyne protensf PVAC. The results presented in this article are very consistent
The normalised area @c cross peak grow exponentially  with the results obtained by viscometry and DSC presented
with the mixing time in toluenedas well as in CDGl In in the preceding article of this series [12]. In these two

short mixing times the intensity of cross peak is almost the articles, the miscibility of the 50/50 PMMA/PVAc blend
same in both solvents but at long mixing times the intensity was investigated in three different concentration conditions:
in toluene is higher. The results presented in Fig. 10 indicate in dilute solution, by viscometry; in concentrated solution,
that the cross-peaks, observed in miscible conditions, areby NOESY; and in the solid state, by DSC. There is a
time-dependent effects, because its intensities increasegorrelation between the viscometry and 2D NOE results,
with the mixing time. The results also indicates that the both in solution, despite the difference in the concentration:
cross-peaks are not only due to the spin diffusion but may in chloroform the blend is miscible, in DMF immiscible,
be properly connected to a close association process becausand miscibility in toluene depends on the temperature.
the cross-peaks were detected in a large range of mixingThese results are also consistent with the DSC results,
times. In the same way we observed in our experiments despite the difference of physical state. By our knowledge
that the intensity cross peak relative to the interaction the comparison between NOESY and viscometry results is
between protong, of PVAc and protons, of PMMA (or no already mentioned on the literature. By viscometry, the
f/c) could not be detected in short mixing times. Only at presence of interactions in dilute solutions of PMMA/
mixing times higher than 250 ms the cross peaks betweenPVAc, in toluene and in chloroform, was detected. By
f andc protons could be visualised, but their intensity were NOESY these interactions were characterised and it was
always smaller than cross peak betweeande protons. concluded that not all contribute to the miscibility.

In this work the intermolecular interaction between the
methyl protond, of PVAc, and the methoxy protore of
PMMA was observed in NOESY spectra of the four 4. Conclusions
solvents studied, i.e. at miscible and also at immiscible
conditions. This result indicates that these interactions do We used NOESY experiments to investigate the inter-
not contribute to the miscibility of the PMMA/PVAc 50/50 molecular interactions in the 50/50 PMMA/PVAc blend in
blend in CDC} and in toluene-gl The existence of those several solvents. Under miscible conditions, chloroform at
interactions at the immiscible condition, in DMF and in 40°C and toluene at 3C, the results indicate the presence
benzene, could be explained as originating from intermole- of two different types of intermolecular interactions: (i)
cular contacts in the interphase region. between the methoxy protons of PMMA and the methyne

Blends of PMMA/PVAc were studied by Schenk et al. protons of PVAc; and (ii) between the methoxy protons of
[20] using NMR solid state, in cast films from benzene or PMMA and the methyl protons of PVAc. Under immiscible
toluene. Intermolecular interactions were observed in castconditions (DMF and benzene, both at°@) only inter-
films from benzene although the films were inhomogeneous. molecular interactions type (ii) were detected. These results
They suggested that interactions could have originated fromindicated that the intermolecular interactions of type (i) are
the interphase regions. In contrast, these authors alsoresponsible for the miscibility of the blend in chloroform
observed that the blends prepared from toluene solutions,and toluene, at 3C. The interactions of type (ii) did not
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contribute to the miscibility of the blend and were explained Fujiwara (IQ-UNICAMP, Campinas, Brazil) for grammati-
as originating in the interphase by contacts of unlike cal revision of, and comments on, the manuscript. E.G.C. is
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