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ABSTRACT: Blends of poly(methy1 methacrylate) (PMMA) with poly(viny1idene fluoride) (PVF,) are 
studied by fluorine-enhanced 13C solid-state nuclear magnetic resonance, while spinning at the magic angle 
(19F--13C CPMAS NMR). Data were acquired under simultaneous proton and fluorine dipolar decoupling. 
From these experiments it can be concluded that PMMAJPVF, blends with weight ratios 80120, 60140, 
40160, and 20180 are mixed at the molecular level. The average distance between PMMA C=O and OCH, 
carbons and PVF, fluorines in all blends is found to be between 2.6 and 3.1 A. 

Introduction 

Mixing of different polymers has revealed a new realm 
of technically important materials, whose properties can 
be altered by varying the composition of the polymer 
blends. Although a large number of combinations of poly- 
mers are possible, there are relatively few that lead to a 
totally miscible system. A blend of two components 1 
and 2 is classified miscible thermodynamically if the Gibbs 
free energy of mixing AG < 0 and [62G/6922]Ts > 0 (a2 
is the volume fraction of component 2). Experimental 
evidence of miscibility is often found when a single and 
sharp glass transition temperature is observed at  a tem- 
perature in between the T i s  of the individual compo- 
nents. Differential scanning calorimetry (DSC), dynamic 
mechanical relaxation, dilatometry, and dielectric relax- 
ation measurements are common techniques used for the 
determination of Tg.l 

The calorimetric techniques, however, do not give infor- 
mation about mixing on the molecular scale. When the 
domain sizes are 150 8, or smaller, it is believed that a 
single glass transition temperature2 will be observed. The 
gap between domain sizes on the order of 150 8, and truly 
intimate mixing on the molecular scale is quite large. Flu- 
orescence spectroscopy and solid-state NMR are tech- 
niques with which this gap can be bridged. For some 
polymer blends known to be “miscible” and showing one 
single T,, fluorescence spectroscopy and solid-state NMR 
have detected differences in miscibility on a molecular 
scale. 

The fluorescence technique, nonradiative energy trans- 
fer (NRET)? has been applied to polymer blends by Albert 
et  al.4 In this method the two polymers composing the 
blend are labeled with a donor and an acceptor. The 
efficiency of the energy transfer from donor to acceptor 
depends on the distance r4. Mixing appeared to be more 
intimate in the poly(methy1 methacrylate) (PMMA)/ 
poly(viny1 chloride) (PVC) blend than in the PVC/styrene- 
acrylonitrile (SAN) blend4 although both blends show 
one single Tg. The energy transfer in the NRET tech- 
nique is believed to be efficient a t  distances up to 2 nm. 

Various solid-state NMR techniques have been applied 
to probe the domain size and intimacy of mixing in poly- 
mer-polymer systems. Proton T,,’s of a multicompo- 
nent system are strongly dependent on the short-range 
spatial proximity of the various  component^.^ Averag- 

ing of proton T,,’s in a blend by spin diffusion therefore 
indicates intimate mixing of the components. For this 
technique no specific labeling of the blend components 
is required. For the above mentioned PMMA/PVC blend 
T I P  measurements showed that heterogeneity exists on 
a scale of 2.5 nm,6 in agreement with the NRET data. 
Stejskal e t  al. found the same ‘H T,,’s for poly(phe- 
nylene oxide) (PPO) homopolymer as in the PPO/poly(p- 
chlorostyrene) blend, indicative of the absence of any sig- 
nificant interchain m i ~ i n g . ~  For the  75/25 PPO/  
poly(styrene) (PS) blend Tip's lying in between the values 
of the homopolymers are strong evidence for intimate 
mixing, although a very small fraction of isolated PS was 
also found for this blend composition. Methyl substitu- 
tion of polystyrene in this blend influences miscibility 
m a r k e d l ~ . ~  The poly(4-methylstyrene)/PPO blend shows 
homogeneity for the blends having a low PPO content. 
Two different Tip's, indicating phase separation of com- 
ponent macromolecules at  scales in excess of 3 nm, are 
found for the PPO-rich blends as well as for all the poly(2- 
methylstyrene)/PPO blends. Heterogeneity on a scale 
of 2 nm was found for the PMMA/SAN blend.8 

Spin diffusion measurements have been used to inves- 
tigate miscibility in the range 0.5-10 nm.*13 The spin 
diffusion technique used by Caravatti et al. in their study 
of the poly(viny1 methyl ether) (PVME)/PS blend revealed 
quantitative information about the mixing process.l”12 
This blend is known to be immiscible when it is obtained 
from a chloroform solution and miscible when cast from 
a toluene solution. For the latter blend (PS/PVME 59/ 
41) a mixed phase containing 79% of the total polymer 
mass was found, consisting of 64 wt % PS and 36 wt % 
PVME. Linder e t  al. used carbon-carbon interchain spin 
diffusion to study a ‘,C-enriched bisphenol A poly- 
carbonate/poly(ethylene terephthalate) (PET) blend.13 
The interchain distance can be distilled from the rate of 
this process, and distances as small as 5 8, were found 
for this blend. 

Recently NMR studies of blends in concentrated solu- 
tion, using 2D NOE, revealed that the ultimate miscibil- 
ity behavior of a blend starts to develop in concentrated 
solutions of these blends.14’15 

Another solid-state NMR technique, polarization trans- 
fer from protons of one component to carbons of another, 
deuterated component in a blend, has proved useful, since 
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this polarization transfer has an r* dependence, which 
limits effective polarization transfer to distances up to 5 
A. Again for the PVMEIdeuterated-PS blend effective 
cross-polarization was observed, whereas no16 or very lit- 
tle" polarization transfer was found for the PMMA/ 
deuterated-PS blend. 

I t  is now well established that PMMA and poly(viny1i- 
dene fluoride) (PVF,) are completely m i s ~ i b l e l ~ , ~ ~  over 
the entire composition range in the molten state below 
the lower critical solution temperature (LCST) a t  N 350 
OC.,' The Flory-Huggins interaction parameter x has 
been reported to be about -0.3,19v21*22 which is one of the 
most negative values reported in literature. This indi- 
cates strong interactions between the components of the 
blend, which leads to the observed miscibility. In an FT- 
IR study of this blend a shift of the ester carbonyl absorp- 
tion of PMMA was observed.23 Furthermore, evidence 
has been presented that strong hydrogen bonding exists 
between the carbonyl and the two a-protons of PVF,. 

PVF, is partially crystalline; it can exist in a variety 
of crystalline forms, which are referred to as a, P,  y, and 
a  modification^.^^ This crystallization interferes at higher 
PVF, content with the formation of a miscible, single, 
amorphous phase. Depending on the method of blend 
preparation, the amount, and also the crystal form, of 
the crystallites can be influenced. X-ray investigations 
and dielectric relaxation studies by Hahn et al.25 revealed 
that, in the case PVF, crystallizes in the blend, a three- 
phase system is formed, consisting of PVF, crystallites, 
an amorphous PVF, interphase, and a miscible amor- 
phous PMMAIPVF, phase. 

The PMMAIPVF, blend has also been studied in the 
past by using various solid-state NMR techniq~es.,~-~O 
The results obtained in these studies are very depen- 
dent on blend preparation. Douglass and McBrierty26 
measured cross-relaxation effects between 'H and 19F by 
transient Overhauser effects on blends that contained a 
crystalline PVF, phase. They concluded that at least 
20% of the amorphous PVF, in the PMMAIPVF, 401 
60 blend "sees" PMMA molecules a t  nearest-neighbor dis- 
tances. Lin and Ward observed intensity attenuations 
of the PMMA carbon signals due to strong intermolecu- 
lar dipolar interactions between the fluorines in PVF, 
and the carbons in PMMA,27*2s which indicates intimate 
mixing. Grinsted and Koenig recently used 'H-13C cross- 
polarization with variable contact times to show the impor- 
tance of aging for this blend.30 

In this study on blends of poly(methy1 methacrylate) 
(PMMA) with poly(viny1idene fluoride) (PVF,) we inves- 
tigated the polarization transfer from fluorine nuclei of 
PVF, to the carbons of PMMA. Carbon spectra were 
recorded under simultaneous proton and fluorine high- 
power decoupling. The use of fluorine-carbon cross-po- 
larization NMR to study polymer blends has an advan- 
tage over proton-carbon cross-polarization NMRl67l7 in 
that no deuterated blends have to be used, whose ther- 
modynamical behavior is different from that of proto- 
nated ones.' We also avoid problems arising from incom- 
plete deuteration of a component. Furthermore the inter- 
pretation is straightforward in the sense that only 13C 
signal from the PMMA can be observed if a sufficient 
number of PVF, chains are in the neighborhood of PMMA 
chains. 
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Experimental Section 
Experiments were performed on a Bruker CXP-300 spec- 

trometer, operating a t  300.1, 282.2, and 75.4 MHz for lH, l9F, 
and 13C NMR, respectively. The pulse scheme is depicted in 
Figure 1. A i r /2  pulse a t  the "F frequency is applied prior to 
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Figure 1. 19F-13C cross-polarization sequence with 'H and "F 
dipolar decoupling during data acquisition. 

Table I 
Glass Transition Temperatures (T,) Determined for the 

Weight Ratios Studied by DSC 

PMMAIPVF, T., K PMMAJPVF, T,. K 
100/0 379 40160 323.5 
80/20 362.5 20/80 321" 
60140 341 0/100 243 

a A weak transition was found at 241.5 K due to an amorphous 
PVF, phase. 

a spin lock on "F and 13C of variable duration 7. The free 
induction decay of the carbon magnetization was then moni- 
tored under simultaneous high-power proton and fluorine decou- 
pling. The experiment was performed with spin tem erature 

polarization. 
We used a standard Bruker double-bearing MAS probe. Spin- 

ning rates were between 4.5 and 5 kHz. In order to  triple tune 
the coil we followed an approach quite similar to that described 
by Kendrick and Y a n n ~ n i . ~ ,  First we tuned the probe a t  290 
MHz. Between the 'H input of the probe and the transmitter 
cable we connected a stripline filter, also tuned a t  290 M H z . ~ ~  
By intentionally overcoupling the resonant circuits of the filter 
and the probe, the initial resonance is split in two and one obtains 
a circuit that  can be tuned and matched to coincide with both 
the fluorine and the proton frequencies. A proton high-power 
rf (radio frequency) was generated by the standard Bruker high- 
power CXP amplifier, while for the fluorine power an addi- 
tional MSL 300 amplifier was used. Both frequencies were routed 
to the probe by means of an EN1 PMD80-2 combiner, result- 
ing in a 3 dB attenuation of both rf powers. With this setup 
we were able to achieve rf fields of 40 kHz on protons and 65 
kHz on fluorines. 

The PMMA used was PMMA 6N from Rohm GMBH (Darm- 
stadt, FRG). This polymer contains 10% methyl acrylate groups. 
Its average molecular weight Mw, determined with GPC rela- 
tive to  polystyrene standards, was 100 000 g/mol. The T of 
the material was 379 K (DSC, heating rate 20 OC/min). $he 
PVF, used was Kynar homopolymer grade 401 with an average 
molecular weight Mw of 530 000 g/mol and a Tg of 243 K. Blends 
were prepared via coprecipitation and subsequent compression 
molding, as described by Roerdink and Challae2, A certain com- 
position ratio of the blend, 7.5 g, was dissolved in 250 g of DMF 
(Merck). The solution was added dropwise to 3 L of water. 
The precipitated mixture was filtered off and dried at  high vac- 
uum for 6 days a t  50 "C and for several hours a t  160 "C to 
remove the last traces of solvent. The dried mixture was then 
molded in a press a t  200 "C prior to quenching from the melt 
in liquid nitrogen. 

Table I summarizes the T i s  for different weight ratios of 
the blend and their starting materials. One single T was found 
for all compositions, except for the PMMA/PVF, 26/80 blend, 
which is in agreement with literature data. ATR FTIR revealed 
that the PMMA/PVF, 20/80 blend contained some PVF, crys- 
tals, the a as well as the (3 modification. As mentioned in the 

alteration31 to cancel the signal that  is not due to I9F-' F C cross- 
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Figure 2. Ma ic angle 13C NMR spectra of (a) PVF,, cross- 
polarized from 99F with 'H and 19F high-power decoupling, and 
(b) PMMA, cross-polarized from 'H with 'H dipolar decou- 
pling. The resonances are assigned as follows. For PVF,: 120 
ppm, CF,; 43 ppm, CH,. For PMMA: 176 ppm, C=O; 50 ppm, 
OCH,; 43 ppm, quaternary C; 15 ppm, CH ; the CH, resonance 
appears as a shoulder on the left side of t i e  OCH, resonance. 

Introduction, PVF, crystals are surrounded by an amorphous 
PVF, interphase, with a thickness of about 2 nm1.25 

Results 
Figure 2 shows the 13C NMR spectra of PMMA and 

PVF,. As can be seen from these spectra, the carbonyl 
and methoxy resonances of PMMA will be suitable to 
monitor in the blends, since they do not overlap with 
PVF, carbon lines. In Figure 3 the 19F-13C CP spectra 
of the PMMA/PVF, blends are depicted, for different 
ratios of PMMA and PVF,, under conditions of both 'H 
and "F decoupling (the resonance marked with an as- 
terisk is due to the Kel-F cap of the spinner). Figure 5 
shows the peak areas of the C=O and OCH, resonances 
of PMMA for the 60140 blend as a function of the con- 
tact time, obtained from the spectra shown in Figure 4. 
Following Mehring,34 we applied the following equation 
to fit the data of Figure 5: 

NSS(S + 1) 
c =  

N,I(I + 1) 
and where So is the maximum carbon magnetization avail- 
able in a cross-polarization experiment without dissipa- 
tive processes, TI: and Tlps are the rotating frame spin- 
lattice relaxation times for the I and S spins, respec- 
tively, and TI, is the cross-polarization time. Since TIS 

n L 

- 1 . . . .  ( . ' ' ~ l . ' . ' l  

200 100 0 
PPM 

Figure 3. 19F--13C cross-polarization spectra (MAS 5 kHz) of 
PMMA/PVF, blends with weight ratios 80/20 (a), 60/40 (b), 
40/60 (c), and 20/80 (d). The resonance marked with an aster- 
isk is due to the KEL-F cap of the spinner. 

and TIPS are of the same order, we are no longer allowed 
to neglect the carbon rotating frame relaxation, as is usu- 
ally done. The 19F T,,'s and 13C Tip's were measured in 
separate experiments. The 19F T, 's were determined in 
two different ways: directly via ''I?' NMR and via a "F- 
13C cross-polarization experiment in which the fluorine 
magnetization is transferred to  the carbons at  the end of 
a variable-time 19F spin-lock e~pe r imen t .~  The '9F-T1, 
values from these two experiments and from each car- 
bon resonance agree well. The cross-relaxation times for 
the carbonyl resonances as well as for the methoxy res- 
onances, found by fitting the data shown in Figure 5 with 
eq 1, are summarized in Table 11, together with the car- 
bon and fluorine rotating frame relaxation times. 

In addition, a "physical" mixture of a PMMAJPVF, 
60/40 blend was investigated. This blend was mixed in 
a mortar after dissolution and precipitation of the sepa- 
rate components. Parmer et al." showed that in a phase- 
separated blend one could still observe cross-polariza- 
tion from one component to the other at  the interfacial 
areas of the separate domains. In our physical mixture 
we did not observe any PMMA signal when cross-polar- 
izing from the fluorines of PVF,, not even for long con- 
tact times (see Figure 6). 
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Figure 4. IsF-l3C CPMAS spectra of PMMAjPVF, 60140, 
for various contact times T .  
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Figure 5. Intensities of the PMMA carbonyl and methoxy 13C 
resonances as a function of contact time, obtained from the spec- 
tra shown in Figure 4. Intensities are in arbitrary units and 
the methoxy data are shifted upward with respect to the car- 
bonyl intensities. The solid lines are data fits with eq 1; the 
parameters are listed in Table 11. 

Estimation of Domain Sizes from TIP Because of 
the r4 dependence of the cross-relaxation rate, the exper- 
imentally found T I S  value can be used to  make a predic- 
tion on domain sizes and nearest-neighbor 19F-13C dis- 
tances in PMMA/PVF, blends. As derived by Demco 
et  for the high-effective-field spin-lock experiment, 
the cross-relaxation rate can be approximated as 

(2) TIS-' = (1/2) sin2 0, sin2 0s Mz,srJx(Aweff) 

h 

Figure 6. Comparison of 1sF-13C CPMAS spectra of a PMMAj 
PVF, 60140 physical mixture (a) and blend obtained from copre- 
cipitation (b), for a contact time of 5 ms. 

in which fli = tan-' [wli/(woi - 4 1 ;  i = I, S; woi - wi is the 
offset from resonance; wli is the strength of the applied 
spin-lock field; M,,s, is the second moment of the S spin 
resonance line determined by coupling with the I spins; 
J, is the cross-polarization spectral density function of 
the I spins; and Aweff is the mismatch from the Hartmann- 
Hahn condition. 

We used the following expression36 to describe the sec- 
ond moment: 

MZsI  = (1/3)y?y: R21(1 + 1)1/Nx(1  - 3 cos2 01s)2rd 
1,s 

(3) 
In our approximation we considered an average distance 
between 19F and 13C, which allowed us to place the r4 
in front of the summation sign. If we assume a random 
distribution of the direction of the internuclear vector 
for a given distance between a fluorine and a carbon 
nucleus, this summation can be replaced by its powder 
average. In agreement with Maricq and W a ~ g h , ~ ~  we find 
for the second moment an expression, which is indepen- 
dent of magic angle spinning 

(4) 
The next step is to find an approximation for the spec- 
tral density function J,. Since we neglect the deviation 
from the Hartmann-Hahn condition (Aueff = 01, we do 
not expect to introduce a large error by assuming a Gaus- 
sian shape for the correlation function,35 which leads to 
the following expression for the spectral density func- 
tion: 

Substitution of (4) and (5) in (2) and taking Aweff = 0 
yields 

TIS-' = 7.17 X sin2 Or sin2 Os T,rIsd (6) 
The correlation time T, was estimated from the fluorine 
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Table I1 
The Relaxation Times TIS, T,,', and TI,' e 

PMMAJPVF, TIS,  ms T,,', ms T,?, ms r ,  A 
80/20 C=O 

OCH, 
60140 C=O 

OCH, 
40160 C=O 

OCH, 
20180 C=O 

OCH, 

3 0 f 5  
30 f 5 
60 f 10 
50 f 10 
45 f 5 
4 0 f 5  
25 f 5 
30 f 5 

0.8 f 0.2 
0.8 f 0.2 
0.8 f 0.2 
0.8 f 0.2 
0.8 f 0.2 BO* 5 
0.8 f 0.2 8Of 7 
0.8 f 0.2 
0.8 f 0.2 

70 f 5 
50 f 5 

150 f 20 
80 f 10 

70 f 10 
70 f 10 

2.7 f 0.2 
2.7 f 0.2 
3.1 f 0.2 
3.0 f 0.2 
3.0 f 0.2 
2.9 f 0.2 
2.6 f 0.2 
2.7 f 0.2 

a The spin-lattice relaxation times were measured in separate ex- 
has been determined with the help of eq 1. periments and T 

The average ISF- #! C distance r was calculated from TI,  with eq 7. 

NMR line width of the blend to be 2 X s. For Bc = 
BF = rr/2 we are left with the following expression for the 
cross-polarization time: 

(7 )  
From this expression an average distance between a car- 
bon nucleus of PMMA and a fluorine nucleus on PVF, 
for the composition range studied has been calculated 
and the values are listed in Table 11. 

This radius represents an average 19F-13C distance, for 
all nuclei involved in the cross-polarization process. Flu- 
orines a t  larger distances from the PMMA carbons will 
have a smaller heteronuclear dipolar interaction and there- 
fore will not effectively transfer their magnetization. Also 
for this reason, we expect magic angle spinning to inter- 
fer with cross-polarization at large C-F distances by aver- 
aging out the dipolar interactions. In fact, as noticed by 
Lin and Ward,28 in order to observe 13C-19F dipolar cou- 
plings under MAS conditions, the carbon-fluorine dis- 
tance should be smaller than approximately 4 k. This 
agrees well with our values for r.  

We note that, although we made a number of simpli- 
fying approximations in deriving the average carbon- 
fluorine distance, the outcome will still be a good esti- 
mate, since to find the average 19F-13C distance we had 
to take the inverse sixth power of the cross-relaxation 
time. An error in TI,  has only a small effect on the value 
of r.  However, the oscillations in Figure 5 make it clear 
that the 19F-13C cross-polarization process is more com- 
plicated than assumed here. 

Discussion 
Considerations on Miscibility. We have shown that 

a reasonable number of PMMA molecules are in close 
proximity to PVF, molecules. In this section we will con- 
sider the miscibility of PMMAIPVF, blends, using a sim- 
ple theoretical model, prior to trying to quantify the degree 
of mixing in the next section. 

For blend compositions rich in PVF,, all the PMMA 
carbons can in principle be surrounded by fluorine atoms 
such that 19F-13C cross-polarization intensities repre- 
sent all the carbons of the PMMA. A t  low PVF, con- 
centration, however, it can easily be understood that even 
for ideally mixed blends not all the PMMA carbons can 
have a fluorine nucleus at  nearest-neighbor distance, which 
is necessary for efficient cross-polarization. Below a crit- 
ical PVF, concentration C*, not every PMMA carbon will 
have a fluorine nucleus to cross-polarize from, because 
there is not enough PVF, present. In trying to estimate 
the value of C* to be expected for the PMMAIPVF, blend, 
we will prove below that if one is considering such short 
distances, a decrease in magnetization transfer can be 
expected at  the edges of the composition range only due 

TIC1 = 1.4 X 10-56r1s* (TIS in s, rIs in m) 

to a dilution effect, which has nothing to do with misci- 
bility a t  the molecular scale. 

An estimate for the number of PMMAIPVF, contacts 
can be obtained from contact statistics considerations, 
originating from lattice model  computation^.^' In lat- 
tice theories it is common practice to subdivide the mac- 
romolecules into segments, each occupying a lattice site. 
In this discussion we have chosen the size of a segment 
to be the repeating unit of PMMA. As the van der Waals 
volume of a repeating unit of PVF, is about half of the 
value of PMMA,39 one lattice site is occupied by two 
PVF, repeating units. If we consider a central PMMA 
segment containing one carbonyl, this segment will be 
surrounded by 12 other segments if we assume the clos- 
est packing of spheres. In order to observe a carbonyl 
carbon in a l9F--l3C cross-polarization experiment, a t  least 
one fluorine nucleus should be at  nearest-neighbor dis- 
tance from this carbonyl carbon. This means that a t  least 
one of the surrounding segments has to be a PVF, seg- 
ment. So, adapting a mean-field approximation, we must 
a t  the limiting composition have 1 PVF, segment and 12 
PMMA segments. Via the differences in volumes this 
gives us 12 repeating units of PMMA to 2 repeating units 
of PVF,, a molar ratio of 6:l. Via the molecular weights 
of the PMMA units (100) and PVF, (64) the critical con- 
centration C* corresponds to a PMMAIPVF, weight ratio 

In this contemplation one important simplification was 
used. We considered the segments to be independent of 
each other, and the connectivity of the segments, due to 
the fact that they are part of a polymer, was neglected. 
Furthermore, the effect of end groups, folding back, and 
local excluded volume was ignored. Concentration fluc- 
tuations are also observed for the PMMAIPVF, 
blend.'l These fluctuations are correlated over dis- 
tances that extend up to 10 k. However, they are not 
included in a mean-field approximation, as is used here. 
In addition, the Flory-Huggins interaction parameter 
shows a strong composition dependence for this 
blend.21,40 A t  higher PMMA concentrations, this param- 
eter becomes less negative, which may mean that inter- 
actions are less strong in this composition range. 

All these effects will direct the critical concentration 
C* to higher PVF, levels. The 90110 ratio calculated 
here is derived for the most favorable way of distribut- 
ing the PVF, segments. 

Distance-sensitive techniques such as cross-polariza- 
tion solid-state NMR and excitation-transfer fluores- 
cence spectroscopy can give information about nuclei or 
groups a t  an average distance of a few angstroms. An 
important conclusion of the contemplation given here is 
that if one is considering such short distances, a decrease 
in energy transfer can be expected at  the edges of the 
composition range only due to a dilution effect, which 
has nothing to do with miscibility on a molecular scale. 
With all the simplifications in this model mentioned above 
in mind, it may be expected that for the blend studied 
here, the PMMAIPVF, 80120 composition will be very 
near, or even in, the dilution range. 

Quantitative Aspects of the Mixing. Until now, 
almost all solid-state NMR studies on polymer blends 
described in literature concentrated on the distance aspect 
of mixing. The distance between nuclei of the different 
components (as described above), or the scale of hetero- 
geneities present in a blend, was investigated. Only 
once1' the quantitative aspects of mixing, Le., how much 
of the components are intimately mixed, were described. 
As this is one of the most intriguing and challenging aspects 

of 90/10. 
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in the miscibility behavior of polymer blends, we have 
attempted below toget some insight into it for the PMMA/ 
PVF, blend. 

The cross-relaxation data enable us to quantify the 
degree of mixing. First we remark that, although the 
carbonyl peaks are very small, they still represent a large 
number of PMMA molecules. Because of the short T,, 
of the fluorines, as compared to the cross-relaxation time 
TIS, the buildup of carbon magnetization is restrained. 

From eq 1 we can find So, the maximum carbon signal 
due to magnetization transfer from the fluorines of PVF, 
if there were no dissipative processes. Comparison of So 
for the carbonyl resonance of PMMA with So for the 
CF, resonance of PVF, directly yields the number of 
PMMA molecules in close proximity to PVF, molecules 
and the degree of mixing: 
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that the cross-polarization process is more complicated 
than described by eq 1. The 19F-13C distances we eval- 
uated from the TIS data are all about 3 A. No signifi- 
cant differences were found between lgF-carbonyl dis- 
tances and 'gF-methoxy distances. As mentioned in the 
Introduction, LBonard et using FTIR, found evi- 
dence for strong hydrogen bonding between the car- 
bonyl oxygen of PMMA and the a-hydrogens of PVF,. 
The 13C-19F distances we found do certainly agree with 
these findings. However, we do not observe a shift of 
the carbonyl resonances, as compared to pure PMMA, 
something we would expect in the case of strong hydro- 
gen bonding. This may be due to limits in resolution; 
shifts of the order of 0.1-0.2 ppm will not be detected 
within the accuracy of our experiments. 

Conclusions 
The miscibility behavior of the PMMA/PVF, blend 

has been investigated with 19F-13C CPMAS and simul- 
taneous proton and fluorine high-power dipolar decou- 
pling. For all the blends studied a large number of PMMA 
and PVF, units are in close proximity to each other. For 
these neighboring units the distance between carbons in 
PMMA OCH, and C=O groups and PVF, fluorines is 
found to be only about 3 A. Although the degree of mix- 
ing cannot accurately be determined for most blends, our 
results do seem to indicate that in the 80/20 blend 
(PMMA/PVF,) less PMMA units are in close contact 
with PVF, units than in the other compositions. A sim- 
ple model has been introduced, which shows that below 
a critical PVF, concentration on the order of 20% a 
decrease of magnetization transfer from PVF, fluorines 
to PMMA carbons can be expected, even for an ideally 
mixed blend, because of a dilution effect. 

where f -  is the fraction of PMMA carbonyl carbons cross- 
polarized from fluorines of PVF, and (PVF,/PMMA) is 
the molar ratio of the blend. 

For the PMMAIPVF, 80120 blend we found fmi, to 
be 0.35, meaning that about 35% of the carbonyls of 
PMMA "see" a fluorine of PVF, a t  nearest-neighbor dis- 
tance. For the other compositions, however, percent- 
ages of 100% or more were found, meaning that our model, 
as expressed by eq 1, is not adequate to accurately obtain 
So. Variation of, for instance, TIS within the confidence 
limits listed in Table I1 can easily cause large deviations 
in So, while still yielding good data fits. Furthermore, 
the question arises as to what percentage of mixing can 
be found, in an ideally mixed blend, by comparing the 
number of cross-polarized carbonyl carbons with the num- 
ber of CF, carbons in the blend. Polymer tacticity and, 
related to this, the polymer conformations have a large 
influence on the specific interactions possible between 
the different components of a blend. LBonard et aL4 
showed, using simple molecular models, that the PVF, 
all-trans conformation allows efficient interactions with 
the PMMA ester groups. However, the presence of gauche 
bonds leads to a fairly large mismatch between the repeat 
distance, characteristic of the PVF, chains, and the spac- 
ing between the ester groups in PMMA. Detailed con- 
formational information on the mixed phase of the 
PMMAIPVF, blend, which is not available at the moment, 
will be needed to determine to extent of mixing. 

In addition, the fit of eq 1 to the experimental inten- 
sities versus contact time for the blend compositions stud- 
ied is not completely satisfactory. This may be due to 
various reasons. First, as shown by Grant et al.42 in their 
investigations on cross-polarization dynamics in organic 
molecules of low or remote protonation, the r* depen- 
dence does not necessarily discriminate between differ- 
ent fluorines involved in the magnetization transfer. In 
the case of directly bonded protons or fluorines, these 
nuclei will dominate the cross-polarization process, since 
their dipolar coupling with the bonded carbon atom will 
be much larger than the dipolar interaction of a remote 
proton or fluorine with the same carbon atom. In the 
PMMAIPVF, case, however, we can expect a distribu- 
tion in carbon-fluorine distances with comparable 13C- 
19F interactions. The plot of carbon intensity versus con- 
tact time will therefore be a superposition of curves with 
different TIS values. 

Second, the cross-polarization data from all experi- 
ments seem to show an oscillatory behavior. This behav- 
ior will be subject to future investigation but illustrates 
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ABSTRACT: The CPfMAS 13C NMR technique is employed in this study to probe the bulk structures of 
deuteriated PSfprotonated PMMA blends containing ionically interacting groups. Deuteriated PS does 
not show a 13C NMR signal in CPfMAS experiments since the magnetization of 13C is primarily polarized 
by protons. However, if protons of the PMMA chains can be found within a few angstroms of the deute- 
riated PS, then the 13C NMR signals of PS can be observed, with the intensity of PS signals depending 
upon the proximity of deuteriated PS to the PMMA. The present results show that the PSfPMMA pair 
is immiscible. However, when PS is lightly sulfonated (3.3 mol % of -SO,H) and PMMA is copolymerized 
with 2.3 mol % 4-vinylpyridine (4VP), the miscibility of the blend is enhanced, due to proton transfer from 
the -SO,H to the 4VP with the formation of ionically interacting sites on the deuteriated PS and the 
PMMA. By the introduction of about 9.5 mol % of interacting groups (-SO,H and 4VP), the blend shows 
much greater enhancement in miscibility. When the -SO,H on the deuteriated PS is neutralized with 
N(CH,),OH and the 4VP is quaternized with CH,I, the blends exhibit similar or even better miscibility 
compared with the proton-transfer blends. This is attributed to the direct ion-ion interactions in the 
blends. Blend recovery methods affect the chain proximity in the blend. 

Introduction 
In recent years, polymer blends have been the subject  

of extensive  investigation^.'-^ In many instances, the prop- 
er t ies  of the blends are superior to those of the individ- 
ual components. Since most polymer pairs  are not mis- 
cible, one of the impor tan t  features  of polymer research 
is the investigation of miscibility enhancement tech- 
niques since control of miscibility allows one to control 
the final properties. 

M a n y  miscibility enhancement strategies have been 
explored in  the past. These include copolymerization, 
e i ther  i n  the form of random copolymers or preferably 
i n  the form of blocks used as emulsifiers: utilization of 
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hydrogen bonding between the dissimilar  chain^,^.^ for- 
mation of donor-acceptor complexes,' and, in addition, 
dipole-dopole? ion-dipole: and ion-ion interactions." 

Miscibility enhancement b y  ionic interactions has been 
the subject  of extensive s tudies  i n  th i s  laboratory. For 
example, the immiscible polymer pair  poly(ethy1 acry- 
late) (PEA)/polystyrene (PS) can  be made miscible b y  
the incorporations of ca. 5 mol % 4-vinylpyridine into 
the PEA and a comparable  amount of sulfonic acid in  
the PS." In the process of mixing, proton transfer occurs 
f rom the sulfonic acid to the pyridine, which results in  
the formation of opposite charges on the different chains  
and leads t o  s t rong coulombic interactions which hold 
the chains  together. A wide range of other systems has 
been treated i n  a s imilar  manner ,  including the pa i r  
poly(tetrafluoroethylene)/poly(ethyl acrylate)." Ion- 
dipole interactions are another way for improving misci- 
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