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ABSTRACT: Molecular miscibility in blends of poly(methyl methacrylate) (PMMA) with poly(vinylidene
fluoride) (PVF;) with isotactic, syndiotactic, and atactic PMMA was investigated by triple-resonance 'H,°F,13C
solid-state CPMAS NMR. From the fluorine to carbon cross polarization experiments the average distance
between fluorines and OCHj carbons in intimately mixed PVF, and PMMA was estimated. Experimental
evidence for a specific interaction between PVF; and PMMA segments is presented. The proton to fluorine
cross depolarization experiments yield information on size and composition of the mixed PMMA/PVF; phase.
The fraction of nonmixed PMMA was determined for these blends, and it was found that this fraction was
smaller for isotactic than for atactic and syndiotactic PMMA. Large differences in the amounts of isolated
PMMA are observed between melt-mixed and coprecipitated blends.

1. Introduction

The miscibility of poly(methyl methacrylate) (PMMA)
with poly(vinylidene fluoride) (PVF5) has been established
by various methods.!® The presence of interchain in-
teractions is believed to be a prerequisite for miscibility
in polymer blends.!® Léonard et al.” showed, using FTIR,
that the miscibility of PMMA and PVF; is promoted by
hydrogen bonding between the protons of PVF; and the
carbonyl oxygen of PMMA. The presence of strong
interactions that lead to the observed miscibility is
indicated by the negativity of the interaction parameter
X12, which has been determined by various methods such
as melting point depression studies,! SANS,* SAXS,5
and inverse gas chromatography.®

In this study the influence of PMMA tacticity on mo-
lecular miscibility in PMMA/PVF; blends is investigated.
It may be expected that polymer microstructure will affect
both the nature of specificinteractions and the composition
of the mixed phase in polymer blends. Stejskal et al.!l!
showed differences in proton T, relaxation behavior
between blends of poly(phenylene oxide) and atactic
polystyrene (PPO/a-PS) as compared to blends of PPO
and isotactic PS (PPOQ/i-PS). Schurer et al.l2 observed
two glass transition temperatures for blends of isotactic
PMMA and poly(vinyl chloride) (PVC) over the entire
composition range, indicating nonmiscibility for this blend.
In contrast, blends of syndiotactic PMMA and PVC
exhibited a single T, up to 60 wt % s-PMMA.

The influence of PMMA tacticity on the miscibility in
PMMA/PVF; blends has been investigated by studying
the melting point depressions of the PVF; crystalline phase
in these blends.>13 PMMA samples with different tac-
ticity exhibit strong differences in flexibility.1%4 This
behavior is reflected in different NMR longitudinal
relaxation times, both in solution!* and in the solid
state,!516 and in strongly varying glass transition tem-
peratures of the stereoisomers. For the materials used
here, we found with DSC that T, = 58 °C for isotactic (i)
and 138 °C for syndiotactic (s) PMMA. Upon blending
with PVF,; (T = -30 °C), the glass transition temperature
for a given composition is thus lower for i-PMMA/PVF,
than for s-PMMA/PVF,. As a consequence, the crystal-
lization behavior of PVF, is different in these blends.
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Furthermore, the interchain interactions between PMMA
and PVFq, which depress the melting point of PVF, crys-
tallites, result in a negative energy of mixing, which
stabilizes the blend. Melting point depression data
indicate stronger interactions of PVF; with i-PMMA than
with a-PMMA or s-PMMA 213

Two previously introduced solid-state CPMAS NMR
techniques are used here to investigate the influence of
PMMA tacticity on molecular miscibility in amorphous
PMMA/PVF; blends. The °F-13C cross polarization
technique® is used to examine the nature of specific
interactions as a function of PMMA tacticity, while the
1H-19F cross depolarization technique®is used to determine
the composition and nature of the miscible domains. These
techniques will be discussed below.

2. Experimental Section

A. Materials. Thea-PMMA used was PMMA 6N from Réhm
GmbH (Darmstadt, FRG). This polymer contains 10% methyl
acrylate groups. Its average molecular weight M, determined
with GPC relative to polystyrene standards, was 100 000. The
i-PMMA and s-PMMA used were kindly provided by Prof. G.
E. Challa and Mr. J. Vorenkamp of the State University of Gron-
ingen (The Netherlands). Their average molecular weights M,
are 275 000 and 66 000, respectively. The PVF; used was Kynar
homopolymer grade 401 with an average molecular weight M,
of 530 000 (Pennwalt). The tacticities of the PMMA samples
were determined by 'H NMR in CDCl;. For a-PMMA, the
presence of methyl acrylate resonances was ignored. The triad
percentages are given in Table I.

B. Blend Preparation. Blends were prepared via copre-
cipitation and subsequent compression molding, as described by
Roerdink and Challa.2 The PMMA/PVF; weight composition
was 60/40 for all blends. For this composition ratio of the blend,
7.5 g of the mixture 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 vacuum for a minimum
of 6 days at 50 °C and for several hours at 160 °C to remove the
last traces of solvent. The dried mixture was then molded in a
press at 200 °C prior to quenching from the melt in liquid nitrogen.
The T's found (DSC, heating rate 20 °C/min) for the different
blends and their homopolymers are listed in Table II.

C. NMR. Experiments were performed on a Bruker CXP
300 spectrometer, operating at 300.1, 282.2, and 75.4 MHz for
1H, 19F, and 13C NMR, respectively. A standard Bruker double-
bearing MAS probehead was used. The triple tuning of the probe-
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Figure 1. Pulse sequences for (a) 1*F~13C cross polarization and
(b) tH-'°F cross depolarization experiments.

Table 1
Triad Percentages of the PMMA Homopolymers
triad
isotactic (mm) heterotactic (mr) syndiotactic (rr)
i-PMMA 96 4 0
a-PMMA 5 34 61
s-PMMA 1 9 90
Table II

Glass Transition Temperatures T; of the Various PMMA/
PVF; 60/40 Blends and Their Homopolymers

homopolymer T (K) blend T (K)
i-PMMA 331 i-PMMA/PVF, 311
a-PMMA 379 a-PMMA/PVF, 343
s-PMMA 411 s-PMMA/PVF, 359
PVF, 243

head was achieved by using a previously described setup.? Magic
angle spinning rates were 5 kHz in the fluorine to carbon cross
polarization experiments and 3.5 kHz in the proton to fluorine
cross depolarization experiments. Rf field strengths were typ-
ically 50 kHz on protons, fluorines, and carbon. Carbon free
induction decays were acquired under simultaneous proton and
fluorine high-power decoupling. In experiments involving cross
polarization, spin temperature alternation was used. All exper-
iments were performed at room temperature.

In Figure 1a, the pulse scheme for the 1YF-13C cross polarization
experimentisdepicted. A x/2pulse atthe !°F frequencyis applied
prior to a Hartmann-Hahn matched spin-lock on '°F and *3C
during a variable time ¢, in which fluorine magnetization can be
transferred tocarbons. Subsequently,the carbon magnetization
is detected.

Figure 1b shows the pulse scheme for the 'H-'°F cross depo-
larization experiment. A «/2pulse at the 'H frequency is applied
prior to a Hartmann-Hahn matched spin lock on 'H and *F
during a variable time ¢, in which protons can lose their
magnetization to the fluorines. Subsequently, the remaining
proton magnetization is transferred to carbons via 'H-13C cross
polarization during 1 ms and the carbon magnetization is detected.
To prevent fluorine magnetization from building up during the
first step of the experiment, the phase of the fluorine rf field is
shifted every 50 us.

3. Results

BF-13C Cross Polarization. In the YF-13C cross
polarization (CP) experiments magnetization is transferred
from fluorines to carbons via their mutual dipolar coupling.
Magnetization transfer is therefore limited to nuclei that
are near each other. In a 1°F-13C CP experiment on
PMMA/PVF; blends a PMMA carbon signal will only be
observed from PMMA segments that are within a few
angstroms from PVF; fluorines.?

Macromolecules, Vol. 25, No. 18, 1992

o) \ a

ol | L | L |
s 200 150 300 3¢ [ %0
PPN

Figure2. 3C MAS spectraobtained by 'H-13C cross polarization
of (a) atactic PMMA, acquired with proton decoupling, and (b)
PVFy, acquired with simultaneous proton and fluorine decou-
pling.

Figure 2 shows the carbon spectra of PMMA and PVF,
and the assignment of the resonances. As can be seen
from these spectra, the PMMA methoxy and carbonyl
resonances are suitable to monitor the PMMA magneti-
zation in the blends, since they do not overlap with PVF,
resonances. The °F-13C cross polarization spectra of i-
PMMA/PVF,, a-PMMA/PVF,, and s-PMMA/PVF,; are
shown in Figure 3. In all spectra PMMA resonances are
observed, indicating molecular miscibility in all blends.
To obtain information on the distance between a PVF;
fluorine and a PMMA carbon, a series of experiments was
performed with variable 1F-13C cross polarization times.
Figure 4 shows the peak intensities of the OCHj carbon
resonance of i-PMMA/PVF;, a-PMMA/PVF,, and s-
PMMA/PVF; as a function of the contact time. The data
are fitted with the following equation:!”

= exp| 7 ) —ex
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and where S; is the maximum carbon magnetization
available in a cross polarization process without dissipative
processes. Ty,and T,%are therotating frame spin-lattice
relaxation time constants for the I and S spins, respectively,
and Tis is the cross polarization time constant.

The rotating frame relaxation times !°F T}, and 13C T,
are measured in separate experiments. The 1°F T','s are
determined via a !9F-13C cross polarization experiment in
which the fluorine magnetization is transferred to the
carbons at the end of a variable-time 1°F spin lock. The
13C T,,’s are measured in a 'H-13C cross polarization
experiment in which the carbon spin-lock field is continued
for a variable time after turning off the proton rf field.
With the values obtained, the data of Figure 4 were fitted
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Figure 3. 1°F-12C CPMAS spectra of (a) isotactic, (b) atactic,
and (c) syndiotactic PMMA/PVF; 60/40 blends.
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Figure 4. 9F-13C CP OCH; carbon intensities of (a) isotactic,
(b) atactic, and (c) syndiotactic PMMA/PVF,60/40 blends fitted
with a single Ts! value.

Table II1
Cross Polarization Parameters for the OCH; Carbon for
Different PMMA/PVF; 60/40 Blends

Tys TP T,C Gaussian fit
(ms) (ms) ms) re@A) @B rA)
i-PMMA/PVF, 8£2 1102 50£5 2901 02 3.0%0.

a-PMMA/PVF, 10£2 1.1+£02 805 3001 02 3101
s-PMMA/PVF, 72 11£02 85 28201 02 28%£0.1

with eq 1, resulting in a cross relaxation time Ts. In this
way, T7s was determined for the C=0 and OCHj reso-
nances for all blends. The parameters are summarized in
Table III for the OCH; resonance and apply to the C=0
carbon as well.

Extracting Spatial Information from Tjs. The Ts7!
values can be used to obtain spatial information under
the assumption that the cross polarization dynamics can
be described by a single transfer rate. This assumption
seems reasonable since the cross polarization curves (Figure
4) are satisfactorily fitted by the calculated curves, but a
different approach will be described later in this section.
The value of Tis! can be related to the average 9F-13C
distance, as was described previously.® If both spins are
irradiated at resonance and if the Hartmann-Hahn
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condition is fulfilled, the cross relaxation rate can be
approximated in the high effective field approximation
according to Demco et al.!® as

Tis™ = r My @

in which 7. is the fluorine spin-spin fluctuation correlation
time and My g is the second moment of the carbon spins
due to coupling with fluorine spins. This second moment
describes the local field of the carbon spins due to the
presence of nearby fluorines. If there is no preferential
orientation of the internuclear vectors with respect to the
magnetic field, as in polycrystalline or amorphous solids,
the second moment can be expressed as

My =15y vs"h* I + 1);"13_6 @)
I,

If Tis is known for a given S spin, it is possible to calculate
the average (r;s®) = L;srs78, from which an average
distance {r;s) may be approximated:

Tis™ ~ (rs ™) @

This value of {r;s) is a weighted average and will be mainly
determined by the shortest I-S distances, due to the de-
pendence of the second moment on the distance to the
inverse sixth power.

To calculate the average 19F-13C distances in the
PMMA/PVF; blends a value for the correlation time 7,
isneeded. For these blends this value has been estimated
from the cross polarization curve of the CF; resonance of
PVF; in the blends. We assume the directly bonded flu-
orines are primarily responsible for the cross polarization
of the CF; carbons. From the known 19F-13C distance
(1.34 A) 7. was determined as 1.0 £ 0.1 ms. The average
distances ry, from PVF; fluorines to PMMA OCHj; carbons
found in this way are listed in Table III.

Although the experimental cross polarization data as a
function of the contact time are well described by assuming
asingle cross relaxation time, intuitively this seems a poor
approximation. In these amorphous systems one can in
general expect that each individual carbon spin experiences
a different local field, due to the nearby presence (or
absence) of fluorine spins. For each microscopic envi-
ronment a second moment of the S spins is determined
by the proximity of I spins, and for each of these segments
an average (ris$) can be defined. For the amorphous
blends used in this study this means a distribution of
second moments. Since it is still reasonable to assume
that all segments have a random orientation with respect
to the magnetic field direction, a powder average can again
be taken, which leads to a distribution in (r;s8) and in
M, 5. The observed S-spin magnetization as a function
of cross polarization time ¢ is thus a summation over
microscopic magnetization curves:

(TIS—l)local ~A(r zs—6> local (5)

S®) = D" W) S, (T Dioead ®)

The weighted summation of individual cross polarization
curves S, runs over the possible microscopic segments,
multiplied by a probability factor W,(r), and can be
restricted to segments with a nonnegligible value of
(ris®)cal- Equation 6 was used to fit the experimental
cross polarization data. Tjs™! values are calculated for
distances ranging from 2.8 up to 10 A. The minimum
distance was chosen just below the sum of the van der
Waals radii of a fluorine atom in PVF; and a carbon in
PMMA. According to the equation for nonbonded in-
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Figure 5. (a) Narrow Gaussian (I), broad Gaussian (II), and
spherical (II1) distribution functions. (b) OCHj; intensities of
i-PMMA/PVF,; fitted with the distribution function of a.

teractions given by Loufakis et al.,'% the 19F-13C interaction
is repulsive only below this minimum distance. Several
shapes of the distribution function W,(r) were used to fit
theexperimental data. Some examples areshownin Figure
5a. Figure 5b depicts the best fit to the OCHj carbon
intensities of i-PMMA/PVF,, obtained with the distri-
bution functions of Figure 5a. Two of the distribution
functions are Gaussians, one with a broad distribution (¢
=1.0A) around an average distance and one with a narrow
distribution (¢ = 0.2 A). The third function expresses
that in a completely amorphous structure all 19F-13C
distances are possible and that the probability of finding
a certain distance r increases with r2. Good data fits are
only obtained by assuming a narrow Gaussian distribution
function, around a distance r,* that is close to the average
distance r,y found by assuming a single value of Tys7L.
This result, obtained from experimental data from meth-
oxy as well as from carbonyl resonances, applies to all
blends studied (see Table III). The PMMA carbons
observed in the YF-13C cross polarization experiment
apparently experience a similar local field, induced by
nearby fluorine spins. The fact that the observed data
cannot be approximated by either a broad or a random
distribution leads us to conclude that a specific inter-
action must exist between segments of PMMA and PVF5,

I'H-®F Cross Depolarization. In the °F-13C CP
experiments described above, the buildup of PMMA
carbon magnetization is restrained due to the short 1°F
T, compared to the cross polarization time constant T7s.
This prevents us from accurately determining the amount
of PMMA that is intimately mixed with PVF,. Instead
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of using the fluorines as a source of magnetization, as was
the case in the 9F-13C cross polarization technique, we
now use the fluorine reservoir as a sink, through which
proton magnetization can disappear.?

If, after creation of spin-locked proton magnetization
in the whole sample, a fluorine rf field is turned on, its
strength adjusted to the proton—fluorine Hartmann-Hahn
condition, then all the protons that have a dipolar
interaction with fluorines will lose their magnetization to
thelattice via the fluorines. Inasecond step theremaining
proton magnetization is transferred to carbons via TH-13C
cross polarization, and the carbon magnetization is de-
tected (see Figure 1b). The observed PMMA carbon
magnetization is then from parts of PMMA chains whose
protons do not have a dipolar interaction with fluorine.
In other words, only those parts of PMMA molecules that
are remote from PVF; molecules are observed.

In performing this 'H-1°F cross depolarization exper-
iment, the short fluorine T, is an advantage in that it
makes the fluorine reservoir act as a good sink for proton
magnetization. This sink function can even be improved,
either by applying a phase-modulated rf field?® or by
frequently switching the phase of the rf fields by 180°, as
was done in this experiment. To determine the amount
of PMMA that is close to PVFs, a blank experiment was
performed, which is similar to the experiment depicted in
Figure 1b, except that no fluorine rf field was used. If we
denote the proton signal from the depolarization exper-
iment S, and the signal from the blank experiment Sg,
the observed signals can be equated as

Sp() = Sof ix €XP =t D(t) + Sy(1 - f;0) exp Zt M
Tlp Tlp

-
Solt) = (Sifas+ Sl ~fus) exp(75)  ®

1o
in which Sy is the total proton magnetization, fniy is the
fraction of protons close to fluorines, and D(¢) isa decaying
function which describes the loss of magnetization due to

depolarization to the fluorine sink.

By dividing both signals, we have corrected for loss of
magnetization to the lattice, characterized by the proton

1p»

SA)/Sp®) = fo, D) + (1 - f 1) 9
By transferring at time ¢ the proton magnetization to
carbon, the proton signal S, (t)/Sg(t) can be mapped out
via the carbon resonances of PMMA or PVF,.

In Figure 6 the carbon spectra of the blends are shown,
obtained by cross polarization from protons (with depo-
larization time ¢ = 0). A proton—fluorine cross depolar-
ization experiment was performed as described above. The
OCHj; carbon intensities as a function of the depolariza-
tion time are shown in Figure 7. The magnetization decay
curves level off to nearly constant values. These levels
are attributed to PMMA that is remote from PVF; and
therefore this PMMA is classified as not mixed. The curves
show that the amount of isolated PMMA in the case of
i-PMMA/PVF, (4 %) is less than for a-PMMA/PVF; (9%)
and s-PMMA/PVF, (12%).

Apart from the fraction of isolated PMMA in the blends,
information on the amount of isolated PVF; and on the
composition of the domains in which PMMA and PVF,
are intimately mixed can be extracted from the cross de-
polarization experiments., A model has recently been
introduced® that takes into account the proton spin
diffusion as well as the losses of proton magnetization to
the fluorine sink. In this model the blend is assumed to
consist of four phases.
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Figure 6. 'H-13C CPMAS spectra of (a) isotactic, (b) atactic,
and (c) syndiotactic PMMA/PVF, 60/40 blends.
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Figure 7. 'H-1°F cross depolarization OCH; carbon intensities
of (a) isotactic, (b) atactic, and (c) syndiotactic PMMA/PVF,
60/40blends. Thesolid lines are calculated spin diffusion curves.

Phase I consists of isolated PVF; and is characterized
by the fact that no PMMA proton magnetization can
diffuse into this region on the timescale of the experiment.
PVF;protonsin this phase lose their proton magnetization
tothe fluorines with a rate constant T'yr~! which is assumed
to be equal to that in pure PVF,, and this fraction can
therefore simply be determined.

Phase II contains PMMA and PVF; that are intimately
mixed. Protonsin this phase transfer their magnetization
directly to fluorines with a rate constant(Tyr*ff)~!, which
differs from Tyr! because of the presence of PMMA.

Phase III is assumed to contain PMMA close to the
mixed phase (II), so that it will lose proton magnetization
not directly to the fluorine sink but via proton spin
diffusion to the mixed phase.

Phase IV is an isolated PMMA phase whose proton
magnetization is not affected by depolarization nor by
spin diffusion. As a result this phase will show up as an
offset in the cross depolarization data of Figure 7, as has
already been mentioned above.

Since the proton magnetization is detected via 13C, the
magnetization behavior of PMMA and PVF; belonging to
the different phases can be monitored separately: the PVF,
present in phases I and II is represented by the CF,
resonance, whereas the decays of the carbonyl, methoxy,
and methyl resonances of PMMA represent PMMA in
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Figure 8. Distribution of phases II and III as used in the spin
diffusion model.

phasesITand III. Theisolated PMMA and PVF; fractions
can be determined directly from the experimental data.
The behavior of the magnetization as a function of the
depolarization time can be described by a spherical
isotropic spin diffusion equation for the mixed PMMA/
PVF, phase II and the neighboring PMMA phase III:

8t _ p#Crt)
ot arz

in which C(r,t) is the magnetization concentration at time
t and siter, D is the diffusion coefficient, which is assumed
constant in the blend, and f(r) is a spatial-dependent
function which describes the depolarization via cross
polarization as a function of the distance to the fluorine
sink. f(r)iszero for protonslocated in phaseIIl. Tomodel
the loss of PMMA and PVF; proton magnetization to the
fluorine sink, the values of the diffusion coefficient (D)
and therate constants for magnetization losses in the mixed
phase ((Tyr*f)1) and in the isolated PVF; phase (Tyr?)
are needed. Tyrff was found to be 300 us as previously
described® and Tyr, obtained from pure PVF;, equaled
120 us. The spin diffusion coefficient D was determined
via the proton Ty’s of these blends® and was found to be
21 A%/ms. The differences in mobility between blends
with different stereoregular forms of PMMA, as mentioned
in the Introduction, are not reflected in differences in
proton T’s, probably since all experiments are performed
below the glass transition temperatures of the blends.

The spin diffusion equation (10) can be evaluated based
on a previously introduced spherical diffusion model.® In
thismodel, depicted in Figure 8, intimately mixed PMMA
and PVF; (phase II) are contained in a sphere with radius
A. Surrounding this phase is an outer sphere with radius
L, which consists of PMMA (phase ITI). Intheinnersphere
proton magnetization will be directly transferred to flu-
orines via cross polarization. Subsequently, there will be
a flow of magnetization from PMMA protons, located in
the surrounding sphere, to protons in the inner sphere via
spin diffusion, for which radial spin diffusion is assumed.
Numerical evaluation of the spin diffusion equation with
the above-mentioned parameters and for different values
of A and L yields curves that can be fitted to the
experimental depolarization data. The details of these
calculations are described elsewhere.®

Asshownin Figure 7, the calculated solid lines represent
the experimental data well with A =7or8Aand L = 14
or 15 A for i-PMMA/PVF;and A=60or7A and L = 13
or 14 A for a-PMMA/PVF; and s-PMMA/PVF,. Other
Pl\gl\gA carbon resonances yield the same values for A
and L.

The magnetization decays observed for the PVF; CF,
carbon resonance of the blends arise from PVF, that is
intimately mixed with PMMA and from isolated PVF..
The calculated curves should therefore be composed of a
curve affected by spin diffusion and an exponential decay

+ f(r) C(r,t) (10)
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Table IV
Fractions of PMMA and PVF; That Are Not Mixed and
Monomer Ratios (MR) in the Blend and in the Mixed Phase

PMMA/PVF, 60/40
i-PMMA/ a-PMMA/ s-PMMA/
PVF, PVF, PVF,
% PMMA not mixed 4 9 12
% PVF; not mixed 5 15 15
total MR 0.96 0.96 0.96
MR in mixed region 0.97 1.03 0.99

curve with a rate constant T'yr!, which is obtained from
pure PVF..? Fori-PMMA/PVF;the CF; carbon data are
fitted with the same values of A and L used to fit the
PMMA carbon data and with 5% PVF; contained in the
isolated phase (the data are not shown here). Slightly
larger values for L are needed to fit the CF; data for a- and
s-PMMA/PVF; (A =6 A, L = 15 &), and in both blends
15% of the PVF, was not mixed. The results are
summarized in Table IV. If one considers material
contained in a sphere with radius L as intimately mixed,
the PMMA/PVF; monomer ratio (MR) in this mixed phase
can be calculated since the fractions of isolated PMMA
and PVF;are known. The calculated values are also listed
in Table IV. This monomer ratio is close to one for all
blends studied.

All experimental results can be fitted by the four-phase
model. The results all suggest A =7+ 1A and L = 14
+ 1 A. The question whether these dimensions are related
to real physical dimensions of domains or whether they
are imposed by the cross relaxation and spin diffusion
mechanisms will be addressed later.

4. Discussion

The ®F-13C cross polarization experiments provide
information on nearest-neighbor distances between PVF,
fluorines and PMMA carbons. A good description of the
experimental data is obtained only by assuming either a
single carbon—fluorine distance (see Figure 4) or a narrow
distribution of distances (Figure 5). These findings
strongly indicate a specific interaction between PMMA
segments and PVF; segments. Moreover, the estimated
distances (about 3 A) are close to the sum of the van der
Waalsradii. (Thereported van der Waals radii of PMMA
are 1.7 A for a carbonyl carbon, 1.9 A for an ester CHj
group,?! and 1.3 A for a PVF; fluorine.!9)

The 1*F-13C cross polarization experiments donot reveal
differences between blends with different stereoregular
PMMA configurations. This means that the nature of
the interactions between PVF; and PMMA segments is
not influenced by the tacticity of PMMA.

It was shown by Léonard et al.” that hydrogen bonding
between PVF; protons and carbonyl oxygens of PMMA
is the main cause of molecular interactions between these
polymers. The number of contacts between such uniike
chains will depend on the relative conformations of the
respective segments.

For PMMA both energy calculations and experimental
results indicate a strong preference for an all-trans
conformation, irrespective of tacticity.22-26 PVF; adopts
short sequences of all-trans (tt) or trans—gauche (tg)
conformation.!®13 The PVF;tt conformation allows more
efficient interactions with PMMA than the tg counterpart.
Léonard et al.1® noted that the spacing between CH; groups
in the PVF; tt conformation nearly matches the spacing
between successive carbonyl groups of PMMA. The
occurrence of a hydrogen bond would then position
adjacent CH; groups close to carbonyl! groups, which
enables muitiple contacts. These multiple interactions
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stabilize the PVF; all-trans conformation as evidenced by
an increase in trans/gauche ratio as a function of the
PMMA content in PMMA/PVF; blends.!? Evidence for
multiple contacts was also reported by Saito et al.,2” whose
depolarized light scattering experiments revealed short-
range ordering in PMMA/PVF; blends due to local chain
alignments.

Apart from PMMA in the all-trans conformation also
asmall fraction of tg conformational diads is present. These
fractions are visible in the 'H-13C CPMAS NMR spectra
of the blends (see Figure 6). The effect is most pronounced
in the case of isotactic PMMA. In the spectrum of the
i-PMMA/PVF; blend the CH; carbon region exhibits two
resonances, a strong resonance at 23 ppm and a weak
resonance at approximately 30 ppm. Spévacék et al.1®
attributed the largest resonance to the tt conformation
and the smaller one to tg conformational diads. Thelatter
is shifted with respect to the tt resonance due to the so-
called y-gauche effect. The shoulder on the left side of
the CH; resonance in s-PMMA and the asymmetric shape
of the CHj resonance in a-PMMA are also attributed to
the presence of tg conformations. Surprisingly, these
resonances are also observed in the 19F-13C cross polar-
ization spectra (Figure 3). This could be understood if
onerecognizes the tg conformational diads as defects with
small persistence lengths between sequences of tt con-
formation. Inthat case multiple interactions between all-
trans PMMA segments and PVF,; will force parts of PVF,
molecules to approach the PMMA tg diads. In addition,
single contacts may be present.

The similarity of the nature of PMMA and PVF,
interactions in the case of different stereoregular PMMA
forms is confirmed by the 'H-°F cross depolarization
experiments. The sizes A and L, used in the model to
describe the loss of proton magnetization via spin diffusion
to the fluorine sink, are the same for all blends studied.
Also the PMMA/PVF; monomer ratio in the mixed phase
is equal in all blends. This value is close to one, tempting
one to conclude a one-to-one mixing of PMMA and PVF,
chains. However, care must be taken in drawing such a
conclusion, due to the somewhat hypothetical character
of the domains involved in the proposed spin diffusion
model. Apart from the nature of the interaction, the 1H~
18F cross depolarization experiment provides information
on the number of close PMMA and PVF, contacts.
Differences are observed in the fractions of PMMA and
PVF, that are not intimately mixed in the blends (see
TableIV). The nonmixed fraction of PMMA in the blends
increases in the order isotactic (4%), atactic (9%), and
syndiotactic (12%). The same trend has been observed
by Roerdink et al.2 and Léonard et al.!? by studying the
crystallization behavior of PVF; in PMMA/PVF; blends.
Their results suggest a stronger interaction of PVF; with
isotactic than with syndiotactic apd atactic PMMA.

Possible explanations for this difference are offered by
differences in molecular weight, mobility, and extended
chain structure between blends with PMMA of different
tacticity. A possible effect of the molecular weight of
PMMA on the number of interactions seems to be excluded
by the agreement with the observations of Roerdink et al.,
who used a-PMMA of the lowest and s-PMMA of the
highest molecular weight. The larger flexibility of i-
PMMA as compared to the stiffer atactic and syndiotac-
tic chains makes it easier to adopt a favorable conformation
to allow for multiple interactions and to induce local chain
alignments. Although the average persistence length of
tt conformational diads in pure i-PMMA (about 6 back-
bone bonds??) is smaller than for s-PMMA (about 16-20
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C(x,t) values are calculated up to x = L.

©
o

o
IS

00

backbone bonds?4%5), this effect is probably canceled by
the curvature of a- and s-PMMA chains due to unequal
backbone angles.22:25

The results obtained from this study agree well with
results obtained from other experimental techniques. The
trends observed for the microscopic observation of the
fraction of isolated PMMA correspond to the trends
observed for the macroscopic interaction parameter ;2.
Roerdink and Challa2found 12 for i-PMMA/PVF,; (-0.13)
to be smaller than for a-PMMA/PVF; (-0.10) and s-
PMMA/PVF; (-0.06). The same trend is observed in the
fraction of isolated PMMA in our samples. Alsothefinding
that x12 becomes less negative at larger PMMA contents,
as reported by several authors,>428 is supported by our
previously reported results.®

The domains and the dimensions A and L are introduced
via a mathematical model in which the blend is assumed
to consist of four phases. Two of the phases, namely the
fractions of isolated PMMA and PVF,, are determined
independently of the proposed spin diffusion model.
These phases are distinguished on the generally accepted
criterion'#-32that the proton magnetization within these
phases is not affected by spin diffusion to protons in the
mixed phase. Itistemptingtospeculate aboutthe physical
meaning of the dimensions A and L. It seems likely that
the dimension A found from the fitting procedure simply
expresses the fact that 'H-19F cross polarization over
distances larger than A angstroms is tooslow to be noticed.
The dimension L may be thought of to be limited by proton
spin diffusion. However, in the time available for proton
spin diffusion much larger distances than L angstroms
can be bridged.?®30 This is visualized in Figure 9. In this
figure the magnetization concentration C(x,t) is plotted
as a function of the distance from the center of the sink
for A =7 A and at a time ¢ = 4.6 ms. The magnetization
concentration curves are calculated for several values of
L. From this picture it becomes clear that for L = 14 A,
which is the value found by fitting the experimental data,
almost all proton magnetization has diffused out of phase
III into the sink. This means that L = 14 A is not a limit
set by spin diffusion, since we know that C(x,t) = 1 in
order not to be affected by proton spin diffusion. For
comparison also the concentration curves for L = 20, 30,
and 40 A are calculated. As can be seen from Figure 9
even protonsat 40 A from a fluorine sink lose magnetization
due to spin diffusion, so spin diffusion is effective over
distances much larger than 14 A. We therefore cannot
simply say that L has to do with the proton spin diffusion
length. A likely possibility is that the dimension A of
phase II describes the interacting PMMA and PVF,
segments. In this view L would then be related to an
average distance between interacting PMMA and PVF,
pairs.
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Figure 10. OCH; cross depolarization data for a PMMA/PVF,
60/40 blend obtained via (a) melt mixing and (b) coprecipitation.

It is interesting to note that others have reported
heterogeneities in PMMA/PVF; blends on comparable
scales. Wendorff® concluded from WAXS measurements
the existence of concentration fluctuations for this blend,
which are correlated over distances up to 10 A. Jamil and
Jamieson3® reported heterogeneities in PMMA/PVF,
blends on a scale of 8.3 A, which is the length scale of their
ESR spin probe.

Finally, we briefly remark on observed differences
between blends prepared by melt-kneading (Brabender
W30EH) and blends cast from solution. Figure 10 shows
the intensities of the PMMA OCHj resonances in a 'H-
I9F cross depolarization experiment for a melt-mixed a-
PMMA/PVF; 60/40 blend (data taken from Maas et al.?)
and asolution—cast 60/40 blend. Forthe melt-mixed blend
it was observed that 30% of PMMA is contained in the
nonmixed phase, whereas in the solution-cast blend only
9% 1is not mixed. In both samples an isolated PVF;
fraction of 15% was found. Furthermore, for PMMA/
PVF; 60/40 the monomer ratio in the mixed phase was
reported to be 0.75 for the melt-mixed blend,? whereas a
value of 1.03 is found here. No differences are observed
in either the sizes (A and L) of the miscible domains or
the 1SF-13C distances, indicating that the nature of the
interactions is equal for melt-mixed and solution-cast
blends. Three possible explanations are offered for this
behavior. The melt-kneaded blend may not have been
mixed long enough to obtain complete mixing, whereas
the polymers are already thoroughly mixed in solution.
The differences may also be caused by dead volume in the
kneading apparatus. Results of Hirata et al.3suggest that
a lower critical solution temperature (LCST) type phase
separation may have taken place in the melt-mixed blend.
The observed differences in monomer ratios in the mixed
regions of differently prepared blends are obviously due
to differences in the number of interacting PMMA and
PVF; segments. The larger number of contacts in the
solution-cast blend than in the melt-mixed blend, as
indicated by the smaller fraction of isolated PMMA,
increases the amount of PMMA close to PVF,; and
therefore the monomer ratio in the mixed phase.

5. Conclusions

19F-13C cross polarization and !H-1°F cross depolar-
ization NMR experiments are well suited to investigate
molecular miscibility in PMMA/PVF; blends. From the
NMR experiments the existence of a specific interaction
between PMMA and PVF; segments is concluded. The
nature of this interaction is not influenced by the tacticity
of PMMA. The number of bilateral interactions in the
sample seems larger in isotactic PMMA/PVF; samples
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compared to atactic and syndiotactic PMMA/PVF; sam-
ples, as indicated by smaller amounts of isolated PMMA
in the isotactic sample. The observed microscopic trends
in this study agree well with observations by others of the
macroscopic interaction parameter x;».
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