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ABSTRACT: The ability of nonradiative energy transfer (NRET) to probe polymer miscibility and poly-
mer phase separation is discussed for blends of PVC and PMMA of various tacticity. The sensitivity of
that fluorescence technique depends on the range between the lower (total miscibility) and the upper value
(complete immiscibility) of the ratio of the intensity emitted by naphthalene and anthracene (I¢/I,) used
to label PVC and PMMA, respectively. Although measurements of the lower limit are reproducible, deter-
mination of the upper limit is quite a problem, making uncertain the analysis of any system phase sepa-
rated on a scale of at least 2-3 nm. At and above this dimension, solvent-cast PVC/PMMA blends appear
to be completely miscible whatever the PMMA tacticity. That the Iy/I, ratio of the PVC/PMMA blends
changes with the tacticity of PMMA is interpreted as an effect of chain conformation on the probability of
intermolecular interactions. For instance, the more rigid the PMMA is in relation to its tacticity, the more
extended the intermolecular contacts with PVC seem to be. Finally, heating a monophase PVC/PMMA
blend above the LCST does not lead to an increase in the I /I, ratio great enough to detect phase sepa-

ration.

Introduction

Most polymers are immiscible and form multiphase
blends when mixed together.? A number of methods have
been proposed to probe polymer blends and to deter-
mine whether they are homogeneous (monophase) or
not.* Optical clarity is the simplest test, which is only
convenient when both the difference in the refractive index
of the mixed polymers is large enough and the informa-
tion is at a scale larger than 100 nm. The most com-
monly used techniques to measure the glass transition
are differential scanning calorimetry, dynamic mechan-
ical testing, and microscopy (optical or electron depend-
ing on the miscibility level). Since the resolution power
of all these techniques is different, a given blend might
be declared miscible by using one method (i.e., T, mea-
surements) and immiscible according to a higher resolu-
tion technique (i.e., electron microscopy).

Today a great deal of attention is paid to novel tech-
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niques able to probe multicomponent system at a scale
of a few nanometers, for example, solid-state NMR?® and
fluorescence techniques such as excimer fluorescence, flu-
orescence microscopy, and nonradiative energy transfer.
Frank et al.” have used excimer fluorescence to charac-
terize the miscibility of poly(2-vinylnaphthalene) with poly-
(methyl methacrylate) and polystyrene. Poly(2-
vinylnaphthalene) (guest) comprises excimer-forming chro-
mophores as constitutive pendant groups and has been
mixed with a large percentage of the second partner (host).
Using fluorescence microscopy, Monnerie et al.® have deter-
mined the boundaries (binodal and spinodal curves) of
the phase diagram of anthracene-labeled polystyrene/
poly{(vinyl methyl ether). Finally, Morawetz et al.® and
later on Teyssié et al.!® have used nonradiative energy
transfer (NRET) to estimate the degree of miscibility of
several polymer pairs.

The main purpose of this study is a critical analysis of
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Table I
Polymer Characteristics
chromophore
polymer acronym tacticity (:his) M, gmol™? M, g-mol™ T, °C nature mol %

poly(vinyl chloride) PVC 43 000 80 000 79 anthracene 1.05
naphthalene 1.90

poly(methyl methacrylate)
syndiotactic s-PMMA 44K 0:22:78 44 000 55 000 122 anthracene 1.30
s-PMMA 35K 0:20:80 35000 47 000 122 naphthalene 1.65
atactic a-PMMA 43K 8:35:57 43 000 73 000 113 anthracene 1.24
a-PMMA 44K 10:33:57 44 000 78 000 113 naphthalene 1.78
isotactic i-PMMA 32K 100:0:0 32 000 41 000 53 anthracene 1.76
i-PMMA 51K 100:0:0 51000 66 000 53 anthracene 1.97

NRET as a probing technique of polymer miscibility and
especially of poly(vinyl chloride) (PVC) blended with poly-
(methyl methacrylate) (PMMA) of various tacticity. The
question is whether NRET can improve the information
already available from other experimental techniques.!*~4

Forster nonradiative energy transfer'® between two chro-
mophores can occur when the emission spectrum of a
donor chromophore overlaps the absorption spectrum of
an acceptor chromophore. Then the excitation energy
absorbed by the donor can be transferred to the accep-
tor. Moreover, the overlap integral between the normal-
ized emission spectrum of the donor and the absorption
spectrum of the acceptor (J) should be different from
zero. The efficiency of energy transfer (E) between one
donor and one acceptor separated by a constant dis-
tance r is expressed by Forster’s relation

E=RS/(RE+ 1% (1)

with R;® = (8.8 X 107%)Jn™*K%¢,. R, is a characteristic
distance at which half of the excitation energy is trans-
ferred. n is the refractive index of the medium, K? is a
function of the mutual orientation of the donor and accep-
tor transition dipole moments, and ¢, is the fluores-
cence quantum yield of the donor in the absence of an
acceptor.

Since the ratio of the fluorescence emission intensities
of the donor and the acceptor (Iy/I,) is related to the
efficiency of the energy transfer, this ratio is a measure
of the degree of miscibility of two polymers labeled with
the donor and the acceptor, respectively. The lower limit
of Iy/1,, i.e., the maximum of energy transfer and the
upper value (no energy transfer), have of course to be
established. It will be shown that determining the upper
limit is quite a problem. Finally, attention will be paid
to the NRET technique as a means of investigating phase
separation in polymer blends exhibiting a LCST phase
diagram. Results from NRET will be compared with DSC
data.

Experimental Section

Materials. PVC, as supplied by Solvay (PVC RD258), was
precipitated (three times) from tetrahydrofuran into methanol
in order to eliminate both the stabilizer and the plasticizer. Molec-
ular weights (M, = 43K, M,, = 80K) were determined by size
exclusion chromatography (SEC) (Waters 200) in tetrahy-
drofuran at 25 °C. PVC/PMMA blends heated at tempera-
tures higher than 120 °C (phase separation experiments) were,
however, added with 2 wt % of a stabilizer (thermolite 31).

Syndiotactic PMMA (s-PMMA 44K) was prepared by anionic
polymerization of methyl methacrylate under anhydrous con-
ditions in THF at ~78 °C by using sec-butyl lithium as an ini-
tiator. Polymerization was stopped by the addition of hydro-
chloric acid and the polymer was precipitated into methanol.
Molecular weights, determined by SEC in THF at 25 °C, were
M, = 44K and M, = 55K. s-PMMA 44K was comprised of

78% syndiotactic triads and 22% heterotactic triads as deter-
mined by 'H NMR with CDCl, as solvent. PMMA containing
a few mole percent (1.8 mol %) of tert-butyl acrylate was pre-
pared as described above. Molecular weights were M, = 35K
and M, = 47K, and tacticity was 80% syndiotactic triads and
20% heterotactic triads. The two samples of s-PMMA were
amorphous, in agreement with the observation of Karasz et al.
that PMMA containing 70% syndiotactic triads did not show
evidenlcg of any melting or recrystallization phenomena up to
460 K.

Atactic PMMA (a-PMMA 43K) was a commercial polymer
supplied by ICI (Diakon), which was purified by precipitation
from THF into methanol. The molecular weights were M, =
43K and M, = 73K (SEC in THF at 25 °C). The tacticity was
57% syndiotactic triads, 35% heterotactic triads, and 8% iso-
tactic triads.

Isotactic PMMA (i-PMMA) was prepared by anionic poly-
merization in toluene at ~78 °C by using ¢-C H,;MgBr as initi-
ator. Polymerization was stopped by adding hydrochloric acid
and the polymer was precipitated into methanol. Two isotac-
tic PMMA’s were prepared with M, = 32K, M, = 41K (i-
PMMA 32K) and M, = 51K, M, = 66K (i-PMMA 51K). Accord-
ing to 'H NMR, i-PMMA was ca. 100% isotactic. Table I lists
the polymers used in this study. i-PMMA is known to be a
very slowly crystallizing polymer.'”!® Nevertheless, it has been
observed that i-PMMA of M, = 32K can crystallize in blends
containing up to 50% PVC and annealed at 120 °C for 3 h. In
contrast, -PMMA of M, = 51K does not crystallize at all when
blended with 50% PVC under the same experimental condi-
tions. This completely amorphous blend will be used to eval-
uate NRET as a means of detecting phase separation. Further-
more, a rapid quenching of the blends containing i-PMMA of
the lower M, (32K) as a major component and heated above
the melting point (~150 °C) prevents any crystallization to occur.
It is thus possible to characterize the PVC/PMMA blends by
fluorescence independently of any crystallization effect, what-
ever the PMMA tacticity.

Attachment of Fluorescent Chromophores. Naphtha-
lene and anthracene were selected as the donor and the accep-
tor, respectively. The characteristic distance, R, was 2 nm for
the naphthalene/anthracene pair.!® (9-Anthrylmethyl)lithium
was used to graft anthracene moieties onto PVC by nucleo-
philic substitution of secondary chlorine atoms and onto PMMA
by reaction with the ester side group. The grafting reaction?®
proceeded under anhydrous conditions in THF at 0 °C. (9-
Anthrylmethyl)lithium was prepared by metalation of 1,2-di(9-
anthryl)ethane by lithium in THF under anhydrous con-
ditions.’®° 1,2-Di(9-anthryl)ethane was prepared by reducing
9-anthraldehyde with lithium aluminum hydride in refluxing
THF .2

The naphthalene moiety was similarly attached onto PVC
by reaction of (a-naphthylmethyl)lithium with PVC in THF at
0 °C. (a-Naphthylmethyl)lithium was synthesized by metala-
tion of 1,2-bis(a-naphthyl)ethane by lithium under anhydrous
conditions in THF.1°® 1,2-Bis(a-naphthyl)ethane was pre-
pared according to procedures reported by Copeland et al.2?
When the naphthalene moiety was attached onto PMMA by
reaction of (@-naphthylmethyl)lithium with the ester side groups,
a ketone was formed and the emission intensity of the naph-
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thalene chromophore was very low. This could be explained
by an intramolecular energy transfer from the excited naphtha-
lene to the ketone carbonyl, as was reported elsewhere.?® In
order to avoid this drawback, naphthalene was attached to atac-
tic PMMA by radical copolymerization of methyl methacrylate
and naphthyl methacrylate using AIBN as an initiator in ethyl
acetate at 60 °C (a-PMMA 44K). Naphthyl methacrylate® was
synthesized by esterification of methacryloyl chloride with the
lithium salt of 1-naphthol in dried toluene. The monomer was
purified by repeated washings with NaOH and water, dried over
CaCl,, and finally distilled. Molecular weights determined by
SEC were M, = 44K and M_, = 78K. 'H NMR showed that
the copolymer contained 57% syndiotactic triads, 33% hetero-
tactic triads, and 10% isotactic triads. Naphthalene was attached
to s-PMMA by transalcoholysis of the tert-butyl acrylate units
incorporated into the s-PMMA 35K chains by using 1-
naphthalene methanol in toluene with p-toluenesulfonic acid
as a catalyst. This reaction was performed in refluxing tolu-
ene for several days.

All the labeled polymers were purified by repeated dissolu-
tion in THF and precipitation into methanol and finally into
heptane, until the chromophore content remained constant and
any trace of grease was removed. The content of naphthalene
and anthracene in the labeled polymers was determined by UV
spectroscopy using the extinction coefficient of a model chro-
mophore. a-Methylnaphthalene and 9-methylanthracene were
used when the polymers were labeled by reaction with (a-
naphthylmethyl)lithium and (9-anthrylmethyl)lithium, respec-
tively. Naphthyl methacrylate and 1-naphthalenemethanol were
used as model compounds for the labeled a-PMMA 44K and
s-PMMA 35K, respectively. The anthracene content was 1.3
mol %, 1.24 mol %, 1.76 mol %, 1.97 mol %, and 1.05 mol %
for s-PMMA 44K, a-PMMA 43K, i-PMMA 32K, i-PMMA 51K,
and PVC, respectively (Table I). The naphthalene content was
1.78 mol %, 1.65 mol %, and 1.9 mol % for a-PMMA 44K, s-
PMMA 35K, and PVC, respectively (Table I).

Sample Preparation and Fluorescence Measurements.
Labeled polymers were diluted with the corresponding unla-
beled polymers in order to prepare films containing 1072 mol-L. 2
of chromophore. Films were cast from solutions onto quartz
plates. Methyl ethyl ketone (MEK) was used for blending PVC
with s-PMMA, a-PMMA, and i-PMMA 32K. Due to the insol-
ubility of i-PMMA 51K in MEK, THF was used as a common
solvent for PVC and i-PMMA 51K. The solvent was allowed
to evaporate at room temperature under a nitrogen atmo-
sphere for 1 or 2 days and the films were finally dried under
vacuum between 50 and 70 °C for several days and finally at
ca. 120 °C (i.e., above T, and below the LCST) for a few hours,
Then fluorescence measurements were independent of further
thermal treatments. Film thickness was about 25 um for blends
of any composition and 12.5 um when the upper limit of I (/I
had to be measured. Emission spectra were recorded with a
Spex Fluorolog spectrofluorimeter. Energy transfer efficiency
was characterized by the ratio of the emission intensity of naph-
thalene and anthracene (Iy/I,) measured at the maximum of
emission, i.e., 338 nm for the donor and 417 nm for the accep-
tor. The donor was excited at 282 nm. Iy/I, ratios were plot-
ted as a function of blend composition. DSC measurements
were performed by using a Du Pont DSC 910 apparatus.

Results and Discussion

1. Blends of PVC with PMMA of Different Tac-
ticity. PVC is blended with PMMA of approximatively
the same molecular weight but of a different tacticity
(Table I). All the binary blends of various compositions
are characterized by the NRET technique as MEK cast
films in which naphthalene is attached onto PVC and
anthracene onto PMMA. The experimental I/, ratios
are plotted on Figure 1 as a function of the weight per-
centage of PMMA. The thermal history of the solvent-
cast films is of critical importance. Cast from MEK at
25 °C, films are dried as described in the Experimental
Section, and the Iy /I, ratio is observed to increase dur-
ing that process. Values reported on Figure 1 are the
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Figure 1. Dependence of I;/I, on weight percentage of PMMA
in PVC/PMMA blends. Iy and I, are the intensity emitted
by naphthalene and anthracene, respectively. (¥) pure PVC;
(a) i-PMMA 32K /PVC blends; (0) a-PMMA /PVC blends; (O)
s-PMMA/PVC blends; (@) pure a-PMMA; (@) pure s-PMMA.

constant ratios recorded at 25 °C after 3 or 4 h of heat-
ing at 120 °C. The initial values could be attributed to
a possible energy transfer from naphthalene to residual
MEK.% Therefore heating blends, especially above T
(Table I), allows any residual solvent to be removed ané
the experimental Iyy/I, ratios to increase up to a con-
stant value. Reproducibility of the Iyy/I, ratios charac-
teristic of the PVC/PMMA blends is quite good (~0.015).

PMMA has been claimed to be miscible with PVC at
room temperature whatever its tacticity.?>?® Actually these
polymer pairs exhibit a phase diagram with a lower crit-
ical solution temperature (LCST) above T,. Accord-
ingly, no difference should be observed in the degree of
miscibility of PVC with PMMA of various tacticity at 25
°C. The experimental Iy/l, values of Figure 1 might
indicate that the miscibility of PMMA with PVC is
enhanced when the PMMA isotacticity increases, espe-
cially for blends containing more than 50% PMMA. For
the comparison to be meaningful, values reported for each
series of blends have to be referred to the appropriate
limits, i.e., Iy/I 4 characteristic of total miscibility (max-
imum of energy transfer) and complete immiscibility (no
Forster energy transfer).

Total miscibility has been characterized by using a 25-
pm-thick film of a homopolymer in which half of the chains
are labeled by the donor and the other half by the accep-
tor. This blend should be an ideal model for the inti-
mate mixing of donor-labeled chains and acceptor-
labeled chains, respectively. Surprisingly enough, the
experimental Iy /I, ratio (Figure 1) depends on the
homopolymer used. It increases from 0.19 for PVC to
0.38 for a-PMMA and to 0.54 for s-PMMA. The rela-
tively low value measured for PVC (0.19) compared to
those obtained for PMMA’s (0.38 and 0.54) could be
accounted for by a quenching of the chromophore fluo-
rescence by PVC. Prud’homme has observed a similar
effect in PVC/CPVC blends. This quenching was more
important for naphthalene than for anthracene.?” In order
to assess the quenching of the naphthalene fluorescence
emission by PVC, the fluorescence quantum yield of «a-
methylnaphthalene has been measured in different sol-
vents. It amounts to 0.2 in THF, 0.19 in isooctane, and
0.05 in dichloromethane. The fluorescence quantum yield
of naphthalene groups attached onto PVC and mea-
sured in THF is 0.12. These values suggest that chlo-
rine is responsible for a decrease in the fluorescence quan-
tum yield of the naphthalene chromophore in a naphtha-
lene-labeled PVC.

Quenching further explains why the Iyy/1, ratio for the
total miscibility is smaller when measured using PVC
rather than PMMA. Other evidence for the same con-
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clusion is found in the initial increase in Iy/I, when PVC
is blended with even small amounts of PMMA (e.g., 10
wt %) whatever the tacticity of PMMA (Figure 1). Actu-
ally, the NRET occurs now between naphthalene attached
onto PVC and anthracene bonded to PMMA. Accord-
ingly the local environment of the chromophores has
changed from pure PVC to a medium in which the chlo-
rine content has decreased significantly. Since naphtha-
lene and anthracene concentrations are 1072 mol-L, what-
ever the blend composition, the PMMA and PVC com-
position in the very close vicinity of each N/A pair is
expected to be largely independent of the macroscopic
blend composition. This might explain why I;/I, changes
sharply upon the addition of a few percent of PMMA to
PVC and then very smoothly as a function of the blend
composition (Figure 1).

The Iy /1, ratio of the blends (i.e., 90% PMMA/10%
PVC composition) is found to depend on the PMMA tac-
ticity (Figure 1). Interestingly, it is known that PMMA
conformation changes with tacticity. Isotactic PMMA
in the crystalline state exhibits a helix conformation,?®
whereas syndiotactic PMMA displays a slightly curved
planar zigzag conformation.?? The characteristic ratio
(r?)y/ni?, where (r?) is the unperturbed average square
end-to-end length, n the number of bonds, and [ the length
of the valence bonds, has been reported to increase as
PMMA is more isotactic.*®3! Since (r?)/ni? is related
to the chain stiffness, isotactic PMMA chains are thus
stiffer and more extended than their syndiotactic coun-
terparts. Actually, Jenkins and Porter have assessed that
i-PMMA is 30% more extended than s-PMMA in the
unperturbed state.3? Finally, it has been calculated®® that
syndiotactic PMMA chains can circle back on them-
selves in agreement with a limited chain stiffness. From
all these results it might be anticipated that transfer
between naphthalene on PVC and anthracene on PMMA
is easier when anthracene is attached onto i-PMMA
because of a higher probability of PVC-PMMA hetero-
contacts. It is worth recalling that Mc Brierty et al.? have
shown that the ester side groups in PMMA are in a bet-
ter contact with PVC than the methyl groups of the same
PMMA. The effect of PMMA conformation is also sup-
ported by the Iy/I, values for total miscibility, which
decreases from s-PMMA to a-PMMA (Figure 1). Accord-
ingly, the Iy/I, ratio for pure i-PMMA might be extrap-
olated to ca. 0.2. So far, this value has not been mea-
sured because of problems of labeling i-PMMA with naph-
thalene. Although PMMA tacticity seems to have the
same effect on the NRET from PMMA/PMMA refer-
ences and PMMA /PVC blends, no straightforward com-
parison is allowed because of a difference in the way the
PMMA/PMMA references are labeled with anthracene
and naphthalene, respectively.

If we compare the Iy/I, values of the PVC/PMMA’s
blends, it is obvious that PMMA tacticity has no effect
on its level of miscibility with PVC. In each series of
binary blends, Iy/I, changes linearly from the appar-
ently common value observed when PVC is modified by
a low percentage of PMMA and the value for a 90%
PMMA/10% PVC blend. This means that the lack of
superposition of the experimental curves does not indi-
cate a difference in the thermodynamic miscibility but
rather a difference in the probability of PVC-PMMA het-
erocontacts in relation to PMMA conformation. Let us
recall that a-PMMA and s-PMMA are completely amor-
phous, whereas i-PMMA (32K) crystallizes in blends con-
taining up to 50% PVC and annealed at 120 °C for a few
hours. It has been observed that a rapid quenching of
these blends, previously heated above the melting point,
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prevents the crystallization to occur and does not change
the Iy/I, ratio significantly (ca. 5% discrepancy). Thus,
it can be concluded that the results collected in Figure 1
are independent of any crystallization effect, whatever
the PMMA tacticity.

To our best knowledge, this is the first time that a
technique probing a polyblend at a very small scale shows
conformational effects in relation to chain tacticity.

2. Determination of the Immiscibility Refer-
ences for PVC/PMMA Blends. For the investigation
to be complete, Iy/I, values corresponding to the total
immiscibility have to be determined. So far the upper
limit of the Iy/I, ratio has been calculated from the inten-
sity emitted by solutions in cyclohexane of a-methyl-
naphthalene and 9-methylanthracene, respectively, upon
excitation at the naphthalene maximum absorption wave-
length. A value of 13.2 has been proposed for the
naphthalene/anthracene pair.!®® The reliability of that
value is based, however, on the assumption that the extinc-
tion coefficient and the quantum yield of both the donor
and the acceptor are the same in solution as in polymer
films. As already noted by Prud’homme, this assump-
tion is groundless,?” and the reference in the absence of
energy transfer has to be determined from two individ-
ual polymer films, one containing naphthalene and the
other one labeled with anthracene.

Since there is a quenching effect of PVC on the chro-
mophore fluorescence, the upper limit of the Iy/I, ratio
is expected to depend on the composition of the PMMA/
PVC blends. Thus, for a given composition, two films
have to be prepared that are identical except for the chro-
mophore they contain. For example, when the 50/50
PMMA /PVC composition is used, a film is prepared that
comprises 50% PMMA and 50% naphthalene-labeled
PVC, whereas the second film of the same thickness com-
prises 50% anthracene-labeled PMMA and 50% PVC.
The chromophore concentration is the same within the
two films (1072 mol-L ™). From an experimental point of
view, the Iy/I, ratio can be measured in two different
ways. Either the absolute I and I, intensities, emitted
by each film when excited at 282 nm, are measured, or
the two films are sandwiched face to face and excited at
282 nm and the Iy and I, intensities are measured at
the appropriate emission wavelength of each chro-
mophore. In the latter case, relative intensities are
recorded and the relative position of the film assembly
toward the incident beam can be modified: either the
naphthalene-containing film is in front of the incident
light or the reverse. The reported I/, ratio is the aver-
age of values measured when the orientation of the film
assembly toward the incident beam is changed.

When the two methods are compared, measurements
of relative intensities give more reproducible results than
those of absolute intensities. In the latter case, when
measurements are repeated after an interval of one or
several days, results depend on possible absolute inten-
sity fluctuations. Therefore, the former technique has
been selected because of its independence of any appa-
ratus fluctuations. I/I, values are, however, reproduc-
ible only when the incident exciting beam hits the same
local area of a given film assembly. If another section of
the sample surface is excited or another pair of films used,
sharp discrepancies are observed as illustrated in Table
IT. Control and reproducibility of the solvent-cast film
is thus questionable. In this regard, it has been observed
that the film thickness is not uniform and can change by
as much as a factor of 2 from one local area to another.
The distribution of these irregularities also varies with
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Table II
Reference of Total Immiscibility As Measured for Two
Different Pairs of Films

In/la
polym comp, wt % 1st pair 2nd pair
s-PMMA/PVC
25/75 0.85 0.59
50/50 0.77 1.05
75/25 1.27 1.09
100/0 2.04 1.22
a-PMMA/PVC
25/175 0.87 0.83
50/50 0.93 1.09
75/25 0.72 1.20
100/0 0.91 0.70
i-PMMA 32K/PVC
25/175 0.75
50/50 0.77
75/25 0.67 0.78
Table I11

Effect of Thermal Treatments on Iy/I, (NRET) and T,
(DSC) for the 50% i-PMMA 51K/50% PVC Blend

thermal treatments In/1a Ty °C
4 days at 25 °C® 0.31 20-40
65 h at 70 °C 0.27 45-70
65 hat 70 °C + 3 h at 120 °C 0.30 50-60, 65-85
65hat70°C+3hat 0.35 50-60, 65-85

120°C+ 4 h at 170 °C
@ THF-cast films dried under vacuum, at 25 °C, for 4 days.

the sample preparation. It might be concluded that the
fluctuations observed in the experimental upper Iyy/I,
values are unavoidable as long as films that have to be
assembled do not display a highly uniform thickness. It
is worth recalling that the PVC/PMMA blends of vari-
ous compositions are characterized by using one film (and
not a two-film assembly), the thickness of which has no
effect on the experimental values of Iy/I,. Although the
measurements of the immiscibility references using poly-
mer films are not yet reproducible, they are more mean-
ingful than measurements from solutions. In the latter
case a value as high as 13.2 has been calculated whatever
the blend composition, in strong contrast to the order of
magnitude of the values reported in Table II.

3. Can NRET Probe Polymer Phase Separation?
It is also the purpose of this paper to evaluate NRET as
a means of detecting phase separation, especially in PVC/
PMMA blends, which are known to exhibit a lower crit-
ical solution temperature (LCST). Several films of the
same 50% PVC/50% i-PMMA 51K blend have been cast
from THF at 25 °C. Each film has been submitted to a
well-defined thermal treatment and characterized by
NRET (Iy/I, value) and differential scanning calorim-
etry (T, value). The purpose is to state whether there is
a sharp transition in the Iy/1, ratio when the phase sep-
aration occurs and especially when two T'’s are observed.
As shown in Table III, Iy /I, decreases from 0.31 to 0.27
when the film is dried under vacuum for 65 h at 70 °C,
while the unique T, is shifted toward higher tempera-
tures by ca. 25 °C (ﬁ’igure 2).

These observations can be accounted for by the elim-
ination of THF left in the sample after drying under vac-
uum at room temperature (4 days). The solvent is expected
to be completely removed, when the sample has been
treated at 70 °C, i.e., above T, of the blend and above
the boiling point of THF under reduced pressure. No
further change in I\y/I, and T, is indeed observed when
the thermal treatment at 70 °C is repeated for several
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Figure 2. Effect of annealing on DSC thermograms of the 50/50
PVC/i-PMMA 51K blend (THF cast films). (A) 4 days at 25
°C; (B) 65 h at 70 °C; (C) 65 h at 70 °C + 3 h at 120 °C.

extra hours. In contrast, heating that blend at 120 °C
for 3 h is sufficient to reach the two-phase region of the
phase diagram since two T,’s are now observed: one T,
between 50 and 60 °C and the other one between 65 ang
85 °C.

As a result of the phase separation, I/, increases
only from 0.27 to 0.30 (Table III). Finally, it reaches
0.35 after further thermal treatment at 170 °C for 4 h.
These data have been duplicated and show that the mea-
surement of I'y/I, is not sensitive enough to detect the
phase separation that occurs when the temperature is
increased above LCST. This disappointing observation
might be explained by the formation of a great number
of very small domains, the composition of which should
be intermediate of that of the initial blend and the bin-
odal points. The energy transfer can thus take place
through a large interfacial area as well as inside the indi-
vidual domains. Although the Iy/I, ratio has to be dif-
ferent for phases of different composition, the experi-
mental measurement provides an average value that might
not be very different from the initial ratio. Progress of
the phase separation upon heating the sample at a higher
temperature (170 °C compared to 120 °C) promotes a
slight increase in Iyy/I, from 0.30 to 0.35. That increase
can rise slowly when the sample is heated at 170 °C for
longer periods of time. As expected, phases coalesce and
the interfacial area decreases while the purity of the phases
is improved. All these experiments support that NRET
is not a convenient technique to detect a phase separa-
tion in an initially monophase polyblend. Progress of
the phase separation promotes too small changes in the
Iy/14 ratio, so that the kinetics cannot be followed accu-
rately.

4. Conclusion. This study has focused on the possi-
ble use of NRET as a probing technique of polymer mis-
cibility and polymer phase separation. Experimental data
have shown that this fluorescence technique can provide
information of the miscibility level of PVC and PMMA
binary blends. The upper and lower values of the Iny/I,
ratio have to be determined in a reliable way since the
range between these two limits defines the sensitivity of
the technique. Although the lower limit corresponding
to the total miscibility is reproducible, experimental knowl-
edge of the upper limit is quite a problem. The best way
to determine it consists of an assembly of two films mod-
eling the complete phase separation. Inhomogeneity in
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the thickness of the individual films seems to affect strongly
the value of Iy/I, and makes the upper limit and hence
the conclusion about polymer miscibility very unaccu-
rate. In the very particular case of solvent-cast PVC/
PMMA binary blends, no effect of the PMMA tacticity
on the polymer miscibility has been evidenced, and the
miscibility seems to be complete. It is, however, worth
noting that any change in the PMMA conformation caused
by a change in the tacticity affects the frequency of chain
interactions for PMMA blended with PVC. The more
rigid, and thus extended, the PMMA chains, the more
frequent are the interchain contacts. It is believed that
NRET is the first fluorescence technique that has shown
evidence for effect of chain tacticity on the molecular
mixing in monophase polyblends. From that point of
view, NRET is a sensitive technique to probe chain inter-
actions.

Finally, heating a monophase PVC/PMMA blend above
the LCST does not produce an increase in the Iy/I ratio
great enough to detect phase separation. In this regard
NRET is much less sensitive than DSC.

Let us finally mention that fluorescence measure-
ments on solutions of donor- and acceptor-labeled poly-
mers have been performed by Morawetz and Horsky>*
and might be dominated by radiative, rather than non-
radiative, energy transfer. This might also occur in poly-
mer films and enhance limitations of the fluorescence
technique for probing blends of labeled polymers.
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