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Synopsis

Miscibility of PVC with s PMMA and SAN, respectively, has been investigated by nonra-
diative energy transfer. Blended by using a common solvent, the two polymer pairs are not
homogeneous at a molecular level. They are likely to contain heterogeneities of a few nano-
meters depending on blend composition. At a comparable number average molecular weight,
ut a different polydispersity, SAN is seemingly less miscible with PVC than s PMMA. That
}is behavior is of enthalpic or entropic origin, or mainly due to the method of mixing, cannot
¢ settled so far.

INTRODUCTION

In the past decade, an ever increasing interest has been devoted to poly-
mer blending and, as a consequence, to the investigation of polymer-poly-
mer miscibility.1? Polymer blends are now recognized as the most efficient
way of achieving commercially viable improved products, the other means
new monomers, new molecular structures, . . .) being generally less efficient
o provide progress in polymer technology together with reduced cost. The
ifferences between miscible versus immiscible polymer blends are com-
arable to those between random (homogeneous) and block (multiphase)
opolymers, in terms of mediation or additivity of final bulk properties.
herefore present and future applications of blends strongly depend on the
nowledge of the miscibility of commercial polymer pairs in order to achieve
ell-defined objectives.

Establishing miscibility in an unambiguous way is a very delicate task
ince it depends a great deal on both the blending methods used and the
nvestigation techniques of the final state of mixing. The methods of prep-
ration and the time and temperature to which the mixture is subjected
re determinant to bracket reasonably the thermodynamic equilibrium. Of
ourse, from an applied point of view it would be of minor importance to
vestigate the equilibrium state rather than that obtained reproducibly
- with industrial equipment. On the other hand, the actual level of molecular
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mixing is hard to ensure because it depends on whether the inVestigat;
technique is able to probe mixing on a molecular scale. Numeroug exl
imental techniques are based on bulk properties, such as glass trangig;
Nevertheless, microscopic evidence of two-phase structures has been
ported in cases where glass transition measurements conclude to 5 Sin
phase behavior.! How large is the size of a domain required to be detect
by a given experimental technique is thus an important question.

Transmission electron microscopy (TEM) is probably the most POwer
technique with a resolution down to a few angstroms in the most favorgy
conditions. Unfortunately, low penetrating power, insufficient contragt
the sample and artifacts in the final image can drastically limit itg
fulness.3* More recently, pulsed NMR has proved to be helpful in probi
spatial inhomogeneity from molecular dimensions in the nanometer ran
up to microns or larger.>” In that respect, the transport of spin eney
(spin diffusion) is a phenomenon quite suitable to derive information
small-size heterogeneities in polymers. Spectroscopy and more especig]
fluorescence techniques are also particularly valuable in the determinatj
of the degree of polymer-polymer miscibility. Aside from the excimer f
orescence employed by Frank,® and a fluorescence emission analysig
ported by Monnerie,® Morawetz has recently proposed a method relying
radiationless transfer between two fluorescing chromophores attached, o
on each polymeric component of a binary blend.'%-!® The emission spectry
of the first chromophore (the donor D) has to overlap the absorption spe
trum of the second (the acceptor A). The energy selectively absorbed by t
donor can be transferred to the acceptor through a nonradiative proce
over distances of a few nanometers. The ratio of the emission intensity
the donor and acceptor labels (I,/1,) is a measure of their mean mutu
spacing and thus reflects the mutual interpenetration of two labeled pol
mers. The labeling of polymer pairs Morawetz has studied so far, was ge
erally performed by copolymerization with monomers carrying t
appropriate label. This procedure is of course inappropriate when preforme
or commercial polymers have to be investigated by nonradiative ener,
transfer (NRET). It is the reason why we have reported elsewhere th
chemical labeling of commodity polymers such as poly(vinyl chloride) (PVC
poly(methyl methacrylate) (PMMA) and poly(styrene-co-acrylonitril
(SAN).16

After polyolefins, PVC is probably the most widespread thermoplast
and, as a consequence, it is a major candidate in the development of ne
materials by polymer blending. Furthermore, PVC is reported as miscib
with other commercial polymers, i.e., syndiotactic and atactic PMMA, SA
and poly(e-caprolactone) (PCL).! Accordingly, the following question arise
does PVC exhibit the same degree of miscibility with each of these thre
species? A NMR study of PCL/PVC and s PMMA/PVC blends has alread
given partial answers to that specific question.®” The two kinds of blen
are homogeneous on a dimensional scale of 12 nm, but heterogeneous
the 2nm scale. As the NMR study of the PVC/SAN pair is not straigh
forward, these polymer blends have been investigated by NRET in com
parison with PVC/s.PMMA blends. This paper aims at reporting th
preliminary results of that investigation. :
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EXPERIMENTAL

Materials

pVC was a commercial sample supplied by Solvay Belgium (PVC RD 258).
was purified by a twofold precipitation from tetrahydrofuran (THF) into
othanol and finally dried under vacuum up to constant weight. In this
_gay, PVC was expected to be freed from stabilizer and plasticizer. Molecular
weights M, = 43,000, M,, = 80,000) were determined in THF at 25°C by gel
srmeation chromatography (GPC).

 Methyl methacrylate was anionically polymerized under anhydrous con-
ditions in THF at -78°C using diphenyl methyl lithium as initiator. Poly-
merization was stopped by the addition of hydrochloric acid. The polymer
was precipitated into methanol and hexane and dried under vacuum. Mo-
jecular weights (M, = 41,000 and M, = 64,000) were again measured by
GPC. The tacticity of PMMA (89% syndio, 11% hetero) was determined by
950 MHz NMR spectroscopy; a 5% solution in o-dichlorobenzene was ana-
lyzed at 130°C with a CAMECA 250 RMN instrument.

The commercial SAN material (SAN K11 from Labofina) contained 27
wt % acrylonitrile. It was purified by a twofold precipitation from THF
into methanol and dried under vacuum (M, = 54,000 and M, = 130,000).

Labeling of SAN and s.PMMA

Naphthalene and anthracene were selected as donor and acceptor, re-
spectively. 9-anthrylmethyl chloride was used as an alkylating agent to
attach the anthracene moiety onto SAN in the presence of N-lithium di-
isopropylamide.’® PVC was labeled with anthracene or naphthalene
through the nucleophilic substitution of secondary chlorine atoms by
9.anthrylmethyl lithium and a-naphthyl methyl lithium, respectively.1€
a-naphthyl methyl lithium was also used to anchor the naphthalene label
onto s PMMA by nucleophilic attack on the ester groups.® The crude la-
beled polymers were purified by repeated dissolution in THF and twofold
precipitation into methanol and then into hexane. After that, the percent-
age of chromophores remained constant and any trace of impurities was
removed. The content of naphthalene and anthracene residues in the la-
beled polymers was determined by UV spectroscopy. PVC contained 0.99
mol % naphthalene and 1.20 mol % anthracene, respectively. The biend
of PVC labeled with naphthalene and anthracene respectively was used as
a reference in the measurement of NRET. SAN and s. PMMA were labeled
with 0.35 and 0.98 mol % anthracene, respectively. The spectroscopic char-
acteristics (R ,, ¢/, . . .) of the labeled polymers were derived from those of
the corresponding models,? ie., 9-methylanthracene and a-methylna-
phthalene (Table I). B, was estimated from Brikx’s data'® and eq. (1):

88 X107®.K2-J-9)

nt
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TABLE 1
Spectroscopic Data for the Donor and Acceptor Chromophores
Nex Nem €ox J x 101612
Compounds (nm) (nm) M-t em™1) (cm® mol 71) ¢ o
I
Donor :
a-methyl naphthalene 282 338 6.7
4.52 0.25

Acceptor :
9-methyl anthracene 282 417 0.63

® Ao, excitation wavelenght; A, emission wavelength; €., molar extinction coefficiens.
R,, and ), see text. .
B, is the critical distance at which energy transfer and D* deactivatioq
fluorescence or internal quenching are of equal probability, ¢ is the qu&li
tum yield of the donor in the absence of transfer, . is the overlap inte
between the emission spectrum of the donor and the absorption spectrum
of the acceptor, n is the refractive index of the medium (7 pyps = 1.50 ane
npyc = 1.55), and K2 is a dimensionless factor depending on the mutyg
spatial orientation of the transition dipole moments of the donor ang a6
ceptor. K2 = 0.476 for a random orientation of donor and acceptor i -
rigid medium.1?

NRET Measurements

The labeled polymers were diluted with the corresponding unlabeled po
mers in order to prepare films containing 10 "2mol L~! of donor and
ceptor, respectively. Films were cast from 2 % methyl ethyl ketone solutions
on quartz plates. The solvent was allowed to evaporate slowly for 2 days
at room temperature under a nitrogen atmosphere; the films were finally
dried under vacuum at 50°C for 48 h. They were kept under nitrogen befo
measurement. The film thickness was adjusted to about 25um. Emission
spectra were recorded with a Hitachi-Elmer MPF-2A spectrophotomet
The exciting beam was directed at 60° to the surface of the sample sand-
wiched between quartz plates; emission was observed at 30° from the surfa
Energy transfer efficiency was characterized by the ratio of the fluorescence
emission intensity of the naphthyl and anthryl labels (Iy/I,), measured at
338 nm for the donor and 417 nm for the acceptor. The donor was selectively
excited at 282 nm. The ratio /7, was plotted versus blend compositio

RESULTS AND DISCUSSION

To define the resolution power of NRET using naphthalene and anthr
cene as donor and acceptor, respectively, the efficiency () of NRET has
be defined. £ depends on the distance r between donor and acceptor a
cording to:

E=R§/(R + r9)

The sensitivity of this fluorescence technique is therefore directly relate
to the R, value. By reference to Table I, the selected donor/acceptor pa
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such that nonradiative energy transfer is efficient over distances of about
g pm. The miscibility of PVC with SAN and s.PMMA can thus be probed
on this dimensional scale. Decreasing miscibility means an increase in the
gverage distance between donor and acceptor and a consequent reduction
of the transfer efficiency, i.e., an increasing I,/I, ratio.

Figure 1 reports the emission intensity ratio (Iy/,) as a function of blend
composition for as well PVC/SAN as PVC/s PMMA pairs. It is noteworthy
that the two kinds of blends contain the same PVC (M, = 43,000) whereas
the M, of SAN (54,000) and s.PMMA (41,000) are not very different from
each other. The main difference in the molecular parameters of SAN and
¢ PMMA is the polydispersity which is worth 2.41 and 1.54, respectively.
The fluorescence data may be compared with the ratio Iy/I, ~ 0.18 for
ablend of PVC chains labeled with the donor and the acceptor chromophore,
respectively, and used as a reasonably homogeneous reference blend. In the
absence of energy transfer, the value of the Iy/I, ratio can be approximated
py the following rough calculation. Solutions of 9-methylanthracene and
a-methyl naphthalene of equal absorbancy at the excitation wavelength of
982 nm were excited and the emission intensity ratio at 338 and 417 nm
ecorded as 1.24. As the ratio of the molecular extinction coefficients of the
hromophores was 10.7, an emission intensity ratio of 13.2 would be ex-
ected for equimolar concentrations in donor and acceptor in the total
bsence of energy transfer.

In a broad range of composition, the PVC/s.PMMA blends are practically
ree from heterogeneities on a dimensional scale of 2 nm. The values of the
v/ 14 ratio (0,28) are indeed of the same order of magnitude as that reported
or PVC used as a reference for homogeneity. A very slight departure from
homogeneous situation is cbserved for the s. PMMA rich blends (> 60 %).
hese experimental results are in qualitative agreement with the NMR

. ] . ! L | : I s
0 0.2 0.4 0.6 0.8 1.0

Wt % of s-PMMA(or SAN)

_ Fig 1. Emission intensity ratio (Zy/1,) versus weight composition (W) of (0) PVC/s PMMA
nd ([J) PVC/SAN blends.
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investigation of blends made up of the same PVC and a higher molee
weight s. PMMA (M, : 150,000). That work concluded to the Preseng
heterogeneities the mean size of which was likely to range from 2.5 ¢, 19,
(7,20). According to NRET, blends of PVC and lower molecular Wei
s.PMMA would not contain separated phases much larger than 2 nm
At a comparable M,, SAN is obviously less miscible with Py thai‘
s.PMMA is (Fig. 1). Nevertheless, no gross phase separation occurs in PVe
SAN blends, as the Iy/I, ratio is still at the edge of homogeneity (on
scale of 2 nm) with an extreme value.of 0.6 compared to 0.18 and 13.2 14
homogeneous and completely phase separated systems, respectively, Th
Iy/1, ratio versus composition curve is again dissymmetric showing tha
both SAN and s PMMA accomodate PVC less efficiently than PV( does fy
them both. Phase diagrams of systems consisting of a single polymer in
single or a binary solvent mixture exhibit a striking dissymmetry too, Whic
is attributed to the great disparity in the sizes of the mixed molecules. Thi
same is true for mixtures of polymers with a sufficiently different chain
length. The critical point is then shifted towards higher compositiong o
the polymer with the shorter average molecular weight.! That the slighy
difference in M, of PVC (43,000) and SAN (54,000) or s.PMMA (410
might be responsible for the marked dissymmetry of Figure 1 is doubtfy]
It is worth noting here that NRET is not in disagreement with previoy
investigations reporting the compatibility of SAN and PVC. Although thi
polymer pair has not been directly characterized, information has beer
derived from the study of PVC and ABS (polybutadiene grafted with SAN
blends.?! Two glass transition temperatures (T) were observed. The T, a
high temperature shifted towards higher temperature with increasing ABS
content in the blends and was attributed to a mixed PVC/SAN phase. The
second 7T, was independent of the blend composition and characteristic o
polybutadiene. NRET now makes it clear that the mixing of PVC and SAN
is not intimate at the molecular level but well at a few nanometers, de.
pending on composition.
Polymer-polymer miscibility is generally explained in terms of specific
interactions. As far as the miscibility of PVC and s. PMMA is concerned,
reference is made to hydrogen bonds between the tertiary hydrogen ato
in the vinyl chloride unit (a proton donor) and the oxygen atom in the
carbonyl group of PMMA (a proton acceptor).2 If a similar situation prevails
between PVC and acrylonitrile units in SAN, the concentration of inter-
acting groups smaller in SAN than in PMMA could possibly account for
the difference in miscibility reported for PVC/SAN and PVC/s.PMMA pairs
(Fig. 1). This argument has however to be considered carefully. First, the
intermolecular interactions are very sensitive to steric factors as convinc
ingly demonstrated by the immiscibility of PMMA with PVC when its con-
figuration is changed from syndiotactic to isotactic.?2 Furthermore, the
acrylonitrile content of SAN plays determinant role in the achievement of
miscibility with other partners. SAN and poly(e-caprolactone) are for in-
stance compatible only when the acrylonitrile weight percentage in SAN
ranges from 8 to 28.3 A miscibility “window” is also reported in blends Of
PVC and acrylonitrile~butadiene copolymers (NBR).? Similarly, SAN and
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MMA form compatible systems when SAN contains from 9 to 27 wt % of
rylonitrile units.? Paul and Barlow have recently developed a binary
teraction model which explains such a behavior.2 According to these
athors, the net exothermic heat of mixing required for miscibility of high
olecular weight polymer mixtures might result from appropriate consid-
gtions of both intermolecular and intramolecular interactions of com-
pent units, without an exothermic interaction existing between any
dividual pair of units. It would therefore be helpful to investigate by NRET
e effect of the acrylonitrile content in SAN on the miscibility of the SAN/
VC pair, and to analyze the experimental results by the light of the binary
nteraction model proposed by Paul and Barlow.

_ Ifcould also be argued that the increase in the I,,/I, ratio when s. PMMA
is substituted by SAN results from the difference in their molecular pa-
rameters and more especially in their polydispersity. As the SAN sample
contains a number of longer chains than the s PMMA sample, a decrease
in miscibility could be accounted for by entropic considerations. A forth-
coming paper will focus on that important point in order to determine the

sensitivity of NRET to a change in the molecular weight of at least one of
the component polymers of a binary blend.

Finally, due to a possible disparity of its interactions with SAN and

PMMA, methylethyl ketone (MEK) could impart slight differences in the

state of mixing of PVC with SAN and s PMMA, respectively. The x 4 in-
teraction parameter of the PVC/MEK pair has been estimated to 0.89 by

inverse gas chromatography,? whereas, to our knowledge, this one of the

SAN/MEK pair has not yet been determined. In principle Hildebrand’s

equation allows for the calculation of x;;:

v,
X0 =RT

(6; -5,)? 3

where V. is the reference volume. Unfortunately, the validity of eq. (3) is
questionable especially for favorably interacting pairs. When applied to the
PVC/MEK pair, eq. (3) provides a result (0.0068) largely different from the
experimental value (0.89). In such conditions, possible effects of the solvent
on the morphology of the investigated blends cannot be ascertained. It is
worth recalling that a binary polymer blend prepared by using a common
olvent could be affected by a too large difference between each polymer—
solvent interaction parameter. It has indeed been shown that the miscible
Polystyrene/poly(vinyl methyl ether) pair exhibits a miscibility gap in sol-
ents for which the strength of the polymer-solvent interactions is too high
lAx|> > individual Xi)-2 Therefore, if the evaporation of these solutions
5 not slow enough, the final blends can be cloudy, i.e., in a nonequilibrium
tate, reminescent of the “closed” two-phase region and brought about by
he high viscosity of the system. Needless to say, the polymer displaying
he larger X ; would preferentially come out from the solution as the solvent
Vaporation proceeds. In the actual case of PVC/SAN blends, it has been
Scertained that the NRET results remained in the limits of experimental
Trors when tetrahydrofuran was substituted for MEK as a common solvent.
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In conclusion, NRET is a very sensitive technique in the determinag
of polymer-polymer miscibility. At the level of 2 nm, a small byt defip
difference in miscibility is reported between PVC/s. PMMA and PV /S
pairs. Further investigation is required to establish the origin of thig
crepancy. Interference of the common solvent used in the polymer mi
as well as entropic contributions due to a small disparity in the mq
parameters of SAN and s. PMMA cannot indeed be completely digr
thus far.
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