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Figure 2. Temperature (10%/T) dependence of the resistivity
(In p; Q-cm) measured on compressed powder pellets of [Rh-
(4,4-diisocyanobenzene),*Cl"], (A) and [Rh(1,4'-diisocyanobi-
phenyl),*CI], (B).
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Figure 3. Transfer of electronic effects via the orthogonal P,
orbitals of the collinear 1,4-diisocyanobenzene linkage.

P, orbitals of the 1,4-diisocyanobenzene linkages (Figure
3) which should allow the transfer of electronic effects in
the two-dimensional layers (100 planes) of this polymer.
A similar process in the case of the terminally coordinated
4,4’-diisocyanobiphenyl linkage would be either restricted
or forbidden, depending on the dihedral angle of the
phenylene rings of the biphenylene unit. The overall
conductivity (¢) of these polymers should include intra-
planar as well as interplanar contributions; the latter
should be larger for the polymer with the 1,4-diisocyano-
benzene linkages than for the 4,4’-diisocyanobiphenyl
polymer. Anisotropic electrical properties may be deter-
mined by the study of single crystals. Unfortunately, the
polymers under review have not yet been obtained in
suitable crystallinic form to allow for such study.

The oxidation states of many of the cationic rhodium
tetrakis(monoisocyanide) systems have been found to be
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greater than one (1.0-1.25).2 This data may then suggest
that these systems are one-dimensional metals in which
the metallic behavior has been quenched by crystalline
disorder and imperfections. On the other hand, the pos-
sibility of either a small band-gap intrinsic or extrinsic
semiconductor systems, with the latter being dominated
by Rh(II) “impurities”, was also considered for these
complexes.® Similar considerations may also apply to the
coordination polymers reported herein.

Registry No. [Rh(1,4-diisocyanobenzene),*Cl™],, 74620-93-2;
[Rh(4,4’-diisocyanobiphenyl),*Cl-1,, 74620-95-4.
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One of the main applications of polymer blends is in the
manufacture of impact-resistant materials, since phase
separation is an essential feature for the rubber toughening
of brittle plastics. In acrylonitrile-butadiene—styrene
(ABS) resins, the rubbery phase usually consists of poly-
butadiene, nitrile rubber, or poly(styrene-co-butadiene)
rubber (SBR). The largest part of the resins now manu-
factured is prepared by a graft copolymerization process
of styrene and acrylonitrile in the presence of a preformed
rubber.! Although mechanical blending remains certainly
a very attractive and more versatile way toward these
polyblends, it has important deficiencies that cause it to
be less efficient than the copolymerization techniques.
Among the necessary features of the rubber phase, good
adhesion to the matrix, adequate cross-linking, and average
particle diameter near the optimum value (ca. 0.5 um) are
the most important ones to achieve high impact perform-
ances.? These requirements are not met when melt
blending styrene—acrylonitrile (SAN) with a commercial
rubber. In order to alleviate that situation, we have in-
vestigated combinations of commercial thermoplastic
elastomers in a SAN matrix, more precisely styrene-bu-
tadiene block copolymers (SBS) and appropriate polymeric
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Table I
Molecular Characteristics of PS-PMMA and PB-PMMA
Copolymers (50/50 Composition)

block
sample code copolymer M, o
SMA 32 PS-PMMA 220000
SMA 33 PS-PMMA 150000
BMA 11 PB-PMMA 140000
BMA 20 PB-PMMA 200000
BMA 29 and 35 PB-PMMA  470000-130000 (2 GPC peaks)

emulsifiers. The use of a SBS copolymer as the rubber
phase has the advantage of overcoming the difficulty to
control proper cross-linking during the blending process
since such a material is physically cross-linked thanks to
formation of PS microdomains. Furthermore, it is now
recognized that both phase dispersion and interfacial ad-
hesion in incompatible polymer blends can be provided
by well-chosen diblock copolymers: we have indeed largely
demonstrated the validity and applicability of that concept
in the melt blending of many model polymer mixtures,
some of them being already published.*® In the present
case, the adhesion between the SBS rubber phase and the
SAN matrix could be provided either by a poly(styrene-
block-methyl methacrylate) PS-PMMA or a poly(buta-
diene-block-methyl methacrylate) PB-PMMA diblock
copolymer. Thanks to good mutual interactions, co-
polymers having a syndiotactic PMMA block act as effi-
cient emulsifiers for SAN-based blends.® Furthermore,
since SBS displays PS and PB domains, its anchoring into
the SAN matrix can be ensured by using either a PS or
a PB block, provided solubilization of the corresponding
blocks occurs in each case; we were therefore also interested
in the comparison of both situations.

Experimental Section

Results presented here were obtained with a SAN resin (from
Labofina S.A): SAN K 17 (27% AN). The thermoplastic elas-
tomer was Solprene 411 from Phillips (four-arm star-shaped block
copolymer, 30% PS, M, 280000). PS-PMMA and PB-PMMA
diblock copolymers were synthesized in the laboratory by anionic
copolymerization techniques. For PS-PMMA, styrene was po-
lymerized in pure THF at -78 °C for 30 min (see-BuLi/a-
methylstyrene mixtures as initiator).” Pure MMA was then in-
troduced in the reaction medium and allowed to polymerize for
2 h at -78 °C. PB-PMMA copolymers were prepared as follows:
Butadiene was polymerized in benzene at 40 °C for 12 h (sec-BuLi
initiation). THF was then added to the medium progressively
cooled to =78 °C. (THF/Bz = 5), and the polybutadienyl anion
was end-capped with a few 4-vinylpyridine units in order to
generate a less reactive terminal anion. MMA was added and
allowed to polymerize at —78 °C for 2 h. Table I summarizes the
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Figure 1. Scanning electron microscopy of a 70 SAN /30 Solprene
411 blend (fracture surface from a Charpy impact test).

characteristics of the block copolymers used.

Blends were prepared on a laboratory two-roll mill at 200 °C.
SAN was first molten on the roll mill before the successive in-
corporation of Solprene and the emulsifier. The three components
were then mixed at 30 rpm for 5 min. The samples were com-
pression molded at 200 °C for 3 min (2500 psi) into sheets from
which tensile and impact specimens were machined.

Results and Discussion

First screening experiments demonstrated that when a
SAN resin is melt blended with an un-cross-linked rubber
(polybutadiene), on a laboratory two-roll mill, lamination
occurs, even at low rubber content; that phenomenon does
not take place when a thermoplastic elastomer (SBS co-
polymer) is used. This observation demonstrates the
benefit of using a physically cross-linked elastomer to
design new ABS’s by melt blending.

Pure blends of SAN with SBS Solprene 411 (star-shaped
copolymer) do not exhibit good tensile and impact prop-
erties even when the rubber content is high (£30%), as
observed in Table II. Fracture surface examination by
scanning electron microscopy put in evidence coarse dis-
persions of the phases, and lack of adhesion between them
(Figure 1). That situation is alleviated when the blends
are modified with a block copolymer PS-PMMA. Results
in Table IT show that the modified blends exhibit a higher
ductibility (eg) and impact resistance (Charpy impact
strength) than pure blends. However, these performances
remain lower than those of a commercial high-impact ABS
resin (Cycolac GSM from Borg Warner), taken as refer-
ence.

Table IT
Tensile and Impact Behavior of Some SAN/Solprene 411 Blends®
F.D.
Solprene % total Charpy, Izod, (Gardner),
SAN, % 411, %  copolymer, %  rubber® E,MPa oy, MPa o, MPa ¢, % kJ /m? ft-lb/in. in.-lb
100 2000 66 6 3.5
70 30 30 1230 33.2 7.2 6.8
66.5 28.5 5 SMA32 28.5 1310 34.5 13.6 10.9
71.4 23.8 4.7 SMA33 23.8 1460 39.5 38.5 16.4 12.4
65.6 27.3 9.2 SMA33 27.3 1710 39.7 38.9 14.5 11.9
72,7 18.1 9.2 BMA11 22.7 21.6 5.88 120
63.6 27.3 9.1 BMA11 31.8 18.9
72.7 18.1 9.2 BMA20 22.7 1640 39.7 33.5 23.5 16.8 7.46 140
66.5 23.5 10 BMA20 28.5 1590 35.9 29.9 23.4 31.8 8.51 140
72.7 18.1 9.2 BMA29 22.7 309 21.8 35.2
72.7 18.1 9.2 BMA35 22.7 1590 35.3 33.9
ABS¢ 30 1490 43.5 34 19 19.1 5.48 120

“Tensile tests, were performed on specimens DIN 53448 at a cross-head speed of 2 cm-min™'. Charpy impact tests, were performed on
specimens DIN 53453 (0.3-mm notch). ®Percent total rubber includes the PB block of the PB-PMMA copolymer. ¢Cycolac GSM natural.
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Figure 2. Scanning electron microscopy of a 70 SAN /24 Solprene
411/6 copolymer PS-PMMA blend (fracture surface from a
Charpy impact test).
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Figure 3. Transmission electron microscopy of a 72.7 SAN/18.1
Solprene 411/9.2 copolymer PB-PMMA blend (PB phases were
stained with osmium tetraoxide).

Micrographs also demonstrate that, while the particle
size is significantly decreased upon the addition of the
block copolymer, the adhesion between the rubber phase
and the SAN matrix is still limited; furthermore, the
fracture of the blends remains brittle and controlled by
crazing only (Figure 2).

Such limitations are no longer observed when SAN/SBS
blends are emulsified with PB-PMMA diblock copolymer.
Table II shows that impact performances significantly
higher than that of the commercial ABS can be obtained
even at lower rubber content (22.7% rubber phase in
comparison with 30% in Cycolac). Izod impact tests as
well as falling dart test performed on selected samples
confirm that superiority.

Microscopy observations put in evidence the beneficial
effect of PB-PMMA copolymers in SAN/SBS blends.
The state of dispersion was more precisely evidenced on
transmission electron micrographs, after staining the
rubber phase with osmium tetraoxide. Figure 3 shows that
the rubber particle size is generally less than 1 um and is
thus near the optimum reported value for a “classical” ABS
resin. Although some distortion could result from the knife
compression in the ultramicrotome, it is apparent that
these rubber particles are not spherical but irregularly
elongated. The particle shape seems therefore not to be
such a critical parameter in controlling the impact per-
formances of SAN/SBS blends. Furthermore, scanning
electron microscopy examination of fracture surfaces puts
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Figure 4. Scanning electron microscopy of a 66.5 SAN/23.5
Solprene 411/10 PB-PMMA copolymer blend (fracture surface

from a Charpy impact test).

Figure 5. Scanning electron microscopy of ABS Cycolac GSM.
(Fracture surface from a Charpy impact test).

in evidence a strong adhesion between the phases. In fact,
these phases are so intimately anchored to each other that
it is not possible to distinguish them (Figure 4). On the
other hand, the fracture surface of the ABS resin (Figure
5) exhibits holes that could be attributed to rubber par-
ticles expelled during the fracture; such holes are not ob-
served in our blends, where fracture seems to occur without
interfacial decohesion.

In other words, interfacial adhesion seems to be stronger
in our blends than in the commercial resin. These results
demonstrate further that adhesion between rubber par-
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Figure 6. Fractograms of a 66.5 SAN/23.5 Solprene 411/10 copo
PB-PMMA blend (curve A) and of ABS Cycolac GSM (curve B).
Charpy impact tests on notched specimens DIN 53453.

ticles and the matrix is a very important parameter to
impart high-impact performances to toughened resins and
also that such an adhesion can be provided by using a
suitable polymeric emulsifier.

These scanning electron micrographs also demonstrate
that the emulsified SAN/SBS blends mainly deform by
shear; this response is even more pronounced in our blends
than in the commercial ABS. Fractograms confirm that
situation; Figure 6 shows indeed that fracture of our blends
(A) is much more ductile than that of commercial ABS (B):
a definitely higher energy for fracture propagation is in-
deed recorded for the former, and that possibility to
modify the profile of the impact response is particularly
appealing.

Finally, it is interesting to note that such high-level
performances are not detrimental to the Young’s modulus
of the materials. Values listed in Table IT demonstrate that
the modulus of our blends is generally higher than that
of the commercial ABS and in fact rather close to pure
rigid SAN.

When the behavior of PS~-PMMA and PB-PMMA co-
polymers is compared, it can be concluded that a PB block
solubilizes more easily in the PB domains of the SBS
rubber phase than can a PS block into the corresponding
PS domains. That situation was expected considering that,
in SBS, PS forms discrete domains in a PB matrix, which
therefore is more accessible to the PB blocks of the em-
ulsifier. The effect of the molecular characteristics of these
emulsifiers should of course be investigated more deeply.

Nevertheless, the present results, aithough not fully
optimized, demonstrate unambiguously that very high-
impact performances can be obtained by simple melt
blending a SAN resin with a suitable rubber and an em-
ulsifier such as PB-PMMA copolymer. More systematic
experiments are in progress in order to evaluate more
precisely the behavior of these materials with respect to
the characteristics of the two block copolymers (rubber
phase and emulsifier) and composition.

With respect to the technological significance of these
results, it is clear that performances of our blends should
be optimized as injection-molding materials like the com-
mercially produced ABS are designed. Particular attention
should therefore be paid to flow properties, since the
present material exhibits a melt viscosity too high for an
injection process. Furthermore, optimized commercial
ABS resins exhibit a two-phase structure well stabilized
against delamination under high shear. It is assumed that
our blends behave similarly thanks to the strong interfacial
adhesion that has been evidenced.? Nevertheless, mor-
phology and impact properties of injection-molded mate-

rials should be evaluated in order to define their real
performance level in comparison with classical ABS.
Generally speaking, however, the powerfulness of this
“blends molecular engineering” concept is once more il-
lustrated and calls for an optimistic approach of still more
refined materials optimizations.
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The participation of electron donor—acceptor (EDA)
complexes in alternating radical copolymerizations has
been debated for nearly 40 years.! It has been suggested
that some alternating copolymerizations may not be co-
polymerizations at all but instead may proceed via suc-
cessive concerted additions of 1:1 comonomer complexes
(2) to growing polymeric radicals (1)
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(1)

This is an intriguing idea and, if correct, would explain not
only the alternating copolymer structure but also certain
kinetic features of alternating copolymerization.?
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