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Summary

Alternating propene-carbon monoxide copolymers (P-CO) waeanelt-blended with
polystyrene, poly(styrene-co-acrylonitrile) SAN), and with poly(styrenee-maleic
anhydride) 8MA). P-CO forms homogeneously miscible blends wWBAN cortaining 25

wt% AN at the investigated blend compositions. The transparent blends have single,
intermediate glass transition temperatures that fit the Fox egualihe elastic propeties

of P-CO at roomtemperature disappeapon blending withSAN because thel, is driven
above RT. Polystyrene an8MA are not miscible with P-CO antbrm heterogeneous
blends with two glass transitions. This demonstrates that both the polarity of the styrenic
copolymer and the nature of the comonomer govern its phase behavior.

Introduction

Alternating copolymers ofi-olefins and carbon monoxide form a neass of materials
with a wide variety ofphyscal and mechanicapropeties (1,2). These polyketones can be
obtained by polymerization with suitable palladium catalysts. Molecular weight and
structure, and thus phgal and mechanicapropeties of the materials can be adjusted by
controlled variation of the catalyst, polymerizatiomnditions and thea-olefin (1,2).
Alternating copolymers of propene and carbon monoxide (P-CO) of higacoiar weight
are elastic and transparent rabm temperature T, = 20-27°C). The stress-strain behavior
of P-CO alternating apolymer of suficiently high molecular weight Nlw = 100 kg/mol)
resembles that of chemically crosslinkedbbers wile retaining meHprocessibity (3).
Accordingly, these poly(propene-ketone)s may be liappas the rubbery component
providing toughness in two-phase blends with glassy polymers (4).

An attempt to inprove the impct strength of poly(methyl methacrylatePMMA) by
solution blending with an amorphous propene-carbon monoxide copolymer (P-CO) has
been described (5). This approach was naicessful because the P-CO wasind to be
homogeneously miscible with the PMMA. More portantly, the applied P-CO did not
have rubber-like proptes, because the molecular weight was only 20 kg(8)ol

Impact modification of styrenic opolymers like styrene-acrylonie (SAN) or styrene-
maleic anhydride copolymer§MA) might be possible by blending with anall anmount of
P-CO alternating @polymer which exhibits rubber-like behavior at rodemperature. If
the P-CO can be dispersed as discrete, microscopic domains in the glassy nratrbera
toughening effct may be expected in the hetgeneous, yet transparent blend (4).
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Full miscibility is not very beneficial, since this would cause a lowering of the glass
transition temperature of the glassy matrix and loss ofrttery behavior of the P-CO
(4). Patial miscibility might be achieved by tuning th@polymer content of the styrenic
copolymer (6-8). In this paper the misdily behavior of melt-blended mixtures based on
alternating propene-CO copolymer with styrenic copolymers of different polarity is
presented (9).

Experimental
Materials

Alternating propene-carbon monoxide copolymers were prepared in a 300 mL Roth
reactor with [Ph,P(CH),PPh2Pd(NCCH),|(BF,), as catalyst precuss which was
prepared by reacting [Pd(NCQH(BF,),] (1 mmol) with PHP(CH),PPh (1 mmol) in 50

mL of acetonitrile atroom temperaturg2b). The product was ikted by filtration and the
solvent was removeth vacuo The white solid was characterized by NMR and elemental
analysis. Anal. calcdfor CH,PN,BFPd (788.61 g/mol): C, 48.7; H, 4.3; N, 3.6,
found: C, 47.8; H, 4.2; N, 3.9. Copolynmations were typically péormed with

0.03 mmol of catalyst and0.25 mL of MeOH in 150 mL of CJ€Il,. Propene was
condensed into the intensively stirredtalyst solutiorfor 30 min. at a pressure of 11 bar.
Subsequently, a CO-pressure of 50 bar wasliepppgfor 48 hrs. At the end of the
polymerizaton, the monomers were ventecatalyst residues removed by filtration over
silica gel and colorless films of the P-CO were obtained by slowposation of the
solvent. Residual traces of GE, were removed by drying at 35-60°C in a vacuum oven
overnight. Table | lists molecular weights and glass transition temperatures of the P-CO
copolymers that were alied in this work.

Table I Alternating propene-CO copolymers used in this study

Polymer designation Mn Mw Mw /! Mn Ty
(kg/mol) (kg/mol) (°C)
P-CO V 40 213 432 2.6 24
P-CO V 60 87 160 1.8 26
P-COV 70 53 100 1.9 20-27%

2) Glass transition temperature depends on thermal history of the sample, see Figure 1.
Poly(styreneco-acrylonitrile) (SAN) with an acryloniite content of 25 wt% (checked by
elemental analysis antH-NMR) was used to prepare blends with P-CO V60 and V70 for
thermal analysis and tensile tegti SAN samples with 19 and 35 wt% acryloiér and
poly(styreneeo-maleic ahydride) GSMA) with 13.9 wt% maleic ahydride (Arco
Chemical Dylark332) were kindly sudped by BASF AG, Ludwigshafen. SAN 19 and 35
were used for investading the effect of the AN content &AN on the miscilbity with
P-CO. General purpose polystyrene (Styron 686E) &MA with 28 wit% maleic
anhydride were dhined from Dow Clemical Co. Compogion, glass transon
temperature and molecular weightfarmation on the styrenic opolymers used in this
study are given in Table II.
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Table I Styrenic copolymers used in this study

Polymer Designation Mn Mw Mw/ Mn T,
(kg/mol) (kg/mol) O

Polystyrene PS 14 237 21 102

Poly(styrene-ran-
acrylonitrile)

19 wt% AN SAN 19 83 174 2.1 113
25 wt% AN SAN 25 98 198 2.0 112
35 wt% AN SAN 35 68 149 2.2 111

Poly(styrene-ran-

maleic anhydride)

14 wt% MA SMA 14 86 215 2.5 130
28 wt% MA SMA 28 - 110 - 163

a)

Molecular weight information provided by supplier.

Methods

Average molecular weights and polydispersities of the styreopmlgmers weremeasured

by gel permeation lwromatography using THF as the eluent.|&talar weight mformation

of the P-CO copolymers was tained by GPC using abdoform as the eluent. &libration

was done with narrow nhecular weight PS standards.

Mixtures of polyketone and styrenic polymers were prepared on a lab-scatetating
twin-screw mini-extruder developed bPSM Research, The Netherlands. The mini-
extruder wasifled with 3.5-3.8 grams omaterial in each experiment (max sample load is
4.5 cc). The polyketone was cut intmall slices of the desired mass that can easily be
given into the extruder. Subsequently, the extruder was loaded with thelecoampary
amount of styrenic copolymerefiets. All blends were mixefor 5 minutes under nitrogen
atmosphere at a barrel temperatur@@d°C with a screw speed of 100 rpm.

A number of selected blends was injection molded into dumbbell shaped tensile test bars
immediately after extrusn. The hot polymemelt was transferredrom the mini-extruder

to a lab-scale injection molding machine by means of a heated oven witlom, pikich at

the same time is an integral part of the injection molding machine. The polymer melt is
injected into the mould(40°C) by the piston, which is driven by air pressure. The
dimensions of the tensile test bars are: overall length 90 mm, thickriessm, length and
width of central rectagular part 35 and 5 mm, respectively.

Tensile tests were germed at roomtemperature with a crosshead speed of 10 mm/min
on a Zwick 1425 ternle tester equipped with an optical detection system.

Glass transition temperatures were measured by differential scanning calorimetry (DSC)
using a Perkin Elmer B&7. Heating and cooling rates typically were 20°C/min with
samples weighing 5-10 mg. Fourier-transform infraredcsa were remrded at room
temperature on &ruker IFS 113V at a resolution of 2 ¢niThe samples were prepared by
casting dilute solutions of extruded blends in dichteethane onto a KBr plate.
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Results and discussion
Thermal behavior of pure P-CO copolymers

The remarkable rubber-like behavior of high lewular weight pol(propene-ketone)s is
explained by theformation of ordered segments due to dipolar iattrons between the
carbonyl groups (3). These inaetions appear to be apgbus to the intactions that
occur in plasticized PVC and it is assumed that crystalline regions in high molecular
weight P-CO can act gshyscal crosslinks(11). The themal behavior of P-CO V70 as a
function of storage time was studied in more detail by DSC. The results are shown in
Figure 1. The first &éating scan of the solvent e@aated film (A) shows no evidence of
crystallinity. The seond teating airve, however, was alwaysnslar to aurve D in Fig. 1.

A glass transition at 21°C and a broad exotherm at appately 55°C werdound.

When the DSC sample was stored for 6 weeks at rtmmperature and analyzed again, a
clear melt transition ab0.1°C was found in adtbn to the T, at 19.8°C (curve B). The
melt transition was even momonounced after another 5 weeks of storage (curve C). The
results show that locabrdering develops withtime in anorphous P-CO atemperatures
close to the T, This physcal aging process might influence phigal propeties,
performance and kftime of the opolymer. The melting temperature of therdered
regions depended both on the thermaldnstof the polymer and on the mecular weight

(3). P-CO V70 with Mw = 100 kg/mol showed amelt transition at50-52°C, whereas

P-CO V40 Mw = 432 kg/mol) showed melting peak at 83°C12).

(a) Figurel DSC scans of
P-CO V70. Presented are
the first heating scan of
the solvent evaporated
film (A), the first heating
scan of the same sample 6
weeks later (B), the first
heating scan of the sample
after another 5 weeks of
storage (C), and the
second heating scan of the
last analysis (D).
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Miscibility with styrenic opolymers

As mentioned above, blends alternating P-CO witiPMMA were found to be miscible at
all compositions(5). Since poly(styrene-co-acryloni&) (SAN) is known to be miscible
with  PMMA and with other polar polymers like poly(styreneroaleic ahydride)

(SMA), P-CO is expected to be partially miscible with some styrespolgmers (6-8).
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. Figure2 DSC traces of
10000 AN 25/P-CO blends with

90/10 different blend ratios (100/0

80/20 is pure SAN 25). The P-CO
was V60 or V70. All curves
70/30

show second heating scans

T . .
[ 50750 with a heating rate of
AL 20°/min.
40/60
0/100
T T T T I T I ! 1 M [
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Temperature (°C)

SAN with 25 wt% acryloniife was found to be homogeneously miscible with P-CO, as
indicated by the optical clarity and the singlebehavior of the blends at all compositions,
as depicted in gure 2. The glass tratisns of the SAN 25/P-CO blends abeoader than
those of the pure components. Theiaton of the glass transition temperatures of the
blends with the blend ratio is plotted ingkre 3. The dashed line shows the ptedi T 's

of the blends according to the Fox atjan, as a fuction of the weight fractionso and
T,'s of the components A and B (10):

1 ) )
— =4 B
]:S’ Tg,A Tg,B

Single T, behavior is associated with miscibility of the blend poments on thecale of
100 A, so the P-CO rich phase-segiad regions have to be smaller tH@9 A (5).

120 120
® SAN25/V70 .
| A& SAN 25/V60 d Figure 3  Glass
100 P - 100 transition temperature
. (T,) of SAN 25/P-CO
80 e ~80  blends plotted against
%) e the weight percentage
S 601 e 60 SAN 25.
= A& Experimental data
40 - e 40  were measured by
| DSC, the dashed line
20 :' 20 shows the prediction
. ‘ ‘ ‘ of the Fox equation
0 20 40 60 80 100 (10).

SAN 25 (wt%)
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Figure 4 smmmarizes the stress-strain behaviorS#N 25/P-CO blends with up to 60 wt%
of the soft phase, i.e. the polyketone. The tengpilepeties were determined atom
temperature, so well below thE of the blends (see Fig. 3). The elatign at break g)

of SAN did not increaseipon increasing the P-CO content and the modulus dBgrined
constant from O to 50 wt%, before dropping further at P-CO contents of 40 wt% and
lower. These observations contrast with the mechanical hb=mivavivhich rubber-
toughened thermoplass typically show: an increasing ductility accompanied by a
gradually falling nodulus, with increasing rubber contentatdrials which contained 20-
50 wt% P-CO were stiff and relatively brittle at ambient temperature, but did not start to
flow at temperaturesbave their T, and becameubberelastic, which might indicate the
presence of microscopic ordered regions in blends S/N.

It is well known that the miscibty behavior of SMA and SAN, witheach other and with
other polymers, is strongly a&ifted by the MA and the AN conter(6-8). Thus,
immiscibility or partial miscibility of P-CO with a styrenicopolymer might be achieved
by adjusting the copolymer content of the styrenic copolymer,ltimguin a two-phase
material. Therore, blends of P-CO with PSSAN 19, SAN 35, SMA 14 and SMA 28
were prepared by melt blemdj. The apolar PS was found to bemiscible with P-CO
V 70 (80 wt% PS) as incated by the presence of twiy's (31 and 108°C) in the DSC
thermogram. Moreover, the PS/P-CO 80/20 blend was weaker and more bptie
tensile testing tharpure PS, which réécts the sbng incompatibility between the blend
components. The strong incoatbility was also readily seen by tharlid appearance of
the blend.

In order to decrease the mistily with the styrenic opolymers, P-CO V40, with a much
higher Mw than the other P-CO samples, was used nfieit-blending withSAN 19 and
SAN 35. However, bothSAN 19 and SAN 35form transparent blends (14 wt% P-CO)
with P-CO V 40 with aT, of 93 and 92°C, respectively. The experimenfalalues at a
weight ratio of 80/20 are again igood ageement with theT's calculated by the Fox
equation (97.1 and 95.6°C), icdting full miscibility. Ocarrence of secific interactions
between carbonyl groups of the P-CO andileitgroups of SAN 25 binary blends was
investigated by nfrared spctroscopy (4,5,8). Changes in the ipos of the GO band
(1707 cni) or the &GN band (2237 cif) would indicate dipolar interactions that might be
responsible for the observed misttlg of P-CO with SAN with 19-35 wt% AN.

Figure4 Young’s

4.5 4.0 modulus and tensile

: £ test elongations to
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w
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However, blending did not result in detectable shifts (more thancni) of the bands, as

was also seen in PMMA/SAN blend8). Mixtures of SMA 14 or SMA 28 with 10 - 30
wt.-% of P-CO exhilted gross phase segregation and the phase behavior resembled that of
PS/P-CO blends. These results contrast with partial miscibilitghéA 14/SAN 19 blends

and complete miscibility dBAN19/SMA 28 blend$6-8).

Conclusions

The phase behavior of blends based on styrenic copolymersak@ichating propene-
carbon monoxide copolymers was shown to depend on the polarity of the styrenic
materials and on the nature of the @mmomer. Alternating P-CO copolymer is
homogeneously miscible with SAN with 25 wt% acryloitgtras indicated by the optical
clarity and the singl€l, behavior of the blends. Blending of P-CO with PS or SMA in a
weight ratio of 20/80 resulted in hedgeneous, liitle materials.

The homogeneously miscible SAN/P-CO blends were transparetile onaterials and did
not have the rubber-toughened @wer that was aimetbr. Thus, the P-CO could not be
dispersed as microscopic rubber tpdes in these particular matrix materials, evéough
the chemical composition of the styreniopolymer was varied. Nevesdtess, it could be

of interest for spcific applications to iprove the flexildity and processability of ABS by
lowering the glass transition of the SANatrix of ABS with P-CO. On the other ind the
modulus of elasticity of pure P-CO copolymer is low (10 - 15 MPa) and can only be
increased by introducing crgglinity at the cost of the transparency of the matgiaB). It
was demonstrated that thiprodem can be circumvented by blending @phous
polyketones with suitable other polymg®. In addtion, blending with a low-pced other
polymer is usually cheaper than changing the chemical structure of the polyketone.
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