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Accepted 00th January 2012 Polyketones with low CO content and molecular weighthe oligomer range were obtained

with non-precedent efficiency by a new protocol tbe palladium-catalysed copolymerisation
of CO and ethylene. Key physicochemical propertms;h as resistance to degradation and

www.rsc.org/ melting point were traced back to the microstruetaf the polyketones. With properties
tailored to the application, non-alternating polidk®es emerge as interesting materials for
demanding applications, where alternating polyketoare currently being used. Furthermore,
the keto groups constitute interesting anchoringssfor introducing functionality.
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I ntroduction (2-methoxyphenyl)phosphino)benzenesulphonic  acidHL,(
Scheme 1). Three factors proved to be crucial thieae
The copolymerisation of highly polar with non-potabnomers outstanding catalyst activities: i)( To avoid catalyst
remains a major challenge in catalysis due to tiverding decomposition during the initial phase of the riact the
reactivity of the monomers. The factors governinige t reaction was started by injecting a solution of@¢),/HL in
physicochemical properties of the resulting copa@ysnare CH,CI, into a solution saturated with a mixture of CO and
only poorly understood as domains with deviatindeiin ethylene at reaction temperaturé) Ouring the reaction, the
molecular interactions are present in the matenavicinity. pressure in the reactor was maintained constarfOabar,
Thus, materialé made from alternating copolymers of carboreplacing consumed CO and ethylene by feeding aOgH)-
monoxide (polar) with ethylene (non-polat) are normally gas mixture (semi-batch operation). Note that due t
highly brittle due to their crystallinity and metinly at quite preferential incorporation of CO into the polymketgas phase
high temperatures (~260°C) making processing diffit ° became gradually depleted of CO with timéi)(The CO
To reduce the inter-chain dipolar interactionswéts proposed content in the gas phase was kept low by contwllihe
to lower the concentration of CO groups along tldymper composition of the gas-mixture flowing into the ct.
chains'® The use of a palladium-phosphinesulfonato complex

as catalyst enables successive insertion of sewttsllene o Q
units, and hence synthesis of polyketones with alternating m co + mn = PAOACR/1SHL_ 6 )N MeO™ ™1™ SOsH
sequence of the monomers. However, synthesis gkptnes nx1 M @[

. OMe
with low CO content'® 25 was associated with strongly R Rend group HL

Lo . . Scheme 1. Synthesis of polyketones by palladium-catalysed copolymerization of
reduced CatalySt aCtIVIty. co.mpared to the stmﬂl;ernatlng CO and ethylene (on average, n > 1 for non-alternating polyketones).
CO-ethylene copolymerization. The lack of an adégua

synthesis protocol impeded so far detailed stud@scerning PolyketonesP1, P2, P3 and P4 with decreasing CO content
structure-property relationships of non-alternapodyketones. | are obtained by lowering the COH, ratio in the gas mixture
After having developed an improved highly efficigmbtocol stepwise from 15/35 to 12/38, 6/44 and 1/49, retbpely.’
for the non-alternating copolymerization of CO atllylene, apalysis of the bulk composition of the resultinglymers by
we were able to obtain a series of non-alterngpiolyketones high-temperaturéH NMR spectroscopy vide infrd showed
varying in CO content. The current study is tarde@ ihat the CO content was 28.9, 16.1, 3.7 and 2.5 wi%he
elucidating the physicochemical properties of spolymers in polymer, respectively (Table 1). Prolonging thect@m time
dependence of their microstructure. with consequentially higher consumption of CGHG gas
mixture (10.7— 33.2 g) provided a polymer with lower CO
Results and discussion content P4 — P5, 2.5 — 1.5 wt%, respectively). When the
catalyst loading was reduced (0.65 0.01 mmol), while

Copolymers of CO and ethylene were obtained using = ) - )
retaining a short reaction time, the CO contentdased from

palladium catalyst preparead-situ from Pd(OAc) and 2-bis-

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1
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2.5via 2.4, 5.5 to 13.5 wt%R4, P6, P7, P8, respectively). By
contrast, varying the reaction temperature in taege 100 —
130°C (10°C increment$9, P4, P10 and P11, respectively)
had little influence on the CO content (2.4 — 3.@%0\

Altogether, the parameter study shows that the GQient in
the polymers is readily adjusted in a wide rangkengby the
CO/G,H, ratio in the feed has the most pronounced impact.

Table 1. Conditions for the synthesis of polyketoriglsto P11 and selected
chemical and structural data.

Poly-  c(Pd)° Rato T CO contentvc-g® No. Ofg n®
ketone[10°moll] CO/GH, [°C]  [wt%]  [cm] bra[ﬂ,‘/g]he [gmol]
PL 005  15/35 110 289 1694 154 -
P2 005  12/38 110 161 1707 o024 3077
P3 005  6/44 110 37 1712 059 2843
P4 005 149 110 25 1713 020 5272
P5 005  1/49 110 15 1716 047 3919
P6 0037 149 110 24 1710 028 5413
P7 0025 149 110 55 1709 027 5827
P8 001  1/49 110 135 1707 006 5408
PO 005 149 100 24 1712 048 5610
PO 005 149 120 30 1711 025 3580
P11 005 149 130 24 1714 041 2539

# For synthesis of reference sampR$ and R2 refer to supplementary

information (SI)! Ratio Pd(OAGYHL 1/1.5, CHCl,, 50 bar Maximum of
the vc-o vibration; ¢
determined by 1H NMR spectroscopy; © Determined by GPC
chromatography; Three distinct maxima at 1713, 1702 and 1693.cm

Analysis of the polyketones by IR spectroscopy stobva

maximum of the characteristic band for the CO slret

vibration in the range 1694-1716 ¢ngTable 1), whereby the
wave number at which the maximum occurred decregaed
increasing intensity) with increasing CO conten€loser
inspection of the CO signal revealed three distooettributions
(Figure 1). Comparison of the signal shape in thecsum of
P2 (CO content 16.1 wt%) with the spectra of refeeesample
R2 with very low CO content (0.7 wt%) and polyketoR&

R2: 1714 cnt, CO content 0.7 wt%
| | P2: 1707 ¥, CO content 16 wi%

1.0 4
} R1:1690 crr, CO content 50 wt%
0.8 4 B
Polyketone with Alternating
'; 06 low CO content polyketone
L Stronger ; Weaker
Z C=0 bond C=0 bond
[}
S 0.4 | Weaker Stronger
E intermolecular intermolecular
interactions interactions

1700

1750

Wave number [cm™]

Figure 1. Comparison of the carbonyl region of the IR spectra of polyketone P2
(middle) with that of reference material R2 with very low CO content (left) and
polyketone R1 with alternating CO and C,H, units (right). The spectrum of P2 was

2| J. Name., 2012, 00, 1-3

Average number of methyl groups per ethylene unit

deconvoluted and the contribution of moieties a, # and y is shown. For better
visualization, the signal intensity was normalized.

obtained by strictly alternating CO,8, copolymerisation with
Pd(OAcYDPPPr (DPPPr =bis-diphenylphosphinepropané$§
allowed the assignment of these three contributitms(«)
isolated CO moieties separated by oligomeric H—
segments,f) non-alternating segments with CO moieties in the
vicinity, and §) segments with alternating CO angHz units
(Scheme 2). Furthermore, sets of bands charadteriet
methylene groups were observed at 2914, 284y gtretch),
1472, 1462 \{cy bend) and 729, 718 ¢ respectively \cy
rock)1”*® The position of these signals closely resembledeh
of a polyethylene reference sam@RE obtained by homo-
polymerization of ethylene, thereby suggestingpghesence of
polyethylene-like segments in the polyketohes.

Primary structure

O
CH,— CHZMCHZ CH, “ Hy—

|

H,—CHy

R O
Hm Dol ]

m

Isolated CO groups Non-alternating segment Alternating segment
Secondary structure
! ] 05, 08— 05—
| S+
‘ /\n/\ St
! o S+ 3+
| 5
! o % g
i 5+
3+
i /\H/\ S+ 8+
L% | Os-
Moiety o ! Moiety fg ! Moiety y

Scheme 2. Structural moieties a, # and y present in the primary structure of non-
alternating polyketones give rise to a secondary structure with regions
characterised by different strength of intermolecular interactions.

Taking this information into account, the IR sighaif the
entire series of non-alternating polyketones olet@inn this
study were deconvolutéd. The extinction coefficient of the
CO stretch vibration of moietiesy was assumed to be equal as
moietiesa-y represent chemically similar environments. For all
polyketones, the carbonyl vibration was adequatidgcribed
by a single Lorentzian function for each of the ethr
contributionsa, # and y centred at 1716, 1706 and 1691 tm
respectively. This suggests that analogous moietiese
present in the series of materials. The assignrnsestipported
by comparison with alternating polyketones contaijnpropene
as co-monomer, for which a Raman band>aZ09 cnt
increasing in intensity with increasing propene teoh was
assigned to CO moieties in a disordered local enwirent
similar to moietiess.?

With increasing CO content, the relative contribatbf moiety

o decreased sharply (Figure 2). The contributiormafiety g
increased steadily up to a CO content of 16 wt% Hreh
decreased at higher CO content. The contributiomoiety y
showed sinusoidal characteristics with a sharpemee related

This journal is © The Royal Society of Chemistry 2012

Page 2 of 7



Page 3 of 7

to the decrease in the contribution of moigty The three
different structural entities are characterizedabgtistinct local
environment of the CO groups in the secondary tiracof
such non-alternating polyketones. The shift to loweave

Polymer Chemistry

higher intensity than anticipated from the intensit the alkene
groups; this indicates that repeated R-hydride ielition and
re-insertion of the resulting alkene led to forroati of
additional methyl branches along the polymer chaiAs

numbers in the seriee —p— y» (Figure 1) is consistent with alternative mechanism of formation of methyl groupa

reduced bond order in a polar local environnfémsolated CO

bimolecular hydride transfer to an incoming ethglenolecule,

moieties (@) are surrounded mostly by non-polar methylertberefore, appears unlikely.

groups. CO moieties in non-alternating segmeriys dre
involved in dipolar interactions, whereas CO maigtin fully

alternating segmentsy)( are stacked into a semi-crystalline

environment with strong intermolecular interactioifgide
infra).

1.0 -

®P5

0.8 -
= Moiet
S 06 Y
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=]
2 =p
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S Y
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30
CO content [wt%)]
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Figure 2. Contribution of moieties a, # and y to the intensity of the CO stretch
vibration in the IR spectra of polyketones P1-P11 and reference samples R1, R2.

To unravel the microstructure, samples were charizetd by
NMR spectroscopy, which was performed at 95°C tbaece
the solubility of the polymer (§DsCl, Figure 3). In the'H

A 1 i
B D , in e .
N y AUAV. NP AR
T T T T T " T " T " T " T " T " T " T " T " T T T "I
60 56 52 48 44 40 36 32 28 24 20 186 1.2 08
Chemical shift [ppm]
gc 738'96 37.3-38.0 Kc 226, 27.2
HH5'91 Co2id Ec 207 G229 Q Josso 9 k129
; (Erds  Gu23 H / I Jy 2.64 H / /
CHz?NCH:CH’;NCH;*CHZA/ACH27CH2 7 Hy—CHy ] CHM/NCHa
D¢ 131.8 Fo 29.5-24.0 Y oode 2123 L; 10.8-14.0
H2C Ac 1139 Du 554 Fn 166  Hc207.3-208.4 CHz Ly 1.02
Ay 5.08 :
PE Non-alternating Alternating Methyl groups

section |CO-C,Hy section CO-C;Hy section and branches

Alkene groups
( 1 per molecule)

Figure 3. Selected range of the 'H NMR spectrum of P4 and assignment of the
chemical moieties in the *H and **C NMR spectra (chemical shift in ppm).

The microstructure of the polyketones was confirmag
analysis of the™C{*H} NMR spectra®* Noteworthy, the
position of the different signals was similar foetentire series
of polyketones, indicating that the carbon spectrusn
dominated by the architecture of the polymer chdine CO
group of non-alternating segments, (moietiesa+p) gave rise
to characteristic signals in the range of 207.3-2G&%m. This
compares with 212.3 ppm for the keto group of theraating

NMR spectrum oP4 (discussed here as the most representat'glggmemslo in reference samplR1. PolyketoneP9 showed a

sample of this series of polyketones) characterisignals at
2.38 and 1.67 ppm were assigned to the methyleoepgrin
alpha and beta position to the carbonyl group (akernating
segments,G and F, respectively). Methylene groups

alternating segmentd,(corresponding to moietie§ gave rise
to a signal at 2.64 ppm and the oligomeric ;Hg,— segments
(E) to an intense signal centred at 1.46 ppm. Morildel

analysis of the spectrum revealed characteristimads for
terminal olefinic groups (-CH=B and =CH, A at 5.91 and
5.08 ppm, respectively; relative intensity 1:2wasl as methyl
groups L at 1.02 ppm). These signals can be assigned to
groups of the polymer chains indicating that thewgh of
individual polymer chains was terminated by chaiansfer

in

further signal at 202.8 ppm tentatively attributech CO group
nearby an internal double bond. The characterstoals for
the methylene groups in alpha and beta positidhéacarbonyl
group in non-alternating segments were observetR&t-42.6
ppm () and 23.5-24.0 ppm@), respectively. Methylene
groups in alternating segment$, (noietiesy) gave rise to a
signal at 36.0 ppm, which compares with 35.6-358npfor
reference samplR1. A further feature is a signal at 37.3-38.0
ppm, which is tentatively assigned to short alténgasegments
(J). The oligomeric —(gH,)— segmentsK) resulted in several
%ﬂfnals at 28.9-30.1 ppm, which compares favourabtly the
polyethylene reference sampRE (29.7 ppm). More detailed
analysis of the spectra confirmed the presence ighats

through B-hydride elimination. This suggests that the Pd-H} . o teristic for terminal olefinic groups (—CH&and =CH,

group? formed in the chain transfer step is able to améithe
growth of a subsequent polymer chauidé infrg), giving rise
to polymer chains terminated by a vinyl group oa tme side
and a methyl group on the other side. Closer inspeof the

'H NMR spectra showed that some of the double bonﬁlﬁm respectively}*

migrated along the polymer chains, resulting in igna
characteristic for internal double bonds (-CH=CIB-at 5.54
ppm). Noteworthy, the corresponding methyl groups ta

This journal is © The Royal Society of Chemistry 2012

A at 138.9 and 113.9-114.0 ppm, respectively) aridrril
double bonds (—-CH=CH-b at 131.8 ppm). Interestingly, the
methyl K) as well as the methine groupk)(gave rise to
several signals (22.6, 19.7, 13.8-14.0 ppm and, 3.9, 27.2
thereby indicating that branches occurred
at different positions along the polymer chain. P8r a signal
observed at 10.8 ppm is assigned to the methylpgafuan

J. Name., 2012, 00, 1-3 | 3
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ethyl branch I(). In the spectrum dR1, the signal of the -CH- of oligomeric —(GH,4),— segments, which are not influenced by
group occurred at a very different position (51pfrpassigned the presence of neighbouring CO groups in the petyamain,

to -CO-CH(CH)-CO-). No signal
observed for the other polyketones.

1). For comparison, a living polymerization withoohain polyketoneR1."

for

such groups wadecreased from 97.0 wt9Pg) to 42.2 wt% P1). Interestingly,

the content of CH groups neighbouring isolated and non-
Based on &-hydride elimination mechanism, the moleculaalternating CO-gH, segments (moietieg and $), increased
weights of the polyketoneB2-P11 were calculated from the linearly with the CO content from 1.2 wt%%) to a maximum
integrals of théH NMR spectra to 2.5 — 5:810° g/mol (Table at 14 wt% P1) and then decreased to zero for the alternating

transfer would give rise to a molecular weight 824660x 10° As it was expected that the changing strength ef ititer-

g/mol. Gel permeation

chromatography confirmed

molecular weight to be in the oligomer range andeaded a
surprisingly narrow molecular weight distributioROl 1.7 —
2.3)" While the catalyst loading had no distinct inflaenon
the molecular weight (5.3 — 5:810° g/mol for P8, P7, P6 and
P4), the molecular weight notably decreased with éasing
temperature (from 5.6 10° g/mol at 100°C R9) — 2.5x 10°

g/mol at 130°C R11)). This strong dependency clearly shows

that the chain transfer mechanism becomes more ipeoin

thmolecular

forces

substantially affects

the macrpico

properties, selected physicochemical parametergiGmeoint,
temperaturegrev
investigated for the series of non-alternating getgnes (Table

viscosity of the melt,

2).

decomposition

Table 2. Physicochemical properties of polyketofdsto P11 in comparison
to reference samplégl, R2 andPE.

Poly- CcoO Tm AHL* Melt d Weight
with increasing temperature consistent with highetivation Y"  content (T)? (AH¥)? viscosity” o2 loss
. . ketone o o [°C] o
energy of the chain transfer step compared to thainc [wt%o] [°Cl [J/g] [Pas] (0]
elongation reaction. Similarly, the number of méthgyoups R1 50.0 (72) (2.5) -C 339 58.0
along the polymer chain increased with the reactionPl 28.9 (122/132)3.1/3.3) -¢ 245/395  13.2/53.9
temperature (106> 130°C, increase from 0.18, 0.20, 0.25 to P2 16.1 (1200 (77 - 233/431  8.1/74.8
0.41 % of the incorporated ethylene unRS, P4, P10 andP11, P3 3.7 (127) (130 ) 223/451 35')56/23'3
respectively). Thus, also the propensity towardsea¢ed 13- Eg ig 122 gig é'gg 322 97'5
hydride elimination .and re-|r_13ert|on of the growirpain PG > 125 18 093 768 95.9
becomes more prominent at higher temperatures. p7 55 126 202 112 467 94.5
P8 13.5 119-124 141 1.47 216/452 3.1/87.5
400 - 100 P9 2.4 128 216 3.20 465 97.0
P10 3.0 124 200 0.51 469 96.0
350 0 o P11 24 121 200 0.16 467 96.1
Z 300 I S R2 0.7 127 169 ¢ 464 98.0
5 ] PE 0 126 211 0.52 468 99.6
= 250 ~e0 £
a Tg_ 2 Phase transitions were followed by differentiahrating calorimetry; ¢
§ 200 M & Mt for PLP3 andRL; Ty, AH,* for PA-P11, R2 and PE; ® at 160°C;®
E 150 Is T 40 ¢ Sample does not melt a220°C; Onset temperature of weight loss.
o s °
£ k3]
@ 100 e Lo & Interestingly, polyketoneB4-P11 were characterized by a low
v P2 - v . S L .
50 _,/! melting point in the range of 121-128°C similartbh@ melting
0 == il R1 0 point of reference samplé& andPE with very low or no CO
0 10 20 30 20 50 content. Melting of the polyketones was associatghl a high

CO content [wt%]

Figure 4. Relation of the average segment length in moieties a (®), CH, groups in

non-alternating (

) and alternating CO-C,H,; segments (M) and the CO content

in polyketones P1-P11 in comparison to reference samples R1 and R2. For
comparison, the fraction of oligomeric —(C,H,),— segments (PE,

) is also shown.

With increasing CO content in the polyketone, therage

specific heatAH* (202-219 &%), exceptP8, which displayed
a lower heat of melting (141g3). By contrast, polyketonei-
P3 with high CO content did not melt below 220°C, whhiis
consistent with the high melting point of 257°C ogped for
alternating polyketone®. PolyketonesP1-P3 instead showed
an endothermic signal in differential scanning dabetry
(Table 2), which was observed at a similar tempeeator P3

(127°C),P2 (120°C) andP1 (double signal at 122, 132°C) as
decreased sharply, following the empirical coriefat melting for the other polyketones. In contraststhignal was
segment length = 2,63 x (CO content/100%) (Figure  4). observed at a considerably lower temperatureRbr(72°C).
Accordingly, the average length of the segmentsredeed The intensity of the endothermic signal decreasethé same
from 159 units at a CO content of 1.5 wtPE) to 66 units at a Seduence (130, 77 and 6.¢"or P3, P2 andP1, respectively,
CO content of 3.7 wt%R@). This compares with a Segmen{:ompared to 2.5 " for R1). These features suggest that this
length of 348 units at a CO content of 0.7 wR@) and 1 unit transition is associated with glass transitior change of the
for a fully alternating polyketoneR(l). In parallel, the content crystalline fraction from the alpha modificationttee beta form

length of the oligomeric —({E,),— segments in moietiea

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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(analogous to alternating polyketorfésjde infra) appears less (0.92, 1.11 and 1.46 Rarespectively). Thus, the melt viscosity
likely as polyketone®4-P11 show a distinct melting point at ais governed mostly by the molecular weight of tioé/ketones.
similar temperature. Polyketones without alternating segmen®4-P7, P9-P11)
Closer inspection of the physicochemical propertiegealed showed remarkable thermal stability. Upon heatimg istream
that the phase behaviour was related to the confentp andy of inert gas, the onset temperature of a weight¢ (@) was
moieties. The low-melting polyketone®4-P11 (except P8, observed as high as 464-469°C; decomposition wssceted
vide infra) were characterized by the absencq ofoieties’ In  with a weight loss of 93-98%. This high thermal biltty
contrast, polyketoneR1-P3 showing a low temperature glassesembles the performance of polyethylef&E:( Ty 468°C,
transition are characterized by a certain contént moieties. 99.6% weight loss). In contrast, polyketones wilteraating
Parallel to increasing content (0.08>0.13—0.78 for P3, P2 segmentsR1-P3, P8) showed two steps of thermal degradation
and P1, respectively), the temperature and the enthafpth® at 216-245°C and 395-452°C that were associatedh it
glass transition decreased. Similarly, referencept@aR1 with weight loss of 3-13% and 54-88%, respectively. Teght
very high ycontent had a very low enthalpy of the lowloss was related directly to the CO content; sampligh higher
temperature glass transition (2.5 J/g). For polyketP8, the CO content showed a higher weight loss in the §tep and a
much lower enthalpy of melting compared to thattef other lower weight loss in the second step. This is imtst to
polyketones in the serié®l-P11 also seems to be related to thalternating polyketon®1, for which a single step was observed
considerable content gfmoieties (0.26). It is surmised that in(Ty 339°C, 58.0% weight loss) and indicative of twatitict
P8, the alternating polyketone segments were not gvemlegradation mechanisms.

distributed along the polymer chains giving rise tioe Changes in the strength and direction of the intéegular
somewhat different properties. Further, a lineapeselency interactions also affect the crystallinity of theaterials. Thus,
was evident between the enthalpy of melting andehgth of the powder XRD diffractogram oR1 was marked by the
the oligomeric —(GH,)— segments in the seri®§, P7 andP8 characteristic reflections for then-form of alternating
with similar molecular weight (Figure 5). This segfs that the polyketone at @ 21.71° [110 reflectionyg and 25.90° [200g]
melt transition is dominated by the polyethylenarelcter in as well as by a series of weaker reflections av®24[111],
these polymers rather than by the interactions éetmthe CO 31.41° [210] and 41.91° [30%f: ° A reflection at 29.46° with

units. low intensity indicates the presence of a small amof the 3-
form [210]. With the CO content decreasing in tleeies P1,

240 P6 100 - P2, P3, P4, the position of the very strong signal at 21.71°
Eﬂzzo P9 shifted slightly to lower @ values (21.49°), while the other
£ 200 ¢,P7 E PA L. reflections decreased in intensity, instead giviisg to a new
E 180 P4,P9-P11 % 1.0 | P10 go strong reflection at 23.88° and a series of weakéections'

z 160 | P8 § P6-p8 The same set of signals as fe4 was also observed for all
gm o E PiL other samples R5 to R2). Comparison with the powder

i i ‘ 01 ‘ ‘ i i X diffractogram of PE showed that these reflections are
0 50 100 150 1500 2500 3500 4500 5500 6500 characteristic for domains of polycrystalline pdhypdene.

Segment length [units] Molecular weight [g/mell The content of the crystalline fraction was caltedafrom the
Figure 5. Change of the enthalpy of melting (left) and melt viscosity (right) in the difference between the heat taken up during meléind the
series of polyketones P6-P7-P8 varying in CO-content (diamonds) and P9-P4-P10-  heat released during solidificatiénAmong polyketonesP9,

P11 varying in molecular weight (squares). P4, P10 and P11 with similar CO content, the crystalline

) i . fraction (18.1, 17.2, 17.0 and 12 %, respectivalgrreased
The melt viscosities of polyketon®-P11 recorded at 160°C linearly with the concentration of methyl branctaeng the

showed a visible decrease in the viscosity witlieasing shear polymer chain (0.18, 0.20, 0.25 and 0.41 %, respelg).
rate (< 200 ). This shear thinning effect was most pronounc
for P8, whereas it was hardly observed f@tl. Such shear
thinning frequently occurs in samples with elondgapolymer
coils (vide infra).?” At higher shear rates (200-778)sthe melt
viscosity of polyketone$4-P11 was in the range of 0.16

3.20 Pa. Noteworthy, for polyketoneRB9, P4, P10 and P11

with similar CO content, the melt viscosity showesh

exponential decrease with decreasing molecularhté€fjgure
5). Such higher order dependence of viscosity aotecalar
weight is also typical for ellipsoidal polymer =il By

contrast, in the sequence BB, P7 and P8 differing in CO
content but displaying similar molecular weightlyoa slight
increase in viscosity with increasing CO contentwaserved

-
N
o

eIEhus, such short branches disturb the alignment of
neighbouring polymer chains. This trend is analegdo
alternating polyketones where propene was incotpdras co-
monomer to reduce the crystallinity of the matefiaFor
“samplesP6, P7 and P8 characterized by varying CO content,
the content of the crystalline fraction (46.9, 2hrd 16.7 %,
respectively) decreased steadily with decreasingtle of the
oligomeric —(GH,),— segments (105.1, 54.6 and 17.1 units,
respectively). Thus, it appears also here thatpthigethylene
character dominates over the polyketone character.

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5
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Experimental

Materials

Chemicals were obtained from commercial supplierd ased
as received, if not stated otherwiseAll chemical
manipulations, except for polymer workup and analysere
performed under an
techniques.

Synthesis of polyketones

using a combination of three Lorentzian functionf)L=
(/m)x0.5x[Cx(v-v%)3+(0.5x)?)™?, whereby | is the parameter
describing the intensityw® the position and” the width of the
contribution of a particular moiety to the IR sigmd the CO
stretch vibration. Fitting parameters were therisiy of the
individual contributions;land, in case of polymeR1 andP8,

argon atmosphere using SchidhR widthT;. The positionv; and the widthl; (exceptR1 and

P8) of the contributions of moieties S and y were refined to a
common position. Details on further characterigatimof the
polyketones are given in the 5I.

Polyketones”1 to P11 were prepared by the copolymerization
of carbon monoxide and ethylene in a 300 mL PaghhiConclusions

pressure reactor equipped with mechanical stirnel @oling

system. In a typical experiment (for details on tb#her

experiments, see Table 1 and'§la glass liner was charge
with freshly distilled dichloromethane (100 mL) apidced into
the reactor. After closing, the reactor was purgetth argon

and then pressurized with a mixture of CO and ethylto
10-15 bar. The reactor was then heated to 110rf@atallel, a
30 ml gas burette was charged with a solution ofORa),

(11.22 mg, 0.05 mmol) andiL (30.18 mg,0.075 mmol) in
dichloromethane (5 mL) and connected to the readtoe gas
burette was pressurized with the same mixture of &d

ethylene to 60 bar and the solution introduced th®reactor.
Immediately thereafter, the pressure was adjusiddtive CO-
ethylene mixture to 50 bar. Afterwards, the pressuas kept
stable by feeding the CO-ethylene mixture using assnflow
controller (Bronkhorst), whereby the consumptiontioé gas
mixture was recorded. At the end of the reactiba,gas supply
was discontinued, and the reactor was cooled dawroom

temperature and vented. The polymer was collecyedabuum
filtration as white powder, washed three
dichloromethane (50 ml) and dried for at least fhvaurs at
60 °C in a partial vacuum.

The reference sampleR1 was prepared by CO.8,
copolymerization with a catalyst generated situ from an

equimolar amount of Pd(OAcand diphenylphosphinopropanq
(DPPPI)!® The reference sampR2 was prepared following a
method adapted from literatur€ using a higher catalyst

loading (Pd(OAc), 44.9 mg, 0.2 mmolHL, 120.7 mg,0.3
mmol in dichloromethane, 25 mL). The reference danfi
was obtained in the same way, except that the ioragtas
carried out with ethylene as the only reactive gas that
[Pd(HL)(1-n?5n'-6-ethoxy-exo-5,6-dihydrodicyclopenta-
diene)] was used as catalyst.

Characterization of polyketones

FT-IR spectra were recorded on
Spectrometer (Bruker Optics) equipped with a diathprobe.

A sample of the polymerR1, P1-P11, R2) was scanned 32

d

times with

A series of CO-ethylene copolymers varying in C@teat was
synthesised, whereby outstanding catalyst actdvitiwere
obtained by adopting an innovative reaction enginge
approach. Analysing the trends throughout the seitewas
demonstrated that the physicochemical propertiasbeatraced
back to the microstructure of the polyketones. €hdédferent
chemical moietiesa, f and y were identified, which are
characterised by the specific local density of Gougs along
the polymer chain. Segments with high CO densiwe gise to
domains with strong intermolecular dipole-dipoleenactions

(moietiesy), which dominate the phase change behaviour, while

the melt viscosity decreases rapidly with decrepsimolecular
weight. Significant shear thinning of the polymeeltmunder
physical strain is thereby indicative of the forioat of
elongated polymer coils. The crystallinity of th®©@thylene
copolymers is related directly to the length of tiiEyomeric
—(GH,4)— segments suggesting that the polyethylene clearact
dominates over the polyketone character. Also tiesgnce of
methyl branches along the chain has a strong infleef the
material properties in the solid state leading txuced
crystallinity and, in consequence, reduced enthalpgnelting.
Processing is facilitated by the outstanding thérstebility of
the copolymers, which ensures a sufficiently widecpssing
window.

n summary, the physicochemical properties of Ciddene
copolymers are governed by the primary structui®@ (@ntent,
molecular weight and the concentration of methyanohes
along the chain) and the secondary structure caomseiglly
formed (moieties:, # andy). In turn, the primary structure can
be regulated by choosing the conditions duringsyrghesis of
the CO-ethylene copolymers. Such detailed undedsignof
how structural features translate into macroscppoperties is
the key to tailoring the properties of CO-ethylarapolymers
to the requirements of specific applications. Adially, the
keto groups provide an option to introduce othencfional

an ALPHA FT-IR

groups allowing,e.g, for cross-linking and curing of the
material after processing or for introducing specftinctions
into the materials.
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times with a resolution of 8 crh The data was collected in the
range of 4000—400 crthand analysed using OPUS 7.0 (Bruk
Optics) as software. For deconvolution of the C@etsh
vibration, spectra were collected in the range8F@1600 crit  Dirk Engel (S*PACT GmbH) is gratefully acknowleddfed his
with a resolution of 2 ci. The CO signal was deconvolutedsupport in analysing the IR spectra.
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