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Supplementary information The molecular weight distribution was determined High-
_ temperature GPC analysis. The analyses were peztbrat
Materials 150°C on a PSS Polefin 10n, 1000 A, ID 8.0 mm x 300 mm

Palladium acetate (99 %) and deuterated chlorolmen¢@9 %) column against polystyrene as standard. The elusivigent
were obtained from Sigma-Aldrich. The parent prated was 1,2,4-trichlorobenzene (flow rate 1.0 mL/min).
phosphine sulphonato ligandHL was purchased from The phase behaviour was characterized on a PetkiafEPyris
ConverteX. Ethylene (3.0) was obtained from Gerling Holz & differential scanning calorimeter. A sample oé tholymer
Co. Hamburg; carbon monoxide (3.7) was acquirednfro(ca. 10 mg,R1, P4-P11, R2, PE) was placed into the sample
Praxair, Belgium. Dichloromethane was distilled ow@aH, holder. The latter was placed into a flow of argand the

and degassed by the freeze-pump-thaw technique. temperature was adjusted to 25°C. Then, the sawgueheated
. at 10 °C mint to a temperature at least 50°C beloyy dooled
Synthesis of polyketones to 25°C (10°C mift) and held there for 2 min. The heating and

Reaction conditions for the synthesis of polyketoRg to P11  cooling cycle was repeated. For the polymeesand P3, the

by copolymerization of carbon monoxide and ethylere temperature was adjusted initially to -50°C. Thig sample

summarised in Table S1. was heated to 220 °C at 10 °C fhjrcooled to -50°C (10°C
min') and held there for 5 min. The heating and cootiggle

Table S1. Reaction conditions and yield in the Pd-catalysgablymerization was repeated. The melting point and the solidificat

of CO and ethylene to polyketon@$ to P11 and reference sampl&d and

R2. temperature are given as the minimum/maximum of hbat
flow curve in the second heating/cooling cycle.

Poly- c(Pdy’ Ratio T Time TOF _ ~ Yield  The crystallinity of polymer samples was calculateg
ketone [10°moil] CO/GH, [PC] [h] [g(mmokh)] [o] Equation la-c, whereby H’ is the heat given offtbat part of
R1 0.1° 2020 115 17 - 22 =M ' Vv y _ 9 't p

PL 0.05 15/35 110 18 17 15 the polymer which was crystalline before heating, tHe heat
P2 0.05 12/38 110 18 13 12 of melting, H the heat of cooling, H, the specific heat of
P3* 0.05 6/44 110 17 11 9.2 melting, m the amount of polymer that was crystalline, m the
P4 0.05 149 110 25 96 12 weight of the sample the crystallinity in percent.

P5 0.05 1/49 110 6.5 102 33

P6 0.037 1/49 110 2.0 75 5.6 H' =H,, —H,

P7 0.025 1/49 110 2.5 53 3.3

P8 0.01 1/49 110 60 10 0.6 m _i’

P9 0.05 1/49 100 3.0 66 9.9 < H;,

P10 0.05 1/49 120 2.5 76 9.5 m

P11 0.05 1/49 130 2.0 100 10 x= # x 100%

R2 0.02 1/49 110 1.0 - 15

PE 0.015 0/50 110 1.6 - 4.2 Equation la-c. Calculation of the crystallinity from the difference between the

heat of melting and the heat of solidification.
2 Ratio Pd(OAcyHL 1/1.5; ° Ligand HL replaced with DPPPr is-
diphenylphosphinopropane. The melting points were confirmed by heating a dengb the
polymer €a. 2 mg) on a melting point meter (Schorpp
Geratetechnik MPM-HV2) following the transparenck tbe
sample.

Ehe viscosity of the polymer#4-P11, R2) was determined on
a Physica MCR 501 Rheometer from Anton Paar usiogne-

(initiation period #;, P4: 11x10° gcoicondmin). Thereafter, the plate geometry (measuring system DCP35). The sa(bpleg)
was applied to the rheometer plate, heated to X&0Oafid

reaction accelerated, and the gas uptake becanter f@ek biected t h te i ing f 0.0D8 £ withi
107x10° geoicondmin). The rate of the gas uptake wagupiected o a shear rale increasing trom ©. within

. - . 10 min. The viscosity is given as the average \@ggadn the
approximately constant for the remaining reactioret .
range of 200 to 770% Sampledkl, P1, P2, P3 andPE did not

Methods used for characterization of the polyketones melt.
'H and®®*C{*H} NMR spectra were measured on a Bruker, A\"(F/Ih(itrlmog_ralw(;netgc anCaIystlsII(TGGAg:;rglceihwg;_eRreestirotr;qg
I 300 NMR spectrometer in deuterated chlorobeezeat ettier Toledo Gas Lontrotler wi € oys

95°C P2-P11, R2) or 1,1,1,3,3 3-hexaf|uor0isopropanoFample of the polymercd. 20 mg) was placed into a flow of

(HFIP)/GDs at room temperaturePq, R1). The CO content argon and the temperature adjusted to 25°C. Theplsamas

o o@Nin1 H
was determined from th#4 NMR spectra as described in thethen dhedated to 600°C at 10°@in™ and the weight loss
literature? recorded.

More detailed investigation of the gas uptake wiithe during
the preparation of the polyketonéd-P11 showed that the
reaction proceeded in three distinct phases. Adteinduction
period (,g) of 10 min where hardly any gas consumptio
occurred, gas uptake commenced slowly for aboutnid
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Powder XRD patterns were collected on a Stoe STADI
(STOE & Cie KG, Darmstadt
transmission mode) equipped with a Johann Germanit
monochromator (Cu-K radiation) and an image plate detecto
A sample of the polymer was placed on a flat sanmplieler

and the XRD pattern recorded in the range of @® < 130° in

0.015° steps. The program WinXPOW was used toHhé t

powder diffractometer

profiles.

Characterization of polyketones

The IR spectra of polyketond®l — P11 in comparison to the
spectra of reference sampl&l, R2 and PE are shown in

Figure S1.
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Figure S1. IR spectra of polyketones P1 — P11 compared to those of polyketone
R1 with alternating CO-C,H, segments, reference material R2 with very low CO

content and polyethylene PE.
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Figure S2. Deconvolution of the CO stretch vibration in the IR spectrum of R1.
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Figure S3. Deconvolution of the CO stretch vibration in the IR spectrum of P1.
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Figure S4. Deconvolution of the CO stretch vibration in the IR spectrum of P2.

The contribution of moieties:, f and y to the CO stretch
vibration in the IR spectra of polyketond3l — P11 and
reference samplesR1, R2 and PE was analysed by
deconvolution of the signal in the range of 1800600 cn*
based on the assumption that the extinction caefficof the
carbonyl band in each moiety is equal (Figure ERjure S14).

This journal is © The Royal Society of Chemistry 2012
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Figure S5. Deconvolution of the CO stretch vibration in the IR spectrum of P3.
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Figure S6. Deconvolution of the CO stretch vibration in the IR spectrum of P4.
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Figure S7. Deconvolution of the CO stretch vibration in the IR spectrum of P5.
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Deconvolution of the CO stretch vibration in the IR spectrum of P7.
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Figure $10. Deconvolution of the CO stretch vibration in the IR spectrum of P8.
Note that the position v; of the contributions of moieties a, B and y were refined
to a common position for polyketones P1 — P11 and reference samples R1 and
R2 giving rise to the less accurate fit in the case of polyketone P8.
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Figure S11. Deconvolution of the CO stretch vibration in the IR spectrum of P9.
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Figure $12. Deconvolution of the CO stretch vibration in the IR spectrum of P10.
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Figure S8. Deconvolution of the CO stretch vibration in the IR spectrum of P6.
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Scheme S1. Assignment of the signals in the "H NMR spectrum of polyketone P4.
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Figure S13. Deconvolution of the CO stretch vibration in the IR spectrum of P11. G £
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Figure S14. Deconvolution of the CO stretch vibration in the IR spectrum of R2.

The contribution of moieties,, B andy to the CO stretch . «'L
vibration in the IR spectra of polyketonddl — P11 and "5%9 w'*' ‘?@q
. 138.9 A
reference samplesR1, R2 and PE was obtained by "’“ /D [ K" |
deconvolution of the signal in the range of 1800600 cnt B CHz/MCH ChyCHa— CHz7CHz CHz / CHz Ch, CHN/“EHa
131.8 297
(Table S2). ;"12;;\ PE: 20.7 %ﬂ@ 'L"(L CHs 167226
Table S2. Position of the CO stretch vibration and relatinéensity of zﬁi" ¢
moietiesa, B and y in polyketonesP1 to P11 in comparison to reference
sampleR1 andR2. ‘ Alkene groups ‘ P Non-alternating Alternating Methyl groups
( 1 per molecule) section |CO-C,H, section| CO-C,H, section | and branches
Poly- CO content Uc:ola Moiety Scheme S2. Range for the signals observed in the C{*H} NMR spectra of
ketone [wt%] [cm™] o B Y polyketones P1-P11.
R1 50.0 1690 0.04 0.00 0.96
E; ig'(‘l’ igg‘; g'gg ggi g'zg The molecular features of the polyketones were tfiech by
pa+ 37 1712 035 056 008 analys.|s of the |ntegr'als of tHeél NMR spectra according to
P4 25 1713 0.61 0.39 0.00 Equation S2 to Equation S5.
P5 15 1716 0.85 0.15 0.00 28
P6 2.4 1710 038 061 001 (A+B+C+D+E+F+26+2]+K+L) x4
P7 5.5 1709 0.50 0.50 0.00 M, =
P8 135 1707 ° 0.08 0.66 0.26 %+ 4 —; B
P9 24 1712 0.53 0.46 0.01 Equation S2. Calculation of the molecular weight based on the integrals of the
P10 3.0 1711 0.50 0.50 0.00 signals in the 'H NMR spectra.
P11 2.4 1714 0.68 0.32 0.00
R2 0.7 1714 0.58 0.42 0.00
L A+B D
@ Maximum of thevc=ovibration;® Three distinct maxima at 1713, 1702 and ny 3- 73 T2
1693 cmt

Neans A+B+C+D+E+F+G+J+K+L

Equation S3. Calculation of the average number of branches n, per ethylene unit
based on the integrals of the signals in the "H NMR spectra.

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



ARTICLE Journal Name

gel permeation chromatography was referenced tgspokne

(A+B+C+D+E+F+G+K+L)x2
= standard.

n, G

Equation S4. Calculation of the average length n; of the oligomeric —(C,H4)—

segments between two neighbouring CO groups in non-alternating segments 14 -
based on the integrals of the signals in the "H NMR spectra.
1.2 1 Ratio CO/C,H,
a 10 *P2 12/38
NcH2 alt = . =P3 6/44
(A+B+C+D+E+F+G+]J+K+1L) Sos - P4 1/49
Equation S5. Calculation of CH, groups neighbouring isolated and non- gn
alternating CO-C,H, (o+B moieties) based on the integrals of the signals in the 'H §' 0.6 -
NMR spectra.
0.4 -
The structural data of the polyketones are summariis Table
S3 02 1 _
Table S3. Structural data for polyketon€4 to P11. 0.0 ) ' i
0 1 10 100 1000
. -1
Poly- CcO Isolated PE Segment No. of Molar mass [x1000 gmol]
keto);e content COgroups content length® branches
[wt%] [wt9%] [wt%] [units] [%] b Figure $16. Overlay of the GPC curves of non-alternating polyketones which
P1 28.9 13.9 42.2 81 154 were obtained by varying the CO/C,H, ratio (P1-P4).
P2 16.1 12.3 67.7 13.0 0.24
P3 3.7 2.9 92.6 66.2 0.59 1.4 -
P4 2.5 1.8 95.1 107.2 0.20
P5 1.5 1.2 97.0 159.3 0.17 1.2 A CO/C2H4 consumed [g]
P6 2.4 1.8 95.2 105.1 0.28 P4 107
P7 5.5 3.4 88.9 54.6 0.27 101 +ps 332
P8 13.5 9.7 73.1 17.1 0.06 —E— 08 |
P9 24 1.8 95.3 105.0 0.18 W
P10 3.0 21 94.0 91.6 0.25 E’ 0.6 -
P11 2.4 1.9 95.2 103.8 0.41
0.4 -
# Average segment length between two neighbouring @6ups in
moietiesy; ® Average number of methyl groups per ethylene unit. 0.2 A
The molecular weight of the polyketones was cateaadrom 0.0 . - '
an end group analysis based on*HNMR data (Table S4) 0 1 10 100 1000

Molar mass [x1000 g'-mol?]

Table $4. Position of the CO stretch vibration and relatimensity of

moietiesa, B and y in polyketonesPl to P11 in comparison to reference
sampleR1 andR2. Figure S$17. Overlay of the GPC curves of non-alternating polyketones which

were obtained after a different amount of CO/C,H, gas mixture had been
consumed (P4-P5).

Poly- CO content M, PDI
ketone [wt%] [gmol] [1°
1.4 -

R1 50.0 - -

P1 28.9 - - 1.2 4 ¢(Pd) [10° mol/l]

P2 16.1 3077 2.3 P4 050

P3* 3.7 2843 1.9 L0 ore 037

P4 25 5272 1.7 Sosg - “P7 025

P5 1.5 3919 21 S oP8 0.10

P6 2.4 5413 18 S 06 -

P7 55 5827 1.7

P8 135 5408 2.0 04 1

P9 2.4 5610 2.1 02 -

P10 3.0 3580 2.2

P11 2.4 2539 2.1 0.0 ! T ; ]
R2 0.7 5811 - 0 1 10 100 1000

2 Determined by'H NMR spectroscopy, soluble fractiohDetermined by Molar mass [x1000 gmol-]

GPC chromatography.

. . . Figure S18. Overlay of the GPC curves of non-alternating polyketones which
By using gel permeation chromatography, the pojyalisity of were obtained by varying the catalyst loading (P4, P6-P8).

polyketonesP2-P11 in dependence of the reaction conditions;
i.e.,, the CO/GH, ratio employed (Figure S16), the amount of
CO/GH, gas mixture consumed (Figure S17), the catalyst
loading (Figure S18) and the reaction temperatiigufe S19)
was determined (Table S4). Note that the molecwkight in

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



14 - Table S5. Physicochemical and intrinsic properties of potgkesP1 to P11

compared to those of reference sampléandR2.
12 4 Temperature [°C]
+P9 100 . a S Domain
1.0 - P4 110 2 Polyketone C([)V\;:tg/(r)}tent [;rcm] . nyst;i;mlty ?rI]Zrﬁ]c
Sos | *PI0 120
% eP11 130 : R1 50.0 >220 - 115 (4.2)
§ 0.6 - 7 P1 28.9 >220 - 9.5 (2.8)
P2 16.1 >220 8.5 17.9 (9.0)
04 P3 3.7 =220 7.4 27.2 (2.2)
P4 25 127.1 17 20.3 (5.5)
0.2 1 P5 15 125.9 20 19.0 (4.4)
00 AN . P6 2.4 1257 47 19.1(5.4)
’ ) ) P7 55 123.3 22 19.0 (3.7)
0 ! 10 100 1000 P8 135 1251 17 14.2 (5.3)
Molar mass [x1000 g'mol] =) >4 126.9 18 7.7 (6.7)
P10 3.0 121.2 17 18.1 (6.7)
Figure $19. Overlay of the GPC curves of non-alternating polyketones which P11 2.4 122.0 12 19.8 (5.6)
were obtained by varying the temperature (P4, P9-P11). R2 0.7 128.6 2 16.2 (4.5)
PE --- 128.3 13 27.8 (5.8)

The phase transitions of polyketorfes— Pl:_l' and O_f referenge 2 Determined on melting point metérDetermined by calorimetry:From
Samp|esRl, R2 and PE were fo”OWed by d|ﬁerent|a| Scann|ngana|ysis of the peak width in powder XRD powden:m

calorimetry (DSC). The DSC traces observedHdrare shown

in Figure S20. When polyketones without alternating segmeré-pP7, P9-
P11) were heated in a stream of inert gas, the oesepérature
of a weight loss (J) was observed in the range of 464-469°C;

® decomposition was associated with a weight 10s933098%
= (Table S6).
3 | PE «—
=0 Table S6. Onset temperature; Bf thermal degradation of polyketores-
§ — P11 in comparison to reference sampies R2 andPE.
Tq Weight loss Ta Weight

A T,=126°C Polyketone [°C] [%] [°C] loss [%0]
) Sep 1 Step 1 Step 2 Sep 2
§ P4 R1 330.1 58.0 2 -e
o “— P1 244.9 13.2 395.4 53.9
£ 0 ) 233.0 8.1 430.8 74.8
2 - p3* 223.4 3.5 450.6 83.3
_ P4 - - 468.7 95.6
g’ R1 P5 - - 464.0 96.9
3 . Tn=125°C P6 - - 468.0 95.3
20 T4=72°C P7 - - 466.9 93.1
§ \///__—/ P8 215.8 3.1 451.7 87.5
T T I T ‘ T [ T ‘ T ] T ‘ T ‘ T | T ‘ T ‘ T | T ‘ T | T | T [ ; Pg = - 4648 964

50 100 150 P10 - - 469.1 95.1
P11 - - 466.7 96.1
Temperature [°C] R2 . . 2636 98.0
Figure $20. DSC traces observed upon heating and cooling of P4 (middle) in PE - - 468.0 99.6

comparison to PE (top) and R1 (bottom) as reference samples. a i i
No further weight loss until 600°C.
The melting points of polyketond®l — P11 and of reference
samplesR1, R2 and PE were confirmed by melting the
samples on a melting point meter optically follogirthe

The powder XRD diffractograms of the polyketones given

in Figure S21P4 gave rise ta strong reflection at 23.88° and

° a series of weaker reflections at 29.99, 36.24773940.67,
transparency of the samples (Table S5). Also repois the 41 g4 45 91, 43.90, 46.84, 52.91 and 54.84°. fiepsamples
crystalline fraction as derived from analysis oé ttlifferences (P5 to R2) exhibited the same set of signalsPasbut varied in
between melting and solidification enthalpy. intensity. Comparison with the powder diffractograoch PE
showed that these reflections are characteristicémains of
polycrystalline polyethylene. Analysing the halfdth of the
most relevant reflections, an average domain sife o
18.2(3.7) nm was estimated (Table S5).

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 7
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Figure $21. Diffraction patterns of polyketones P1 — P11 compared to those of
polyketone R1 with alternating CO-C,H, segments, reference material R2 with
very low CO content and polyethylene PE.
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