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chloroform and measured on a Bruker spectrometed (@, 400

Experimental Section MHz). The relevant resonances in fieNMR spectra (based on

TMS = 0 ppm) used for integration were: 1.11 — 1(fiethyl

group of the polyether moieties, area of the resocea
All chemicals were obtained from commercial supgliand used so corresponds to three H atoms), 1.25 — 1.32 (mejtoup of the

10 as received, if not stated otherwise. Propylenel®@xb9%) was  polycarbonate moieties, area of the resonance smongls to
obtained from Sigma-Aldrich. three H atoms), 1.45 — 1.49 (methyl group of cP@aaf the
Methods resonance corresponds to three H atoms) and 2399-(CH

group of propylene oxide, area of the resonancessponds to
The solubility of CQ was determined by a volumetric methodss one H atom). Taking into account the intensitidéss telative
The polyol (50 cr) was placed into a high-pressure vessel concentrations were calculated.

15 (156.9 cm), stirred at 500 rpm and the entire vessel watekea The number- and weight-average molecular weight &id
90°C. A gas mouse (59.3 &mwas pressurized with G@5 bar) M, respectively) of the obtained polyethercarbonptdyols
and equilibrated until the temperature was constantwere determined by gel permeation chromatograpi®Q)G The
Subsequently, the valve between the high-pressasel and gas « procedure was in accordance with DIN 55672-1: 'f@meation
mouse was opened, and the system was equilibratiidtie chromatography, Part 1 - Tetrahydrofuran as théinguagent”

2o temperature in both vessels was constant. Pressm@  (SECurity GPC System from PSS Polymer Service, flaig 1.0
temperatures were recorded, the valve was clobedyds mouse ml'min®; columns: 2xPSS SDV linear M, 8x300 mm, 5 pm; RID
was again pressurized with @(everal times to 5 bar, thereafter detector). Polystyrene samples of known moleculeight were
to 10, 15 and 20 bar, respectively), and the proeecepeated. ¢ used for calibration, and the chromatogram was reefed

Materials

The composition of the reaction mixture during €04 co- against the absolute mass determined by mass speury. The
25 polymerization was followed with a Bruker MATRIX-MF PDI was calculated as the ratio of,b M,
spectrometer equipped with a high-pressure 3.17attemuated Mass spectra were obtained on a Thermo Fischer LTQ

total reflectance (ATR) IR fibre optical probe. TA&R IR fibre Orbitrap XL spectrometer using methanol as solvent.
optical probe (90° diamond prism with 1 x 2 mm basaa and 1 7, The phase behaviour was characterized by usingrkinP
mm height as ATR element, 2 x 45° reflection of lRebeam, IR Elmer Pyris 6 differential scanning calorimetersample of the
2 beam coupledia fibre optics) was fitted into the reactor in siich  polymer ¢a. 10 mg) was placed into the sample holder. Therlat
way that the diamond at the end of the optical eratas  was placed into a flow of argon, and the tempeeatuas adjusted
immersed entirely into the reaction mixture. IR ctpe (average to 25°C. Then, the sample was heated to 100°C HE@in™,
of 100 scans) were recorded time-resolved in th®neof 4000- s held at 100°C for 10 min, cooled to -80°C (-16A®™) and held
400 cm' with a resolution of 4 cth there for 10 min. Then, the sample was heated thinees to
s The spectra were analysed with the software PEAXA®.7 100°C at a rate of 10°@in’?, kept at 100°C for 2 min, cooled to -
using the Indirect Hard Modelling (IHM) method. Rrdn-situ 80°C (-10°Cmin™) and held at this temperature for 2 min. The
IR spectra of pure components, a hard model desgrithe glass transition temperature or the melting pangiven as the
spectrum of the mixture was built and calibratedhwhinary g inflection point of the heat flow curve in the ttineating cycle.
mixtures of known composition. Then, the hard moda$ fitted The TGA traces were recorded on a Mettler Toledms G
40 to time-resolved IR spectra recorded during thalgat reaction. Controller GC20 with STRe System. A sample of tlodymer
By this procedure, component weights were derivddch were  (ca. 30 mg) was placed into the sample holder. Thierlavas
converted to concentrations in mol% on basis of theplaced into a flow of argon, and the temperature adjusted to
calibration>*% 85 25°C. Then, the sample was heated to 600°C at @ oht
The composition of the reaction mixture was aredyby 'H- 10°Cmin’. For reference, the TGA traces of polypropylenigex
45 NMR spectroscopy. The sample was dissolved in dete® (1000 gmol®, F = 2) and polypropylene carbonate (fully
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alternating, Novomer) were recorded under the saméitions.

The scanning electron microscopy image was takenao
FEI/Philips XL30 ESEM at an acceleration voltagel6fkV and
a magnification of 28x.

Kinetic profiles

For recording the kinetics of the reaction, an alatee (300 mL,
Parr Instrument) equipped with a gas entrainmenestand an
ATR IR fibre optical probe was charged with DMCalgst (15.8
mg) and the starter polyether polyol (100@?, F = 2, 39.98
g). The autoclave was closed, and the mixture wasd at 1200
rpm and heated to 130°C. The autoclave was purggdargon
and then pressurized with carbon dioxide to 15 bhereafter,
the pressure was maintained at 15 bar by feeding P®pylene
oxide was added in three pulses of 4.0 g each tadnixture
was stirred for 30 minutes after each pulse. A dampthe liquid
phase (8.95 g) was taken. Then, the temperatureadjasted to
100°C. The autoclave was pressurized to 50 baeégifg CG.

After the temperature and pressure had been diabbd least 5

minutes, the valve to the GBupply was closed. Propylene oxide

(9.6 g) was addeda an HPLC pump (25 mimin™®). The mixture
was stirred for 90 min during which IR spectra weeeorded.
Thereafter, a sample of the liquid phase (9.31 &3 taken, and
the pressure was re-adjusted to 50 bar. Anotherpwuses of
propylene oxide (9.52 g and 9.06 g) were addedéor¢action
mixture, and the same procedure was repeated agitmb
above. Subsequently, the reaction mixture was dotderoom
temperature, the excess pressure released andqthe phase
collected. The composition of the samples takeninduthe
reaction and the final reaction mixture was analyssing’H-
NMR spectroscopy and gel permeation chromatogréBC).
For preparing a reference sample at a lower pregd% bar),
an autoclave (300 mL, Parr Instrument) equippech veit gas
entrainment stirrer and an ATR IR fibre optical lpeowas
charged with DMC catalyst (16.4 mg) and the stapiyether

polyol (1000 gnol?, F = 2, 40.1 g). The autoclave was closed

and the mixture was stirred at 1200 rpm and heaté30°C. The
autoclave was purged with argon and then pressungih
carbon dioxide to 15 bar. Thereafter, the presaa® maintained

85

Syntheses

A 1L STR autoclave was used for synthesizing pbige
carbonate polyols from propylene oxide and carbimxide by
PO/CQ copolymerization in the presence of an alcohdiicter
o (with conditions and relative quantities similar tbe stated
comparison sample preparation below). The staogether with
the DMC-based zinc hexacyanocobaltate catagst placed into
the vessel. The reaction was started by the additfqropylene
oxide with a dosing pump, while the system was kepter
s constant C@ pressure (15-100 bar) and at constant temperature
(90-140 °C). The resulting product mixture was gsadl by*H-
NMR spectroscopy as well as GPC chromatography.
For preparing the comparison sample with a,€@ntent of
7.1 wt.%, an autoclave (300 mL, Parr Instrument)igoed with
70 @ gas entrainment stirrer was charged with DMClysttd16.5
mg) and starter polyether polyol (1000ngl?, F = 2, 40.0 g).
The autoclave was closed, and the mixture wasedtiat 1200
rpm and heated to 130°C. The autoclave was purggdargon
and then pressurized with carbon dioxide to 15 Bbhaereafter,
75 the pressure was maintained at 15 bar by feediripoadioxide.
Propylene oxide (12.1 g) was added in three pulags, the
mixture stirred for 30 minutes after each pulse.emhthe
temperature was adjusted to 100°C. Propylene owiake added
(28.1 g) at a flow rate of 1 min?® via an HPLC pump.
s0o Thereafter, the mixture was stirred for 90 min. Sduently, the
reaction mixture was cooled to room temperature, ¢xcess
pressure released and the liquid phase collecdrefmoval of
cPC, the reaction mixture was passed through a fitrim
evaporator heated to 120°C and set to a partialuramf 3 mbar.
The conventional PU foams were prepared from &@0:
mixture of 2,4- and 2,6-toluene diisocyanate (Dedun® T 80)
and a propylene oxide / ethylene oxide polyethigd twith an
average molecular weight of 3506- gol® (Arcol® 1108)
following a standard foaming proceduré][SThe CQ-based PU
o foams were prepared accordingly using a polyethieocete
' triol.

at 15 bar by feeding COPropylene oxide was added in three

pulses of 4.0 g each, and the mixture was stiroedB® minutes
after each pulse. A sample of the liquid phase ¢9.@as taken.
Then, the temperature was adjusted to 100°C. Aftes
temperature and pressure had been stable for sit3eainutes,

the valve to the COsupply was closed. Propylene oxide (9.2 g)

was addedia an HPLC pump (25 mmin™). The mixture was
stirred for 90 min during which IR spectra were ated.
Thereafter, a sample of the liquid phase (9.2 @ taken, and the
pressure was re-adjusted to 15 bar. Another twasegulof
propylene oxide (9.2 g each) were added to theioramixture,

and the same procedure was repeated as descritmaeb. ab

Subsequently, the reaction mixture was cooled t@mro
temperature, the excess pressure released andqthe phase
collected. The composition of the samples takeninduthe
reaction and the final reaction mixture was analyssing'H-
NMR spectroscopy and gel permeation chromatogréBC).

2 | Journal Name, [year], [vol], 00-00

This journal is © The Royal Society of Chemistry [year]



Electronic Supplementary Material (ESI) for Green Chemistry
This journal is © The Royal Society of Chemistry 2013

Supplementary data 100 1,0 15 20 22 cPC
3,0 7.5 375
With increasing C@ pressure during synthesis in the range of T g | 96,0 91.0 138 omm PEC
15 - 90 bar, the Cfincorporation into the obtained polyether- % 867 84.0
carbonate polyols increased asymptotically to rigitiove -E- 60
5 22 wt.% (Fig. S 1). 2 PO PO PO
g 40 co, co, co,
A g- —_—) —)
S 20 - - S 20 -
“E - e PE
= 15+ - " 0 Prior to After After After
g o 1stpulse 1stpulse 2" pulse 3 pulse
> .
S 104 = 30 Fig. S 3Analysis of the chemical composition of samplé®teafter the
£ propylene oxide of a pulse had completely reacted.
o~
o 5 . L
o The molecular weight (M) of the polymer chains increased
0 stepwise with each pulse from 1362 for the paremyrper to
1 1 1 1 1 -
20 0 60 30 100 1526, 1686 and 1885mgol* after the ¥, 2@ and 3 pulse,

35 respectively (Fig. S 4). It is particularly notewwor here that the
molecular weight distribution remained very narromhich is
Fig. S 1incorporation of C@into the polyethercarbonate polyol as a  reflected in less than 10% increase in the polyafisify index

function of the C@pressure applied during the synthesis from 1.05 for the parent polymer to 1.04, 1.06 artD after the
(MW = 2000 g- mol™, reaction conditions see Syntheses) 1%, 2 and & pulse, respectively.

Pressure [bar]

10 The solubility of CQ in neat polyethercarbonate and polyether
polyols shows a linear dependence on pressure $Faj. 5 . POpuise W = =

% ; ° /XV\\
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Fig. S 4Analysis of the molecular weight distributions (GPof samples
taken after the propylene oxide of a pulse had detsly reacted.
0 . : - . .
0 5 10 15 20 MALDI-TOF analysis of a sample taken after therdhpulse

confirms the narrow molecular weight distributiorf the

Pressure [bar] ss resulting polyethercarbonate (Fig. S 5).

Fig. S 2Solubility of CQ at 90°C in neat polyethercarbonate diol (4000
g/mol, 21.9 wt% CQ F = 2) in comparison to a corresponding polyether
15 diol (polypropylene oxide, 1000rgol™, F = 2). Further detailed
information on the phase equilibria and solubitifyCO, and PO in
polyethercarbonate polyols can be found in'f&f.

To explore the parameter space, a pulse expersmens
performed also at a lower pressure of 15 bar. Asalpf the
20 composition of samples taken after each pulse wosfithe
stepwise formation of polyethercarbonate. The numbé

1402 04522

carbonate linkages increased from 3.0 mol-% for aeent

polymer to 7.5, 11.3 and 13.8 % after tif& 2" and 3 pulse, 22197 asezoozs

respectively. The amount of cPC was very low anctéased 1000 1500 2000 2500 3000 3500
s with the amount of carbonate linkages incorporaie the Molecular weight [g/mol]

polymer chains (from 1.0 to 1.5, 2.0 and 2.2 mol-%, Fig. S5MALDI-TOF analysis of a sample taken after thiegilse.
corresponding to an increase from 1.3 to 1.8, 2d &2 wt-%,

respectively, Fig. S 3). For physicochemical analysis a sample was preparddr the
same conditions as used for recording the kinetidhe reaction
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in the pulse experiment, except that the pressuréhe reactor
was maintained constant at 15 bar by feeding cadimxide and
propylene oxide was added at a constant flow rate cPC
formed as by-product (2.2 wt.%) was removed by tfiim
s evaporation. For the resulting polyethercarbonaé with CO,-
content of 7.1 wt.% and a molecular weight ® 3155 gnol?, a
glass transition temperature of -60.4°C was reab(&e. S 6).
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3 0-05 I I B E—
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Temperature [°C]

Fig. S 6Glass transition temperature, bf a polyethercarbonate polyol
10 (PECP) with 7.1 wt.% C@n comparison to polypropylene glycol as
typical polyether (PE) and alternating polypropgemarbonate (PC).
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