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Silicones are ubiquitous materials owing to their exceptional mechanical and thermal stability as well as
low toxicity. Recycling them has become a relevant target for circular economy purposes. Conventional
processes of chemically recycling polysiloxanes allow for the recovery of valuable cyclic monomers.
Unfortunately, they lack efficiency and still require high operating temperatures, thus yielding detrimental
by-products. Herein, we introduce an efficient method for the solvent-free depolymerisation of linear
polydimethylsiloxanes using a [polydentate ligand—potassium silanolate] complex as a catalyst that pro-
motes the chemical recycling of silicones into cyclic monomers from many industrial substrates including
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actual waste materials. Our method only requires a small amount of catalyst (0.1 mol%) and proceeds
over a wide range of temperatures (60 °C-170 °C) to efficiently yield a mixture of cyclosiloxanes (up to
98-99% yield) from up to a 100 g scale of waste silicone oils. Moreover, the recyclability of this catalyst
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Introduction

Silicone polymers are widely used in applications ranging from
lubricants to materials for construction and automotive parts,
electronics, medical formulations and engineered products."?
In 2020, the world’s production of silicones was over 8 million
tons, representing a market value of 15.1 billion USD.?
Silicone polymers consist of Si-O-Si units bound in highly
resistant backbones. Si-O bonds are longer than C-O bonds
and the bond angle of Si-O-Si is wider than that of carbon
analogues. These materials are thus thermally stable, mostly
chemically inert (except to strong acids and bases) and highly
flexible.® Recycling these high-value inorganic polymers has
become strategically important for both environmental and
economic reasons.

Polydimethylsiloxanes (PDMS) are one of the most impor-
tant silicone products. Most of them are produced through the
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was demonstrated over five runs without loss of activity.

hydrolysis of chlorosilanes that are prepared via the “Rochow
direct process”,*® from which the associated produced cyclic
monomers (mainly D; and D,) are subsequently polymerized
in the presence of a base catalyst.” Although silicon (Si) is an
abundant element in the Earth’s crust, the production of
metal grade Si necessary for the “direct process” is highly
energy-intensive requiring an extremely high temperature
(>1400 °C).* Moreover, the process also releases a substantial
amount of greenhouse gases detrimental to our environment.’
The recycling of out-of-specification or end-of-life polydi-
methylsiloxanes to value-added compounds, such as cyclic
monomers or functional oligomers, has thus emerged as a
highly desirable and potentially sustainable solution.

The recycling of silicone polymers and materials remains
limited and principally involves downcycling through mechan-
ical processing (powdered waste elastomers, for instance) or
limited chemical recycling.'®'" Chemical recycling methods
relying on halogenated reagents exist but are limited to out-of-
the-loop products regarding the overall silicone process and
are thus outside the scope of silicone circularity.'> Most of the
chemical recycling back-to-monomer methods and their
associated industrial processes rely on a rather high “catalytic”
amount (thus questioning the efficient catalysis) of alkaline
hydroxides,'" or strong organic and inorganic acids,"*'* and
the reaction conditions as well as separation steps of the
processes mandate high temperatures and low pressures to
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recover valuable cyclic monomers.'" There is thus a dire need
for catalysis upgrading to allow for a wider implementation of
the chemical recycling of silicones in the framework of silicone
circularity.

The chemical recycling of waste silicones has been widely
studied for over 80 years.'® Initially, the decomposition of poly-
siloxanes was carried out at a very high temperature (600 °C)
under inert conditions or in air (300 °C)."® On the one hand,
the reaction at 600 °C gives a mixture of cyclosiloxanes (D3;-Ds)
favouring small cyclic monomers. On the other hand, CO, and
silica are obtained as major products during thermal cracking
in air at 300 °C. Besides, steam could be used as an agent for
the conversion of polysiloxanes at high temperature to (oligo)
silanols."® However, most of these methods require high temp-
erature and give a moderate yield of a mixture of products,
such as cyclic siloxanes, but also silanols, silica, etc. Recycling
to recover PDMS-based cyclic monomers, the shortest cyclic
monomers within the silicone industry, remains highly desir-
able, but lacks very competitive catalysts for it to become
viable on very large scales.

In 1997, Allandrieu and Cardinaud found that strong alka-
line hydroxides or quaternary ammonium-based hydroxide
could be used as an efficient catalyst for the depolymerisation
of silanol-terminated PDMS."" The reaction was carried out at
140 °C to yield approximately 90% of a mixture of cyclosilox-
anes. Later, GE Bayer Silicones claimed that the monoester or
diester of phosphoric acid (RO),(HO);_,PO (x = 1 or 2) could
be used as an activator for the depolymerisation of both
uncrosslinked and  crosslinked  polysiloxanes.””  After
77-184 hours at room temperature, the viscosity of siloxane
oils decreases from 2.7 to 4.3 times in comparison with that in
the absence of an activator, indicating the potential appli-
cations of the functionalization of polysiloxanes into oligosi-
loxane derivatives. Interestingly, when anionic processes are
employed cyclic monomers from D; to Ds are obtained,
whereas when acid-catalysed cationic processes are utilized,
larger cyclic monmers (up to Dg or even larger) devoid of Dj
are produced.'®

Additionally, Tremco, Inc. reported a method for the de-
polymerisation of silicone rubber wastes to produce cyclosilox-
anes. This process occurs in diethylene glycol monobutyl ether
at 150-180 °C in the presence of 2.5 wt% of H,SO, and then
3.5 wt% of KOH at 80-115 °C under a reduced pressure of
16-24 mbar."®

Furthermore, numerous reports have focused on thermal
cracking of polysiloxanes. For example, alcoholysis of siloxane
polymers has been extensively studied.'®?° Okamoto and
Petrus used dimethyl carbonate and methanol in the presence
of KF at 150 °C or an heterobimetallic aryloxide of Mg-K with
the support of a methylsalicylato ligand at 220 °C as the cata-
lyst. The produced alkoxy(oligo)siloxanes could be further deri-
vatised to polysiloxanes by hydrolysis.

More recently, Hoge and his colleagues have reported the
first example of isolated silanol-silanolated anions [Si-O---H-
0-Si].>"** These counter-anions exist in combination with
weakly coordinating phosphazenium counter-cations. These
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anions are thus strong nucleophiles and could be utilised as
catalysts for the depolymerisation of silicone oils. However,
only 38% yield of cyclosiloxanes was obtained under the reac-
tion conditions (90 °C, 7 mbar). Moreover, these silanolate
salts start to decompose at 90 °C in vacuo and rapid decompo-
sition occurs above 100 °C, therefore limiting their application
as chemical recycling catalysts. As such, there is still a dire
need for more robust and very efficient catalysts for the chemi-
cal depolymerization of PDMS-based oils into valuable cyclic
monomers and industrial intermediates (such as Ds).

In this study, we developed an efficient and straightforward
method for thermal cracking of linear PDMS (both virgin and
waste oils of various viscosities and functionalities) to a
mixture of cyclosiloxanes: D;, D, and Ds, all desirable indus-
trial monomers/raw materials. Potassium silanolate in combi-
nation with a polydentate complexing agent of K', such as
crown ether or polyethylene glycol dimethyl ether, was efficien-
tly used as a catalyst for this reaction.

Results and discussion
Catalyst synthesis and corresponding characterisation

As mentioned above, alkaline hydroxides such as KOH, CsOH,
etc. can be used as efficient catalysts for the depolymerisation
of silanol-terminated (Si-OH) PDMS into mainly cyclic
monomers.''®?3 It is a relatively efficient method that suffers
from the unavoidable introduction of water into the recycling
process, lowering the overall efficiency and limiting the types
of waste that this chemistry can recycle. Si-H containing
waste, for instance, becomes a hazard in the presence of water
and base. Moreover, the use of an alkaline hydroxide can lead
to the demethylation of a dimethylsiloxane moiety ((CH;),SiO),
which subsequently leads to the formation of T (or even Q)
moieties, which are “non-recyclable”, accumulating inside the
reaction media.>* This detrimental demethylation reaction pre-
ferentially occurs at a terminal -SiMe,~OH moiety and further
condensation reactions then promote other T and Q moieties
(respectively tertiary Si with respect to the Si-O bonds and qua-
ternary, when standard D moieties feature two Si-O bonds),
when further demethylation proceeds. Terminal -Si-OH moi-
eties are linked to the overall water content of the reaction
medium as well as initial functionalities of the silicone waste
materials to be recycled.>* Thus one should minimize the [OH]
content to favour maximal yields of cyclic monomers.

In order to solve this problem and increase the effectiveness
of the thermal cracking process, a new “OH-free” catalyst
system comprising potassium silanolate and a complexing
agent (such as crown ether-18-6 and PEG derivatives), could
prove already to be more efficient than the existing KOH-cata-
lyzed cracking process. We hope to limit the side reactions,
thus affording improved yields. We envisioned that the benefit
could be threefold: (1) the ligand could dissociate the ion pair
and improve the nucleophilicity of counter-anions and then
enhance the kinetics of the depolymerisation reaction (or
lower the required catalytic amount); (2) the [crown ether-pot-

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Postulated mechanism for polydentate ligand-silanolate-cata-
lyzed chemical recycling of silicone oil.

assium cation] could act as a mild Lewis acid to activate the
Si-O-Si bond, resulting in the same effect (Fig. 1); (3) this
complex could additionally limit the demethylation pathway,
which involves the K* cation with its key intermediate.**

We reckoned that the more dissociated silanolate anions
could behave as enhanced active species to effectively cleave
the siloxane chains. The cyclosiloxanes would be released
through more efficient back-biting reactions. We synthesized
this new catalyst following a procedure described by Schultz
et al®® In the "H-NMR spectrum (Fig. S1at), one can easily
determine the chemical shift of characteristic protons of the
crown ether in the complex at 3.60 ppm, which is a similar
chemical shift compared to that in the free crown ether (6 =
3.57 ppm). Moreover, a new signal ascribed to silanolate
appears at —0.13 ppm that is different to those in HMDSO
(hexamethyldisiloxane) or KOSiMe; (5 = 0.07 ppm), indicating
the formation of the complex [KOSiMe;-crown-ether-18-C-6].
In addition, the **Si-NMR and "*C-NMR spectra of [KOSiMe;-
crown-ether-18-C-6] show a singlet at —13.6 ppm and 4.8 ppm
that are different from those displayed in HMDSO (6 = 7.6 ppm
and 1.8 ppm) (Fig. S1b and ct), further evidencing the for-
mation of the desired complex.

Depolymerization of silicone oil

Base-catalysed degradation without ion chelators. First, we
tested the depolymerisation reaction under solvent-free con-
ditions using trimethylsilyl-capped silicone oil 1 as a model
substrate. The reaction was carried out at 140 °C under
reduced pressure (10 mbar) to displace the equilibrium
balance between cyclic siloxanes and polysiloxanes towards the
formation of cyclic monomers. Unfortunately, a low yield of
cyclic siloxanes was obtained when KOH (0.1 mol%) or

This journal is © The Royal Society of Chemistry 2023
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Table 1 Initial screening of the catalyst for thermal cracking of siloxane
oil?
ve:
O—Si, O
N C\H;cmii T Ty e e M\/ \TIM% 4 o
MezSi\O*Si\o 7:\CH3 _—— O\a‘e?/o :ezs‘io/S\Mez O\E:O\a‘ez/o
1(M, ~5340 g/mol) D, D, D
Yield of Ratio of Mass
cyclosiloxanesb D;/D,/Ds/ balance®
Entry  Catalyst (mol%) (%) others (%)
1 KOH (0.1) 16 7/79/13/1 98
2 KOSiMe; (0.1) 15 8/81/11/2 98
3f KOH (4) 16 7/78/13/2 98
4 KOSiMe, (0.1) + 97 6/80/11/3 98
18C6 (0.1)
5 18C6 (0.1) 0 Nd 100

“Reaction conditions: 1 (10 mL, 120 mmol SiMe,-O unit), catalyst (0.1
or 4 mol%), solvent-free. ” The yield of siloxanes was determined by
the ratio between the mass of the distilled fraction and the mass of
silicone oil. “ The ratio of cyclic siloxanes was determined by the ratio
of each compound in 2°Si-NMR spectra. ¢ Others = HMDSO + Dg.
¢ Mass balance was calculated by the ratio between the mass of residue
and the distilled fraction and the mass of silicone oil. /A mixture of
9.5 g of silicone oil 1 and 1 g of cyclic siloxanes D, was used, as
described in US Patent 5670689.

KOSiMe; (0.1mol%) was used as catalyst (Table 1, entries 1
and 2). Similar reaction conditions (KOH 4 mol%, 140 °C),
which were reported in US patent no. 5670689, were also evalu-
ated for this model substrate but cyclic siloxanes were
obtained with a low yield (16%; Table 1, entry 3). However,
97% yield of cyclic siloxanes (D,, n = 3-5) could be obtained
after the reactive distillation when a combination of KOSiMe;
(0.1 mol%) and crown ether-18-6 (0.1 mol%) was used as a
catalyst for this depolymerisation reaction (Table 1, entry 4).
More interestingly, other products such as chain-end-recovered
hexamethyldisiloxane (HMDSO), a valuable industrial inter-
mediate, and back-biting-arising larger ring cyclic (Dg)
monomer are also obtained in <3% yield in the distillate. This
was a proof of concept that [KOSiMe; + 18C6] could be a prom-
ising catalyst for the depolymerisation reaction. Moreover, a
blank test using only 18C6 did not lead to the formation of the
desired products (Table 1, entry 5), implying the crucial role of
the complexing agent and silanolate combination in the
improvement of basic thermal cracking of siloxane oil.
Base-catalysed degradation with crown ether 18-C-6. First,
we investigated the depolymerisation of silicone oil 1 (viscosity
= 100 cSt, M, = 5340 g mol™") in the presence of KOSiMe;
(0.1 mol%) and 18C6 (0.1 mol%) under a wide range of temp-
eratures from 60 °C to 170 °C (Table 2). 60 °C was necessary to
adapt the required vacuum or reduced pressure of our process
to achieve distillation of the high boiling-point (at P°) products
such as D, and D5 (Table 2, entry 1). However, the depolymeri-
sation reaction afforded a 91% yield of a mixture of cyclosilox-
anes when the temperature reached 60 °C (Table 2, entry 1,
P ~ 0.1 mbar). Within this mixture, D, is the major cyclic
product (with 68% produced), whereas Dz, D5 and others
(minute amounts of HMDSO and Dg) represent 2%, 27% and

Green Chem., 2023, 25, 3869-3877 | 3871
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Table 2 Temperature screening for the depolymerisation of the PDMS?

Me,
0—sSi

ch cH3 ‘/cm ‘);(::;:‘E‘ﬂ (":":"‘rz‘;l%) Me;SI‘/O\TIMe; Mezsi ) MEQS|/O\ISA|;O\SIMEQ
MesSin, /fs' /ys' DLl o\a‘ez/o :ezs‘—o/smz c\ﬁ;o\a‘;o
1 (M, ~5340 g/mol) D; D, Ds
Yield of Ratio® of Mass
T P cyclosiloxanesb D;/D,4/Ds/ balance®
Entry  (°C) (mbar) (%) others (%)
1 60 0.1 91 2/68/27/3 93
2 70 0.1 95 2/74/22/2 97
3 90 0.1 94 2/68/28/2 95
4 110 0.1 94 2/66/28/4 95
5 140 10 97 6/80/11/3 98
6 170 35 96 8/76/14/2 98

“%Reaction conditions: 1 (10 mL, 120 mmol Si-0), KOSiMe; (0.1 mol%),
solvent-free. ”The yield of sﬂoxanes was determined by the ratio
between the mass of the distilled fraction and the mass of silicone oil.

“The ratio of cyclic siloxanes was determined by the ratlo of each com-
pound in ?°Si-NMR spectra. ¢ Others = HMDSO + Dg. * Mass balance
was calculated by the ratio between the mass of residue and the dis-
tilled fraction and the mass of silicone oil.

3%, respectively. When the temperature was continuously
raised to 70, 90, and 110 °C and the pressure was kept at
0.1 mbar, good yields of distillate products were afforded
(94-95%) with a good mass balance (95-97%) and a similar
ratio between each cyclic siloxane (Table 2, entries 2-4).
However, taking into account that reduced pressures below
10 mbar are difficult to achieve industrially, the conditions for
the depolymerisation reaction were adjusted to 140 °C and
10 mbar (Table 2, entry 5). An excellent yield of cyclic siloxanes
(97%) was achieved after 30 minutes with a higher proportion
of D, inside this mixture (80%). The purity of this mixture of
cyclic monomers is remarkable (see the ESI, Fig. S2t) and
further separative distillation could advantageously yield pure
products. A similar result was also obtained at 170 °C (Table 2,
entry 6), indicating that the catalytic system (KOSiMe; + 18C6)
could function within a wide range of temperatures, and that
selectivity can be slightly adjusted with temperature. To
balance between the reduced pressure of distillation and heat
transfer considerations, we chose 140 °C and 10 mbar of
pressure as standard conditions for further optimisation.

Next, a series of salts in combination with 18C6 were inves-
tigated for the depolymerisation of silicone oil 1. When potass-
ium trimethylsilanolate and potassium dimethylvinyl silano-
late were used, a yield of ~96% of the cyclic siloxanes was
observed with an excellent mass balance (98%), indicating that
minimal volatile products (D3, HMDSO) were lost during the
distillation process (traces on glassware and a vacuum trap,
Table 3, entries 1 and 2). Similar results were also observed
when KOH and ¢BuOK were evaluated for this reaction, giving
high yields of cyclosiloxanes at 95% and 97%, respectively
(Table 3, entries 3 and 4). More importantly, this experiment
shows a far superior yield compared to the use of KOH as a
sole catalyst for the depolymerisation reaction/reactive distilla-
tion (Table 1, entry 1). Moreover, the composition of the silox-
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Table 3 Anion screening in the catalyst for the depolymerisation of the
PDMS?

Ve,
1) Cat. (0.1 mol%) O—Si

mcs 0.1 mol%) N Me: I/O\ 7 Naive.
e, ch S' cH3 S‘y/cm 2 140 c( u) . ) Me;m‘ sm;i Mezsl 1)M M gso Eez : 2
* a/ O\ﬂ‘; ° I\ S—e " \Mlez/ \ASA‘;
1 (M, ~5340 g/mol) Dy Dy Ds
Yield of Ratio® of Mass
cyclosiloxanesb D3/Dy4/Ds/ balance®
Entry  Anion (%) others (%)
1 OSiMe; 97 6/80/11/3 98
2 OSiMe,Vi 96 8/83/8/1 98
3 OH 95 7/78/14/1 97
4 O-tBu 97 5/78/14/3 98
5 OAc, F, Cl, Br, I 0 n.d. n.d.

“Reaction conditions: 1 (10 mL, 120 mmol Si-O), catalyst (K-X,
0.1 mol%), solvent-free. ° The yield of siloxanes was determined by the
ratio between the mass of the distilled fraction and the mass of sili-
cone oil. “The ratio of cyclic siloxanes  was determined by the ratio of
each compound in 2°Si-NMR spectra. ¢ Others = HMDSO + Dg. ¢ Mass
balance was calculated by the ratio between the mass of residue and
the distilled fraction and the mass of silicone oil.

ane mixture seems independent of the initially chosen
counter-anions, suggesting that once the active chain end, or
silanolate, is obtained, it drives the depolymerization. D, is
always the major component of the cyclic siloxane mixture, at
approximately 80%, while D5, D; and others often represent
around 11%, 7% and 2%, respectively. Otherwise, potassium
acetate or halogenated potassium salts K-X (X=F, Cl, Br, I)
were also tested under the same conditions (Table 3, entry 5).
However, no reactivity was observed, due to the lack of nucleo-
philicity of the anions; thus these salts were unable to generate
the required active silanolate.

Next, we turned our attention to the role of the cation. First,
a series of silanolate salts were examined as the catalyst for the
depolymerisation of PDMS (Scheme 1). If Li salts failed to
display the reactivity (even with 12C4), Na salts provided <20%
yields of cyclic monomers (with 15C5). We thus selected K and
larger alkali metal cations (Rb, Cs) to maximize charge separ-
ation for the anion/cation pair and thus enhance the reactivity
of the corresponding counter-anions.>® The potassium salts
provided a good yield of the desired products (97%). Moreover,

Me;
O—Si
% o. Va \ o. o.
M-X (0.1 mol% e N
HiC, H3 e Ligarfa (o'f;°m§,),,“) oS sive,  Meas| 0 Mesy” s SiMe;
|/cH3 140°C, 10 mbar | [ | v :
MesSin__ *S- i NG o, SiMe; O\ O~ _O
e, Me;Si—0’ Yoz Tz
1(M,~5340 gmon
D Dy Ds
o™ (o™ (o™
to} [} o O, o} [}
KOSiMe; + [ j RbOSiMes{ j CsOSiMe; + [ j
o [} o] [} [ o
Lo Lo Lo
97% 95% 95%
H;C, CH. O/\ I/\ ©
SN \ /cu’ o o. o o
MesSi~_ {,s- 07»3.\ + [ j KOH + [ j CsOH + ( j
o o
Lo/ Lot Lo

92% 9%6% 7%

Scheme 1 Cation screening for the depolymerisation of silicone oil.
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caesium silanolate and rubidium silanolate were also tested
under standard conditions and the desired products were
afforded at 95% yield. Additionally, a particular siloxane cata-
lyst, oligomer-based potassium trimethylsilanolate, which is
used as a catalyst for the industrial R.O.P. of cyclic siloxanes,*”
was tested as the active species for a depolymerisation reac-
tion, giving 92% yield of desired products. A series of alkaline
hydroxides were also evaluated as standard catalysts for the
base cracking of PDMS for a better comparison. KOH and
CsOH also gave excellent yields of cyclic siloxanes. Finally, we
selected a mixture of KOSiMe; and 18C6 as the optimised cata-
lyst for this reaction, combining the best yield and enhanced
solubility without resorting to additional diluent (in particular,
water).

Base-catalysed degradation with crown-ether and PEG
derivatives. Having established that KOSiMe;/18C6 is a good
catalyst for the depolymerisation of PDMS, we subsequently
evaluated the role of the ligand for the reactivity (Scheme 2).
First, a series of (substituted)-crown ethers, based on the
18-crown-6 scaffold, were used as the ligand. On the one hand,
18C6 gave 96% yield of cyclic siloxanes. On the other hand,
96% and 92% yields of cyclic siloxane were provided when
dicyclohexyl and dibenzo-substituted crown ether 18-crown-6
were used as the ligands. Moreover, Kryptofix®-2,2,2 was also
tested for this reaction giving also 92% yield of the desired
products. However, as potent complexing agents, these crown
ethers and cryptands are hazardous chemicals that can
damage the body’s ion balance (due to their high affinity
toward potassium cations).>” In order to find an alternative to
these macrocyclic polyethers, a series of cheap (and safer) poly-
ethylene glycol derivatives were tested as the ligand for the
complexation. First, PEG dimethyl ether (PEG-DME; M, =
500 ¢ mol™") gave an excellent yield of cyclosiloxanes (94%).
We used methylated PEG to avoid detrimental hydrogen
bonding with silanolate anions, thus decreasing the nucleo-
philicity of the active species.”® Next, we evaluated several
PEG-DMEs under the same reaction conditions. When tetra-
ethylene glycol dimethyl ether was used, the yield of desired
products dropped to 57%. Even though crown ether 18-crown-
6 and PEG-DME (M,, = 500 g mol ") showed similar perform-
ances, the crown ether 18-crown-6 was selected as a ligand for
further optimisation since it provided faster distillation rates

KOSiMes (0.1 mol%;

) ° / N O
ligand (01 matoey  Messy” 0 Messi

cHy Sive,  MesSi
c. coH 2
R P 140°C, 10 mbar | [ [+ ] ez

MesSi si si Y o. 0 o Sive,  O. o. )

\o’k \oa/ eu, N S NG TNy

n Me

47V100 (M, ~5340 g/mol) D, Dy Ds

o

e UV e U o BN
¢y G0 o 0 AAA
Lo/ Lo sl

Lo (>
96% 96% 92% 92%
Ot Mot ™o,
PEG-DME-500 TEG-DME
94% 57%
Scheme 2 . Ligand screening for the depolymerisation of PDMS.
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for the mixture of cyclic monomers (4 times that compared
with PEG-DME), and because of better definition of the start-
ing catalyst (which could be isolated; see Fig. S17).
Nonetheless, methylated PEGs provide interesting cheaper and
safer alternatives to more efficient complexing agents.

Scope for depolymerisation of in-chain and chain-end
functionalized silicone oils and even crosslinked elastomers

After optimising the conditions for thermal cracking of the
linear PDMS (140 °C, 0.1 mol% KOSiMe; + 18C6), we applied
these conditions to the depolymerization of a series of silicone
oils. Several trimethylsilyl-terminated polysiloxanes with
different viscosities from 100 cSt, 350 ¢St to 1000 cSt silicone
oil 1, 2 (waste from a thermostatic-oil bath) and 3 were first
investigated (Table 4, entries 1-3). Interestingly, all of these
gave an excellent yield of cyclosiloxanes (95-97%), indicating
that the molar masses of the linear PDMS do not affect the
efficiency of the depolymerization method. More interestingly,
depolymerization of waste oil 2 afforded similar chemical re-
cycling yields as virgin oils. Moreover, silicone gum 4, which is
an extremely high molar-mass polysiloxane (M, =
0.5-100x 10%) with very high viscosity, was also evaluated
under optimised conditions but almost no cyclic products
were obtained, due to the extremely high viscosity of the
medium, which rendered stirring impossible during the depo-
lymerisation process. To circumvent this issue, a mixture of
silicone gum 4 and silicone oil 1 (mass ratio 1:1) was con-
sidered. Interestingly, a homogeneous mixture of manageable
viscosity was obtained after 30 minutes of stirring (Table 4,
entry 4). The depolymerisation then proceeded straightfor-
wardly, giving 96% of cyclic siloxane monomers. D, remains
the major product, accounting for 80% of the cyclic monomer
mixture. Then, polysiloxanes containing a vinyl moiety (5)
were also investigated under optimised reaction conditions
(Table 4, entry 5). Once again, a good yield (94%) of cyclosilox-
anes was isolated after the distillation. Additionally, OH-
terminated silicone oil (6) was tested under this set of con-
ditions (Table 4, entry 6). Unlike the previous studies
suggesting that Si-OH-terminated PDMS degraded faster than
trimethylsilyl-ended PDMS under thermal/environmental
decomposition,'®?® cyclic siloxanes were isolated in lower
yield (75%). This lower efficiency could be explained by the
reversible condensation reaction. At an elevated temperature
(140 °C), silanol condensation is more favoured than the depo-
lymerisation reaction.® In order to solve this issue, silicone oil
1 (10-90% mass) was introduced to change the relative kinetics
between back-biting and condensation reactions (Table 4,
entry 7). Notably, the overall yield of cyclic siloxane was
increased up to 98%. Next to those simple silicone oils, in-
chain and chain-end functionalized silicone oils or even cross-
linked silicone elastomers were also subjected to depolymeri-
zation under standard conditions (Table 4, entries 8-10). On
the one hand, the reaction with vinylmethyl-siloxane-co-PDMS
(7), phenylmethyl-siloxane-co-PDMS (8) and amino-pendent
polysiloxanes (9) gave 93%, 79% and 68% yield of cyclosilox-
anes, respectively. More interestingly, a small amount of D}l -
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Table 4 Scope of silanolate—crown ether-catalyzed depolymerisation
of silicone oils?

HiG  HiC, Chy nggg';es (°1’"°)"‘/") Me,Si SiMle,  MesSi - o MezSn/O\aie SiMe,
”:C \ s ‘/CH’ 1)140 c' 10 mbar (|) J) ! L (L N ‘ 4
o™ a’ \%‘1/ N TNy \l%z/
R=Me, Vinyl or OH D, D, Ds
Yield of Ratio® of
cyclosiloxanesb D3/Dy/Ds/
Entry Substrate (%) others
1 HsC. ci—c3 H3 om, 97 6/80/11/3
MesSi__ *& oa,&\
1(M, ~ 5340 g/mul)
CHs
2 - H3C\Si/CH3 sl‘/CHa 97 7/81/11/1
3 \OI( \Oa/mo\m*1
2 (M, ~7560 g/mol)
3 N T”/ 95 9/80/10/1
MesSin_ s\ s
/</ 180 e
3 (M, ~ 13500 g/mol)
4° HsC. (:H3 Gt 96 7/78/13/1
‘ /cH3
MesSi 5| ST+
~ {/ a/
4 (M, ~ 0.5-100. 106 g/mol)
5 ’ , § 94 10/74/13/3
ViMe,Si Hc\s‘/CH sl/\
iMe;! I\O/(/ I\O%;A\\CH3
5 (M, ~ 5000 g/mol)
6 N 75 10/82/8/0
H si H
b,
6 (M, ~ 6700 g/mol)
77 N 98 4/82/14/0
SI H+
oty
6 (Mn= 6700 g/mol)
8 o P, 93 1/73/22/4™
Me;Si Sl Sl Si
I
oS K )f.w
7 (M, ~ 12400g/mul)
9¢ N ™ ohe 79 8/77/13/2
MesSis__ /ks‘ %(, %,& + 1
8 (PDMS-5%Ph)
10 68 7/78/14/1
Me\ /Me Me\ /\/—O NH
Si S i
Megsio’f I\oﬁ ]\o} SiMes
100 2
9
11" N 95 13/79/8/0
(H)Me,Si i iMex(H) +1+6
e
10 (Mn= 1700 g/mol)
12" The part containing Si-H moieties (6% 96 10/80/10/0
~ mol) of an RTV2 formulation (11)
13/ Crosslinked gel RTV2 +1 95 8/79/11/2
14 e o 92! n.d.
CH‘ |/CMa

MesSis__ *s\ s

12 (M, ~ 14000 g/mol)

“Reaction conditions: silicone oil (10 mL, 120 mmol Si- O), catalyst
(KOSiMe; + 18C6) (0.1 mol%), solvent-free, 140 °C, 10 mbar. ® The yield
of siloxanes was determined by the ratio between the mass of the dis-
tilled fraction and the mass of silicone oil. “ The ratio of cyclic siloxanes
was determined by the ratio of each compound in ?°Si-NMR spectra.
4 Others = HMDSO + D. € A mixture of 1: 1 of silicone gum and silicone
oil was used. fA mixture of 6 and 1 at a mass ratio of 1: 1 was used. £ A
mixture of 8 and 1 at a mass ratio of 1:1 was used. "A mixture of 10
(6 g),1(3g)and 6 (3 g) at a mass ratio of 2:1: 1 was used. ' RTV2 formu-
lation is a mixture containing 94% vinyl-terminated silicone oil (with vis-
cosity around 40 000 cSt) and 6% of short- chaln Si-H oil. / A mixture of
crosslinked gel RTVZ (3 g) and 1 (9 g) was used. Dlstlllatlon conditions:
160 °C, 0.1 mbar.  The main products obtalned are D,* and Ds*. ™ Traces
of D} were observed at —18.6 ppm by *°Si NMR spectroscopy (see ESI,
Fig. s14T).
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which is also a valuable monomer to recover - was observed
(indicated by a singlet peak at —18.6 ppm) since copolymer 7
was used as a substrate for the depolymerisation reaction. On
the other hand, up to 95% of cyclic products were afforded
when a low Si-H content silicone oil, such as 11, or the part
containing Si-H moieties of an RTV2 formulation was used as
the model substrate (Table 4, entries 11 and 12). We suspect a
prerequisite reaction of the terminal Si-H with Si-OH (com-
bined use of oils 1 and 6 as diluents) is needed, while retain-
ing manageable viscosity, and then conventional back-biting.
Additionally, the recycling of RTV2 crosslinked elastomer itself
(the product of platinum-catalysed crosslinking), which is
much more difficult to reprocess than silicone oils, was tested
under optimised conditions, providing 95% of the desired
product, from the long linear PDMS chains in between the
crosslinking knots (Table 4, entry 13). This is a big step
forward in the quest for circularity of the silicone industry
where waste elastomers are to be addressed. Finally, fluorosili-
cone oil 12 was depolymerized (Table 4, entry 14).
Interestingly, 92% yield of fluorinated cyclosiloxanes was
afforded. All of these results indicate a high robustness and
chemo-compatibility of this catalyst for the depolymerisation
of linear PDMS chains.

Depolymerisation of industrial silicone waste

An actual supply of high volume industrial silicone waste was
provided by Elkem Silicones®. It comprised poly(dimethysilox-
anes) with a viscosity of 100 cSt, containing mainly the D
moiety with a variety of impurities, such as Si-H, H,0, HC],
AlCl;, etc. First, we studied the depolymerisation of this indus-
trial waste under our standard reaction conditions (150 °C,
5 mbar) in the presence of a low amount of the catalytic
system (0.1 mol%) (Table 5, entry 1). Unfortunately, no cyclic
siloxanes were obtained after a certain time of distillation.
Moreover, the desired products (D) could only be obtained in
10% yield when the catalyst loading was increased to
0.5 mol% (Table 5, entry 2). However, the rate of distillation
was very slow and a viscous gel residue was afforded after the
distillation was completed. This phenomenon could be
explained by the formation of T moieties through dehydro-
geno-condensation reactions between Si-H and Si-OH (arising
from the former, in the presence of H,0) in the presence of a
basic catalytic system. In order to avoid the formation of these
detrimental T moieties, which contribute to an unmanageable
viscosity, either a diluent is required to reduce the viscosity of
the reaction medium or improved kinetics has to be targeted
in order to favour cyclisation over the formation of the T
moiety. First, the reaction was performed in the presence of
KOSiMe; (0.5 mol%) and PEG-DME 500 (2 mol%), which were
used as a ligand and a diluent for the depolymerisation reac-
tion. Interestingly, the yield of cyclic siloxanes increased to
75% (Table 5, entry 3). Second, other high-boiling-point dilu-
ents (with low mass ratio) have been used to facilitate the
depolymerisation and the best result was obtained in the pres-
ence of n-octadecanol (10 wt%), giving 75% yield of cyclosilox-
anes (ESI, Table S1t and Table 5, entry 4). It is likely that the
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preferential T moieties formed from the condensation of this
long-chain alcohol and the residual Si-H moieties yield man-
ageable viscosities. Further study at 170 °C and 5 mbar pro-
vided a better 84% overall yield (Table 5, entry 5), in which D,
mainly accounted for 80% of this mixture. This result is very
promising for conversion of industrial waste back to valuable
monomer products.

Recyclability of the catalyst

The recyclability of the catalyst has been studied using our
optimised conditions (140 °C, 1 hour and then distilled under
a pressure of 10 mbar) (Fig. 2). The first run was performed
using KOSiMe; + 18C6 (0.1 mol%), and an excellent yield
(96%) of a mixture of cyclosiloxanes was obtained. This result
is very similar to the one previously obtained (Table 5, entry 1),
indicating the reproducibility of this method. After removing
the volatile products, the “catalyst” remains as a residue within
a small amount of the PDMS (to avoid the thermal decompo-

Table 5 Depolymerization of industrial silicone waste®

Me,
0—si

HiC. CHy 1) Catalyst (xx mol%),150°C, th Meﬁi/o\we2 Messi o Mesz/o\si/o\s.Me7
*S‘\ /)/ R c|7 (‘3 ) | S, ©. :ez o
T \,5,,'92/ M;SK—O/ ’ \%Iez/ \a'ez/
By Dy 2 D
Yield of Ratio® of
Catalyst cyclosiloxanesb D3/D4/Ds/
Entry (mol%) Diluent (%) others
1 KOSiMe; (0.1) — 0 n.d.
18C6 (0.1)
2 KOSiMe; (0.5) — 10 19/78/2/1
18C6 (0.5)
3 KOSiMe; (0.5) — 75 13/79/8/0
PEG-DME 500
)
4 KOSiMe; (0.5)  CygH3,0H 75 7/80/12/1
18C6 (0.5) (10 wt%)
5¢ KOSiMe; (0.5)  CygH3,0H 84 8/80/11/1
18C6 (0.5) (10 wt%)

“Reaction conditions: industrial silicone waste (10 mL, 9.5 g), catalyst
(xx mol%), and diluent (10 wt%, if necessary). ” The yield of siloxanes
was determined by the ratio between the mass of the distilled fraction
and the mass of silicone oil. “ The ratio of cyclic siloxanes was deter-
mined by the ratio of each compound in °Si-NMR spectra. ¢ Others =
HMDSO + Dq. ¢ The distillation conditions were 170 °C, 5 mbar.

Yield of cyclosiloxanes (%)

100 % 97 97 97 97
80
60
40
20
0

runl run 2 run 3 run 4 run5

Fig. 2 The recyclability of the catalyst over 5 runs.
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sition of the catalyst). It is very likely that the catalyst is an
altered version of the original silanolate: after each back-biting
reaction, a new silanolate is generated, thus regenerating the
active species (Fig. 1). Then, the flask with catalyst was refilled
with silicone oil and was stirred continuously at 140 °C for
1 hour before being distilled again under a reduced pressure.
Interestingly, no reactivity was lost over the next 4 runs,
showing the recyclability of the catalyst (or at least of the active
silanolate species) under our reaction conditions. Moreover, a
?98i-NMR spectrum of the residue after 5 runs was also ana-
lysed and only the signal of the remaining polysiloxanes (or
oligosiloxanes) was detected (ESI, Fig. S37).

Depolymerization-repolymerization coupling using a single
catalyst (KOSiMe; + 18C6)

After optimising the reaction conditions for the depolymerisa-
tion of silicone oils, we carried out the scale-up of this reaction
using waste silicone oil 2 (100 g) as a standard substrate
(Scheme 3). First, waste silicone oil 2 that was used over a
several-year period in the laboratory for heating a thermostatic
bath, was introduced into a flask in the presence of KOSiMe;
(0.1 mol%) and 18C6 (0.1 mol%). This mixture was heated to
140 °C for 1 hour. Then, the volatile product was continuously
distilled off (140 °C, 10 mbar). After 3 hours, 99 g of the silox-
anes mixture (D;, Dy, Ds, others) was collected, highlighting
the high efficiency of our catalytic system. Inside this mixture,
D, accounts for 82%, whereas D; and D5 account for 7% and
8%, respectively.

With this mixture in hand, we then performed the ring-
opening polymerization of cyclosiloxanes (D3, D,, and Ds) fol-
lowing a modified procedure described by Fleury et al
(Scheme 3).” The obtained cyclic siloxanes (99 g) with HMDSO
(0.6 g) were introduced into the flask and heated to 160 °C.
Then, KOSiMe; (50 ppm) and 18C6 (4 ppm) were added to this
solution at this temperature and the reaction mixture was kept
at 160 °C for 3 hours. After that, the reaction medium was
cooled down to room temperature and a neutralizing agent
was introduced. Then, the resulting liquid was evaporated
under reduced pressure (160 °C, 1 mbar, 5 hours) to give a col-
ourless silicone oil (87 g, 87% yield). The measurement of the
level of volatile cyclic siloxanes was thus assessed at between
12.6 and 13.5%, which suggests that the thermodynamic equi-
librium had been reached. The resulting silicone oil was
characterised by SEC (toluene) analysis (M, = 8000 g mol™,

KOSiMes (0.1 mol%)
18C6 (0.1 mol%)
140°C, 10 mbar

99% yield
Me;
O0—Si

0. 0. 0.
CH: . " N O\
N Ve sive, MeoSi 0 wess” s
< [ ] [+ 2

o ) SiMe, O o e}
CH; N / N Ny

" AY
100g \ Ve, le;Si—0 Me, Me,
87% yield Dy Dy Ds

KOSiMes (50 ppm)
18C6 (4 ppm)
HMDSO (1 mol%)
160°C, 3h

2

SiMe,

Scheme 3 Coupling the depolymerisation—repolymerization of silicone
oils towards circularity.

Green Chem., 2023, 25, 3869-3877 | 3875


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc00293d

Open Access Article. Published on 14 March 2023. Downloaded on 7/21/2025 3:35:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

D ~ 2.0; see Fig. S27 and S28, ESI{) as well as "H and *°Si-NMR
analyses, indicating the effectiveness of the depolymerisation-
repolymerization strategy using a “single-catalyst” (see

Fig. S23-S25, EST}).

Conclusion

We have developed a new protocol for the depolymerisation of
silicone oil using a mixture of KOSiMe; and an adequate poly-
dentate complexing agent (such as 18C6 or the cheaper
PEGs50o-DME) as the original catalytic species. The reaction
was performed over a wide range of temperatures (60-170 °C).
After testing, 140 °C was selected as the optimal temperature
to achieve an efficient compromise of fast kinetics for reactive
distillation without overheating. A low loading of the catalyst
(typically 0.1 mol%) provides an excellent yield of cyclosilox-
anes (up to 99%), with excellent purity, and the strategy is
extremely robust and tolerant to a wide range of functional-
ities. Additionally, the catalyst could be recycled over 5 runs
without losing any reactivity. Moreover, the reaction was scaled
up (100 g) and the concept of depolymerisation-repolymeriza-
tion using a “single” catalyst was established, indicating the
potential of this process for industrial application towards cir-
cularity for silicones.

Experimental section

General procedure for the depolymerisation of siloxane oil 1
(10 g scale)

Into a flask (50 mL) connected with a short Vigreux column,
siloxane oil (9.5 g, 100 mmol of siloxane units), KOSiMe;
(14 mg, 0.1 mol%) and 18C6 (30 mg, 0.1 mol%) were intro-
duced and then this mixture was heated at 140 °C for 1 hour.
Then, the reaction mixture was distilled under reduced
pressure (140 °C, 10 mbar) to give a mixture of cyclosiloxanes
D3, D, and Ds (9.2 g, 97% yield) as a colourless liquid.

General procedure for the depolymerisation of siloxane oil 1
(100 g scale)

Into a flask (250 mL) connected with a long Vigreux column,
siloxane oil (100 g, 1 mol of siloxane units), KOSiMe; (142 mg,
0.1 mol%) and 18C6 (300 mg, 0.1 mol%) were introduced and
then this mixture was heated at 140 °C for 1 hour. Then, the
reaction mixture was distilled under reduced pressure (140 °C,
10 mbar) to give a mixture of cyclosiloxanes Dz, D, and Ds
(99 g, 99% yield) as a colourless liquid.

General procedure for the polymerisation of an oil mixture of
cyclic siloxanes (100 g scale)

An obtained mixture of siloxanes from the depolymerisation of
silicone oil 1 (99 g) and HMDSO (0.6 g) was introduced into a
three-neck round bottom flask and then this mixture was
heated to 160 °C. At this temperature, KOSiMe; (50 ppm) and
18C6 (4 ppm) were added and the polymerisation experiment
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was performed at 160 °C for 3 hours. Then, the reaction was
cooled down to room temperature and a neutralizing solution
containing phosphoric acid was introduced. Finally, the result-
ing mixture was evaporated under reduced pressure (170 °C,
1 mbar) for 3 hours to give a silicone oil (87 g, 87% yield) as a
colourless liquid.
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