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Abstract: Polymers occupy an important role in our current
society. Besides their great success, an issue is the accumulation
of huge amounts of end-of-life polymers. Currently, the waste
management is based primarily on landfills, thermal recycling,
and downcycling. Notably, only a small portion of end-of-life
materials is recycled by depolymerization, which refers to the
creation of synthetic precursors that can be polymerized to new
polymers to close the cycle. Widely used polymers in modern
times are silicones (polysiloxanes), the intrinsic properties of
which make their depolymerization demanding; only a few
high-temperature or less environmentally friendly processes
have been reported. In this regard, we have established an
efficient low-temperature protocol for the depolymerization of
silicones with benzoyl fluoride in the presence of cheap zinc
salts as precatalysts to yield defined products. Notably, the
products can be useful synthetic precursors for the preparation
of new polymers, so that an overall recycling process is feasible.

Polymers occupy an important and omnipresent role in our
current society. Owing to the ready large-scale access and the
straightforward adjustability of the properties of polymeric
materials, countless applications have been developed in the
past, and for the future, an
increased demand is expected.[1–5]

Besides the great success of poly-
mers, one major issue is the accu-
mulation of huge amounts of
end-of-life polymeric materials on
a multiton scale every year. At
present, the waste-management
system is based primarily on land-
fill storage, thermal recycling (ther-
mal decomposition for energy pur-
poses), and downcycling to produce
low-quality materials.[6–9] Signifi-
cantly, only a small portion of the
end-of-life materials is recycled by
depolymerization methodologies
to create monomers or suitable
synthetic precursors that can later

be polymerized to high-quality materials to close the cycle. In
this way, end-of-life polymers can be a potential feedstock for
new polymers. As a consequence, the creation of efficient and
resourceful recycling technologies is a challenging task for
current society.[10] However, different issues hamper the scope
of applications, for example, the high energy demand for
depolymerization processes and the existence of mixed
polymeric materials originating from different monomers.
For the development of such recycling systems, the applica-
tion of catalysis offers a possibility to perform depolymeriza-
tion processes, especially for highly stable materials, in an
efficient and sustainable manner, to reduce energy costs and
to create overall economic advantages.[11]

Widely used polymeric materials in modern times are
silicones (e.g., silicone oil, silicone rubber, silicone grease,
silicone resin), which are accessible by the M�ller–Rochow
synthesis and subsequent hydrolysis.[12] After the silicones
have fulfilled their purpose, one major option is their
decomposition to produce, for example, silica. However, the
synthesis of silicones requires a high energy input and
consumes natural resources, especially in the case of the
starting materials of the M�ller–Rochow synthesis, e.g.,

chloromethane and silicon; hence low-temperature depoly-
merization processes can be a good low-energy alternative.
Owing to the intrinsic properties of silicones, their depoly-
merization is challenging, and only a small number of high-
temperature (> 200 8C) or less environmentally friendly
processes have been reported so far.[13, 14] Recently, we
demonstrated the application of catalysis in the depolymeri-
zation of end-of-life polyethers (e.g., poly(tetrahydrofuran),
poly(ethylene oxide), poly(propylene oxide)) to produce
suitable compounds as potential starting materials for poly-
merization chemistry. In the presence of catalytic amounts of

Scheme 1. Depolymerization approach for the conversion of polysiloxanes.
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simple zinc or iron salts, polyethers were readily converted
with acid chlorides or anhydrides as depolymerization
reagents into chloroesters under noninert and solvent-free
conditions at low temperature (100–180 8C).[15] In this regard,
we became interested in the transfer of this concept to
the depolymerization of polysiloxanes (Scheme 1). In more
detail, the Si�O bond could be activated by a suitable catalyst,
whereupon a reaction with benzoyl fluoride should take place
to cleave the Si�O and produce a Si�F bond. Through
repetition of this process, the polymer would be steadily
converted into low-molecular-weight compounds, such as
R2SiF2 or FR2SiOSiR2F.[16] Interestingly, these compounds can
be applied to produce new polymers, for example, through
hydrolytic processes.[17] As side products, fluoride-containing
compounds are formed, which can be potentially used for the
regeneration of the depolymerization reagent.[18] We report
herein our investigations on the zinc-catalyzed depolymeri-
zation of end-of-life polysiloxanes with benzoyl fluoride as
the depolymerization reagent.

Initially, the depolymerization of polysiloxanes in the
presence of different zinc salts was investigated (Table 1). For
these reactions, a flask connected to a Vigreaux column and
a distillation head was charged with the hydroxy-terminated
poly(dimethylsiloxane) 1 (Mn� 550 gmol�1), the correspond-
ing zinc salt, and benzoyl fluoride (2) as the depolymerization
reagent, and the mixture was stirred and heated to 150 8C (oil-
bath temperature; internal temperature: ca. 115 8C). The
generated low-boiling products were continuously distilled
off and collected. After 5 h, the distillate was investigated by
NMR spectroscopic techniques. In the case of Zn(OTf)2 as
the precatalyst, two products were observed: difluorodi-
methylsilane (3 ;[19] 1H NMR: d = 0.31 ppm (t, 3JH,F = 6.24 Hz);

Table 1: Zinc-catalyzed depolymerization of polysiloxane 1.[a]

Entry Precatalyst
(mol%)

2
[equiv]

T
[8C]

Yield of
3 [%][b,c]

Yield of
4 [%][b,c]

Yield
[%][d]

1 – 2 150 <1 <1 <1
2 Zn(OTf)2 (5.0) 2 150 22 57 79
3 ZnCl2 (5.0) 2 150 6 50 56
4 Zn(OAc)2 (5.0) 2 150 46 9 55
5 Zn(acac)2 (5.0)[e] 2 150 43 6 49
6 Zn(OTf)2 (1.0) 2 150 6 1 7
7 Zn(OTf)2 (5.0) 1 150 4 8 12
8 Zn(OTf)2 (5.0) 3 150 78 21 99
9 Zn(OTf)2 (5.0) 4 150 91 9 >99

10 Zn(OTf)2 (5.0) 2 120 68 18 86
11 Zn(OTf)2 (5.0) 2 100 24 1 25
12[f ] Zn(OTf)2 (5.0) 2 150 70 8 78

[a] Reaction conditions: Zn salt (1.0–5.0 mol%, as based on the polymer
subunit), polysiloxane 1 (1.0 g, Mn�550 gmol�1), 2 (1–4 equiv, as based
on the polymer subunit), 5 h. [b] Yield of the product in an isolated
mixture of 3 and 4. [c] The yield was determined by 1H NMR
spectroscopy. [d] Combined yield of 3 and 4 as based on silicon.
[e] Zn(acac)2 was used as the hydrate. [f ] Benzoyl chloride (2 equiv) was
used instead of 2, along with tetrabutylammonium fluoride hydrate
(2 equiv).[21] acac = acetylacetonate, Tf = trifluoromethanesulfonyl.

Table 2: Scope and limitations of the zinc-catalyzed depolymerization of
polysiloxanes.[a]

Entry Substrate Yield
[%][b,c]

Yield
[%][d]

1
78 (3)
21 (4)

99

1 (Mn�550 gmol�1)

2
57 (3)
17 (4)

74

5 (Mn�110.000 gmol�1)

3
82 (3)
14 (4)

96

6 (Mn�2.500 g mol�1)

4
54 (3)
41 (4)

95

7 (Mn�5.600 g mol�1)

5
5 (3)
2 (4)

7

8 (Mn�580 gmol�1)

6[e] 65 (3)
17 (4)

82

8 (Mn �580 gmol�1)

7[f ] 1 (3)
4 (4)

5

9 R = C16–C18

8[f,g]
47 (3)
2 (4)

93 (10a)[h]
54

10

9[f,i] <1 (3)
91 (4)

91

11

10 silicone oil M100 (12) 55 (3)
23 (4)

78

11 silicone oil
(viscosity 30 000 cSt), 13

64 (3)
18 (4)

82

12[j] silicone baking cups, 14 524 mg (3)
126 mg (4)

650 mg

[a] Reaction conditions: Zn(OTf)2 (5.0 mol%, as based on the polymer
subunit), polysiloxane (1.0 g), 2 (3 equiv, as based on the polymer
subunit), 150 8C, 5 h.[b] Yield of the product in an isolated mixture of 3
and 4. [c] The yield was determined by 1H NMR spectroscopy. [d] Com-
bined yield of 3 and 4 as based on silicon. [e] Acetophenone (20 wt %)
was added. [f ] Zn(OTf)2 (20 wt %), 2 (450 wt%). [g] The starting polymer
contained dimethylsiloxane and diphenylsiloxane in a 95:5 molar ratio.
[h] Product 10 a is Ph2SiF2. [i] The starting polymer contained approx-
imately 20 wt % [(CH3)2SiO]n. [j] The reaction was carried out with 1 g of
the silicone (Xenos Home Collection).
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13C{1H} NMR: d =�3.45 ppm (t, 2JC,F = 16.67 Hz); 19F NMR:
d =�131.4 ppm (sept, 3JH,F = 6.18 Hz, 1JSi,F = 289.9 Hz);
29Si{1H} NMR: d =�2.4 ppm) and 1,3-difluoro-1,1,3,3-tetra-
methyldisiloxane (4 ;[20] 1H NMR: d = 0.21 ppm (d, J =

6.20 Hz); 13C{1H} NMR: d =�1.69 ppm (d, 2JC,F = 18.81 Hz);
19F NMR: d =�131.1 ppm (sept, 3JH,F = 6.01 Hz, 1JSi,F =

278.1 Hz); 29Si{1H} NMR: d =�9.3 ppm). Interestingly, both
obtained products are potential starting materials for poly-
merization reactions to produce new silicones.[17] Moreover,
from the reaction residue, benzoic anhydride was isolated. In
contrast, in the absence of a zinc salt, no product formation
was observed (Table 1, entry 1). To further verify the influ-
ence of the zinc precatalyst, ZnCl2, Zn(OAc)2, and Zn-
(acac)2·xH2O were tested under the same conditions (Table 1,
entries 3–5). To some extent, lower yields were observed.
With Zn(OAc)2 and Zn(acac)2·x H2O, difluorodimethylsilane
(3) was observed as the major compound. A reduction in the
catalyst loading to 1.0 mol % resulted in a diminished yield
(Table 1, entry 6). The influence
of different amounts of the depo-
lymerization reagent 2 was also
investigated (Table 1, entries 7–
9). When the amount of 2 was
increased to 3 or 4 equivalents
with respect to the polymer
subunit, excellent yields (up to
> 99%) were observed, whereas
a 1:1 ratio of 2 to the polymer
subunit led to low yields of
the products. Moreover, a study
of the reaction outcome at differ-
ent temperatures revealed an
increased yield when the reaction
was carried out at 120 8C rather
than 150 8C. Interestingly, under
these conditions, compound 3
was observed as the major prod-
uct, whereas at 150 8C, compound
4 was dominant. This difference
is probably caused by the longer
retention time of 4 in the reaction
mixture at lower temperature; as
a consequence, more time is
available for the transformation
into 3.

The scope and limitations of
the method were studied under
the established conditions
(Table 1, entry 8) with Zn(OTf)2

(5.0 mol%) and the depolymeri-
zation reagent 2 (3.0 equiv) at
150 8C (Table 2). Thus, a hy-
droxy-terminated poly(dimethyl-
siloxane) with a higher molecular
weight was successfully con-
verted into compounds 3 and 4
in a combined yield of 74%
(Table 2, entry 2). Poly(dimethyl-
siloxane)s with different termi-

nating groups were also depolymerized to 3 and 4 in good to
excellent yields (Table 2, entries 3–6). Notably, in the case of
hydrosilanes as the terminating groups, the addition of

Scheme 3. Proposed depolymerization process for the conversion of polysiloxanes.

Scheme 2. Depolymerization approach for the conversion of polysil-
oxane polyether copolymers.
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acetophenone was necessary for the reaction to proceed in
good yield, probably for deactivation of the Si�H function-
ality (Table 2, entries 5 and 6). Furthermore, the substitution
pattern of the polymer subunit was examined (Table 2,
entries 7–9). A good yield was observed for the reaction of
poly(dimethylsiloxane-co-diphenylsiloxane) (10), and along
with compounds 3 and 4, diphenyldifluorosilane (10a) was
isolated. Compounds 3 and 4 were also isolated from the
depolymerization of the copolymerized material 11 contain-
ing siloxane units (ca. 20 wt %). Moreover, the protocol was
applied to the depolymerization of goods of daily use, such as
silicone oils and silicone baking cups. In the case of silicon oils
based on poly(dimethylsiloxane), a good performance of the
zinc catalyst was observed (Table 2, entries 10 and 11).
Interestingly, from 1 g of a silicone baking cup 14, 0.65 g of
a mixture of 3 and 4 was obtained, thus demonstrating the
usefulness und applicability of the depolymerization method.

Attempts were made at a step-by-step depolymerization
of the copolymer material 11 (Table 2, entry 9) containing
a polysiloxane (ca. 20 wt %) and a poly(ethylene glycol)
residue (ca. 80 wt%; Scheme 2). First, the poly(ethylene
glycol) residue was depolymerized by applying our recently
established protocol.[15a] The polymer was treated with
a catalytic amount of Zn(OTf)2 (20 wt %) and benzoyl
chloride at 130 8C for 24 h. Subsequently, benzoyl fluoride
was added, and heating (150 8C) was continued for 5 h. From
the reaction mixture, compounds 3 and 4 were distilled off in
88% combined yield. The chloroester 11a, a suitable pre-
cursor for polymerization reactions,[15] was also isolated in
89% yield.

With respect to the reaction mechanism, we propose the
activation of a Si�O bond of the polysiloxane by Lewis acidic
Zn(OTf)2 to enable the reaction with benzoyl fluoride
(Scheme 3).[14,15, 22] Indeed, initial calculations have shown
that the bond-dissociation energy of the Si�O bond is
significantly decreased by coordination of the oxygen atom
to a zinc atom.[23] The Si�O bond is cleaved and forms on the
one hand a [Si�F] unit A and on the other hand a [SiO-
C(O)Ph] unit B with lower molecular weights.[24] Subse-
quently, the [Si�F] unit A can react with benzoyl fluoride in
the presence of the catalyst to cleave the Si�O bond adjacent
to the fluorine atom and form difluorodimethylsilane (3),
which is removed by distillation from the reaction mixture,
and a [SiOC(O)Ph] unit. On the other hand, the Si�O bond
adjacent to the fluorine atom can be cleaved to form a [F�
SiOC(O)Ph] unit C, which can be attacked by 2 to form 3 and
benzoic anhydride. Overall, by repetition of the reaction
sequences, a depolymerization process is feasible with 3 as the
product. 19F NMR spectroscopic investigations at different
reaction times revealed the formation of various fluorine-
containing intermediates, which were converted over time
into the desired compounds 3 and 4.[25]

To demonstrate the possibility of a recycling process as
depicted in Scheme 1, the polysiloxane 1 was depolymerized
with benzoyl fluoride 2 and a catalytic amount of Zn(OTf)2 as
described in Table 1, entry 8. Subsequently, the products 3
and 4 were subjected to polymerization to form new
polysiloxanes (Scheme 4a). After polymerization, cyclic pol-
ysiloxanes were obtained with a number-average molecular

weight of approximately 500 gmol�1 and a weight-average
molecular weight of approximately 521 gmol�1.[12a]

Moreover, the side products of the depolymerization
reaction (benzoic anhydride) and of the polymerization
process (potassium fluoride) can be applied for the depoly-
merization of polysiloxanes (Scheme 4b). Thus, 1 was depo-
lymerized with a mixture of benzoic anhydride (1.5 equiv)
and potassium fluoride (3.0 equiv) at 150 8C within 5 h to
provide 3 and 4 in a total yield of 82%. Importantly, this result
demonstrates the possibility of recycling the fluorine compo-
nent, as depicted in Scheme 1.

In summary, we have established an effective protocol for
the depolymerization of polysiloxanes with benzoyl fluoride
as the depolymerization reagent in the presence of catalytic
amounts of abundant and cheap zinc salts to yield defined
products. Notably, the obtained products can be useful
synthetic precursors for polymerization reactions to prepare
new polymers; overall, the recycling of polymers is feasible.
Future investigations will focus on the search for suitable
depolymerization reagents for large-scale applications and
the establishment of milder reaction conditions.

Experimental Section
General procedure: A polysiloxane (1.0 g), benzoyl fluoride (3 equiv,
as based on the polymer subunit), and zinc(II) triflate (5.0 mol%, as
based on the polymer subunit) were placed in a flask, and a Vigreaux

Scheme 4. Recycling of polysiloxane by depolymerization and polymer-
ization.
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column (4 cm) and a distillation head were connected. The mixture
was stirred and heated to 150 8C (oil bath). The generated low-boiling
compounds were continuously distilled off and collected. The yield
and quality of the products were determined by NMR spectroscopy.
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theory). Unmodified compound: BDE = 505.8 kJ mol�1; ZnCl2

complex: BDE: 471.9 kJ mol�1.
[24] As a model for the [SiO(O)CPh] unit B, PhCOOSiMe3 (H. H.

Anderson, J. Am. Chem. Soc. 1952, 74, 2371 – 2372) was

synthesized and treated with 2 in the presence of Zn(OTf)2

under the optimized conditions. The cleavage of the O�Si bond
resulted in the formation of Me3Si�F, which was detected by
19F NMR spectroscopy (d =�157.0 –�157.3 ppm (m); see
Ref. [18b]).

[25] 1H NMR: d = 0.13–0.35 ppm (m); 19F NMR: d =�132.0–
�130.3 ppm (m).
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