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ABSTRACT: Polyborosiloxanes are used in a variety of fields due to their unique
dynamic properties. Traditionally, cross-linked polyborosiloxanes are prepared by
incorporating boric acid into siloxane prepolymers, a process that is time-
consuming, energy intensive, and challenging due to reagent immiscibility. Here,
we report a versatile synthetic method to rapidly cure polyborosiloxane networks
via hydrosilylation of chain end or backbone functionalized polydimethylsiloxane
(PDMS) derivatives with an inexpensive trivinylboronate. Networks synthesized
from these readily available building blocks cure in ∼2 min at convenient
temperatures (e.g., 90 °C) and exhibit enhanced viscoelastic behavior when
compared to traditional polyborosiloxane networks fabricated via the conventional condensation route. By virtue of using efficient
hydrosilylation chemistry, another key advantage of this synthetic platform is the ability to synthesize dynamic polyborosiloxanes
with different network connectivity by simply using silicones with Si−H moieties placed at the chain ends (end-group) or distributed
throughout the repeat-unit structure (pendant-group). The availability of other alkenes amenable to hydrosilylation provides an
additional formulation handle to synthesize mixed dynamic−static networks with tunable control over stress relaxation and solvent
resistance. In summary, the synthetic approach disclosed herein is a simple and accessible platform for preparing dynamic
polyborosiloxanes with tunable material properties.

■ INTRODUCTION
Polyborosiloxane networks are a class of cross-linked polymers
containing Si−O−B bonds. Since their discovery in the 1940s,
the unique combination of dynamic material properties and
thermal stability has generated significant industrial and
academic interest, including the commercialization of a
polyborosiloxane system known as Silly Putty.1,2 The useful
viscoelasticity of polyborosiloxane networks arises from the
dynamic character of borate ester (B−O) groups and the various
mechanisms of exchange they undergo on different time scales,
leading to frequency-dependent properties with control over a
material flowing, bouncing, or breaking at different strain rates.3

Specifically, B−O covalent bonds can undergo rearrangement,
which may occur through an associative or dissociative
mechanism depending on the presence of water.4−10 In addition
to covalent bond exchange, weaker intramolecular interactions
also act as dynamic cross-links in polyborosiloxane networks.
Dative bonds form between the empty p orbital of boron atoms
and the lone pair electrons of oxygen atoms along the siloxane
backbone. Residual water also results in partial hydrolysis of the
B−O−Si bonds into B−OH groups that can then participate in
additional hydrogen bonding.11,12 A combination of these
numerous dynamic cross-links and the chemical/thermal
stability of the parent polydimethylsiloxane building blocks
explains the potential for polyborosiloxane-based materials to

find applications in shock-wave dissipators,13,14 impact-resistant
composites,15,16 insulation,17 fireproofing,18,19 coatings,20,21

flexible conductors,22−24 and magnetic gels,25 among other
areas of contemporary importance.
Despite such widespread use, the synthesis of polyborosilox-

ane networks has remained largely unchanged since the 1940s.
The first reports of polyborosiloxane synthesis involved treating
methyl-terminated PDMS with boric acid at elevated temper-
atures to produce a viscoelastic material.1,2 Since then, most
reported methods rely on the condensation of boric acid and
telechelic, silanol-terminated PDMS.3,26−30 There remain
significant challenges with this approach. Notably, the
condensation reaction of Si−OH and B−OH generates water
as a byproduct that is deleterious to network integrity and,
therefore, must be removed. Furthermore, boric acid is insoluble
in PDMS, requiring high temperatures (>150 °C) to promote
modest solubility. Alternatively, alcohol-based solvents may be
used to dissolve boric acid into PDMS, but the solvent must then
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be removed through heat treatment. Both approaches require
high temperature and long reaction times that cause chain-
scission of the siloxane backbone, altering the final network
structure and producing networks that are highly sensitive to
preparation conditions.27

A recently published, novel method for fabricating poly-
borosiloxane networks addresses these solubility problems and
improves control over the resulting polymer network.31 Inspired
by Rubinsztajn’s 2014 report showcasing the dehydrocarbon
condensation of trimethyl borate and diphenylsilane in the
presence of tris(pentafluorophenylborane) to form a borosilox-
ane bond and the corresponding alkane hydrocarbon,32 the
Muzafarov group synthesized polyborosiloxane networks by
reacting alkyl borates with hydride-terminated PDMS and
copolymers containing hydromethylsiloxane repeat units via
hydrogen elimination.31 In doing so, they demonstrated
unprecedented control over network architecture. However,
this chemistry is intolerant to oxygen and produces flammable
gaseous byproducts, limiting its viability in the development of
new materials.
Inspired by the aforementioned challenges, we developed a

robust synthetic platform for synthesizing polyborosiloxane
networks that is simple, scalable, and tunable (Figure 1). The

key ingredient in this method is the use of tris-
(dimethylvinylsilyl)borate as a cross-linker. This commercially
available building block features both Si−O−B bonds and
reactive alkenes that are amenable to hydrosilylation�a highly
efficient addition reaction that proceeds rapidly in air.33 An
additional benefit of cross-linking via hydrosilylation chemistry
rather than condensation reactions is that unwanted byproducts
are avoided and the initial solubility of the cross-linker in PDMS
is significantly improved (vide inf ra). As shown below, this
approach is amenable to a wide variety of PDMS starting

materials having different molecular weights and architectures
(Figure 1), as well as the coincorporation of complementary
cross-linkers to yield mixed dynamic−static networks. In
summary, this versatile and simple synthetic strategy unlocks
access to a diverse range of dynamic PDMS-based materials.

■ EXPERIMENTAL SECTION
General Sample Preparation. After degassing the Si−H

functional PDMS precursor under vacuum to remove any
dissolved oxygen, tris(dimethylvinylsilyl)borate was added in a
1:1 ratio of Si−H:alkene units. Then, a solution of Karstedt’s
catalyst inhibited with dimethyl fumarate was added such that
the resulting reaction mixture contained 20 ppm Pt and 60 ppm
dimethyl fumarate by mass (Scheme 1). The mixture was

poured into a container and heated at 90 °C for 10 min to form
roughly 1.5 mm thick elastomers. Rheology discs with diameters
of 25 mmwere punched out at 140 °C and rapidly transferred to
a rheometer. The temperature was chosen to minimize the
impact of thermal expansion on the sample geometry during
characterization.

■ RESULTS AND DISCUSSION
Rapid Mixing and Efficient Curing. The efficient mixing

and curing of polyborosiloxane networks synthesized by
hydrosilylation is evident visually (Figure 2a) and quantitatively
as measured by rheometry (Figure 2b). As an initial
demonstration, telechelic silyl-hydride−terminated PDMS (5
kDa), tris(dimethylvinylsilyl)borate, Karstedt’s catalyst, and
inhibitor (dimethyl fumarate) were mixed at room temperature,
resulting in a transparent solution (Figure 2a, lef t).34 As
expected, after loading this solution onto a 25 mm rheometer
plate, the mixture is a flowable liquid as evidenced by the storage
modulus being less than the loss modulus (G′ < G″).
Subsequent heating of the solution to 90 °C at a rate of
approximately 30 °C/min yielded an immediate increase in G′
and solidification (G′> G″) followed by a plateau in G′ and G″
within ∼2 min (Figure 2b). Such rapid and complete curing at a
moderate temperature with hydrosilylation is a significant
advantage over traditional condensation, which typically takes
hours to days at higher temperatures and may require the
removal of solvent. As shown in Figure 2a (right), the resulting
sample is transparent. Similar results were obtained for a variety
of Si−H functional PDMS starting materials with varying

Figure 1. This work describes the efficient synthesis of polyborosilox-
ane networks by hydrosilylation chemistry, which is simple, efficient,
and highly tunable in contrast to traditional condensation chemistry.

Scheme 1. Synthesis of a Polyborosiloxane Network Using
Si−H Containing PDMS Copolymer and
Tris(dimethylvinylsilyl)borate through Hydrosilylation
Catalyzed by 20 ppm of Platinum Introduced through
Karstedt’s Catalyst Inhibited with 60 ppm Dimethyl
Fumarate with No Added Solvent
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molecular weights and Si−H groups either at the chain ends or
distributed along the polymer backbone (Figure S1).
A key advantage of polyborosiloxane networks synthesized via

hydrosilylation with tris(dimethylvinylsilyl)borate is synthetic
choice. Other commercially available PDMS prepolymers can be
used to form dynamic networks. For example, fast and efficient
curing analogous to Figure 2 was also observed with various
copolymers consisting of monomers of dimethylsiloxane and
hydromethylsiloxane, where multiple Si−H groups are statisti-
cally distributed along the polymer chain (as summarized in
Table S1), resulting in pendant-group networks. Significantly,
tris(dimethylvinylsilyl)borate was miscible at all tested concen-
trations for every PDMS prepolymer studied. In all cases,
transparent networks were formed with a 1:1 stoichiometry of
Si−H groups to vinyl groups (Figure S1).
Network formation was further confirmed through infrared

and nuclear magnetic resonance spectroscopy as shown in
Figure 3; note that these data are shown for formulations
containing PDMS copolymer as a representative example.
Infrared spectra (Figure 3a) highlight the disappearance of Si−
H bond vibrations at 2250 cm−1, suggesting the hydrosilylation
reaction reaches high conversion. Furthermore, both the cross-
linker and the cured networks show vibrations at 1350 cm−1 as
expected for Si−O−B bonds.35 These data are further reinforced
by 29Si NMR (Figure 3b): a distinct peak at δ = 0.8 ppm in the
cross-linker shifts to δ = 13 ppm after the addition of PDMS Si−
H units to the vinyl groups. Peaks corresponding to Si−H bonds
in the PDMS prepolymer that are present between δ = −35 to −
39 ppm also disappear upon coupling. Small peaks in the vicinity
of δ = 6.6 ppm corresponding to the trimethylsilyl end groups
are also visible in both the starting material and the product.
Tunable Stress Relaxation. To compare the viscoelastic

properties of polyborosiloxane networks prepared via our novel
synthetic method (hydrosilylation) and previous approaches
(condensation), stress-relaxation experiments were performed
in triplicate for two sets of networks prepared via hydro-
silylation: (i) end-group networks prepared from a 5 kDa
telechelic Si−H functional PDMS and (ii) pendant-group
networks prepared from a 6 kDa PDMS copolymer with an

average of 6 Si−H units per polymer chain.5,37 Step−strain
measurements were collected over a range of temperatures to
capture temperature-dependent stress-relaxation behavior (Fig-
ure 4a,b). Note that the temperature range shown for the
pendant-group network is higher than that of the end-group
material due to slower dynamics of the former. Experimental
characteristic relaxation times (τ1/e) were determined as the time
required for the relaxation modulus (G) to reach 0.37 of its
original value.38 Our polyborosiloxane networks show an
Arrhenius relationship between the rate of stress relaxation
and temperature (T) as expected for dynamic covalent networks
(Figure 4c).39 The average activation energy (Ea) of end-group
(48 ± 2 kJ/mol) and pendant-group (41 ± 1 kJ/mol) networks
falls within the range previously reported for similar dynamic
motifs (34−77 kJ/mol),5,28,37,40 indicating that our polybor-
osiloxanes have similar material properties to traditional systems
with greatly enhanced synthetic availability. Networks fabricated
from precursors of different molecular weights also follow
expected trends in activation energy for both end-group37 and
pendant-group networks.41 Specifically, the activation energy of
end-group networks is independent of the molecular weight of
the PDMS precursor (Figure S6), while the activation energy of
pendant-group networks increases with increasing molecular
weight of the PDMS precursor (Figure S7).
Comparing the error bars in Figure 4c, pendant-group

networks showed significantly better reproducibility than their
end-group counterparts. While the error in activation energy is
small for both networks, variation in the Arrhenius prefactor for
the end-group system is evident. This sample-to-sample
variation may be due to chain-end fidelity and differences in
the number of Si−Hbonds per molecule for the different PDMS
precursors. The network connectivity would be significantly
impacted by lower-than-ideal chain-end fidelity (e.g., for n = 2),
resulting in network defects and potentially dramatic variability
in mechanical properties with small changes in formulation or

Figure 2. Rapid and efficient curing of polyborosiloxane networks via
hydrosilylation. (a) Photograph of 5 kDa telechelic PDMS mixed with
tris(dimethylvinylsilyl)borate, Karstedt’s catalyst, and inhibitor (di-
methyl fumarate) at room temperature followed by curing at 90 °C. (b)
Oscillatory rheometry indicates fast and complete curing within
minutes when heated from 25 to 90 °C at a rate of 30 °C/min.

Figure 3.Efficient formation of polyborosiloxane networks containing a
20 kDa PDMS copolymer with 20 Si−H units as a representative
example. (a) Fourier-transform infrared spectroscopy shows con-
sumption of Si−H units from hydrosilylation and retention of Si−O−B
bonds in the cured network. (b)29Si nuclear magnetic resonance
spectroscopy shows a shift in the Si−O−B moiety from hydrosilylation
and consumption of Si−H units. Note that the cross-linker and
copolymer NMR were collected in CDCl3, while the spectrum of the
cured network was necessarily acquired in the solid state.
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curing conditions. Conversely, the copolymer precursor has an
average of 6 Si−H bonds per chain. Variation in the number of
Si−H bonds, therefore, has less of an effect on overall
connectivity in pendant-group networks, leading to improved
reproducibility. We emphasize that the ability to use Si−H−
containing PDMS copolymers as a starting material in the
synthesis of polyborosiloxane networks is another distinguishing
advantage of the hydrosilylation synthetic route, as analogous
precursors with silanols distributed along the backbone (for
traditional condensation networks) are not commercially
available.
Single and stretched exponential fits applied to the stress-

relaxation data further suggest more homogeneous networks are
generated from hydrosilylation compared to traditional
condensation polymerization. Representative fits are shown in
Figure S8. The data (Tables S2 and S3) display good agreement
for three different time constants�τ1/e, τexp, and τKWW�
calculated via three different methods�experimental, single

exponential fit, and stretched exponential fit, respectively. For
end-group networks, the stretched exponential model provides
the best fit and β values near 1 (0.84−0.89), suggesting modest
heterogeneity in the relaxation environment. In contrast, recent
work from Porath and Evans37 on similar polyborosiloxane
networks synthesized via condensation inferred β = 0.64−0.83.
The higher values of β and tighter range suggest networks
prepared via hydrosilylation are more homogeneous, likely due
to the high conversion of hydrosilylation and lack of deleterious
water produced by condensation. Polyborosiloxane networks
prepared from PDMS precursors of different molecular weights
all yielded similar qualitative results, with differences in
relaxation times related to architecture, the concentration of
cross-links, and network defectivity (Figure S9).

Mixed Cross-Linkers. An additional advantage of hydro-
silylation is the ability to introduce multiple, different cross-
linking groups into the starting formation. This provides a
simple mechanism to tune dynamics and mechanical properties
through formulation in analogy to other types of dynamic
chemistry.4,42−45 As an illustrative example, tetraallylsilane was
selected as a co-cross-linker to improve the dimensional stability
of polyborosiloxane networks by introducing static cross-links in
addition to dynamic cross-links derived from tris-
(dimethylvinylsilyl)borate (Scheme 2).

The rate of stress relaxation in polyborosiloxanes containing
mixed cross-linkers was found to be readily tunable based on the
stoichiometric ratio between dynamic and static cross-links
(Figure 5). As the incorporation of static cross-links increases,
the rate of stress relaxation decreases due to a reduction in the
number of exchangeable bonds. To visually showcase the
different stress-relaxation dynamics, bear-shaped samples were
created from different formulations and monitored over time
under ambient conditions (Figure 5a). The incorporation of
static cross-links significantly slowed stress relaxation at room
temperature. A fully dynamic material (0% static cross-links)
showed significant deformation after 6 days, while the three
samples with static cross-links exhibited no such change. After
16 days, the sample with 30% static cross-links started to show
slight deformation that became more pronounced after 30 days.
Even after this extended amount of time, samples with a higher
loading of static cross-linker (70% and 100%) retained their
original dimensions. The rheometry data in Figure 5b quantify
this behavior and highlight the pronounced effect static cross-
linker has on the rate of stress relaxation, as depicted, at 140 °C;
samples can be readily designed to fully relax (0% static) or
undergo minimal relaxation (100% static) with intermediate
behavior readily achieved by simply tuning the starting

Figure 4. Polyborosiloxanes synthesized via hydrosilylation are
dynamic and undergo tunable stress relaxation based on network
architecture resulting from the use of different precursors (end-group vs
pendant-group). Decay of normalized modulus over time after applying
a 1% step strain at varying temperatures for (a) a pendant-group
network prepared from a 6 kDa PDMS copolymer with an average of 6
Si−H units per polymer chain and (b) an end-group network prepared
from a 5 kDa telechelic PDMS. (c) Arrhenius temperature dependence
of the relaxation time measured via stress relaxation for both networks.
Error bars represent standard deviations calculated from triplicate
measurements.

Scheme 2. Hydrosilylation Chemistry Unlocks the Ability to
Mix Dynamic and Static Cross-Linkers to Produce Mixed
Polyborosiloxane Systems; Tetraallylsilane Is Shown as a
Representative Example of a Static Cross-Linker
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formulation, i.e., the relative ratio of static to dynamic cross-
linker. As expected, however, the increase in dimensional
stability afforded by the static co-cross-linker is offset by a
decrease in the ability to reprocess these networks (Figure S11).
Typical polyborosiloxane networks are susceptible to

hydrolysis and alcoholysis of Si−O−B bonds, which can limit
the applicability of these materials. For example, a common
method to remove Silly Putty from clothing is the use of rubbing
alcohol (isopropanol) to degrade the network. We postulated
that introducing static cross-links would also impart alcohol-
based solvent resistance by stabilizing the network. To test this
hypothesis, fish-shaped samples were prepared with different
ratios of static and dynamic cross-links (Figure S13), followed by
soaking in methanol for 4 days (Figure 6). Significantly, the
introduction of static cross-links to both the end-group and
pendant-group networks provides structural integrity that
prevents complete dissolution after methanolysis of the borate
ester bonds.46

■ CONCLUSIONS
A novel method for preparing polyborosiloxane networks was
developed to take advantage of commercially available starting
materials and robust hydrosilylation chemistry. Key to this
approach is the use of tris(dimethylvinylsilyl)borate as an

efficient cross-linker for PDMS precursors that contain Si−H
bonds. The placement of Si−H groups at either the chain ends
or throughout a copolymer backbone leads to significantly
different network structures and performace. The efficient
nature of cross-linking via hydrosilylation was confirmed with
rheometry, infrared spectroscopy, and 29Si nuclear magnetic
resonance spectroscopy.36 Complete curing can be achieved in
minutes at 90 °C, yielding dynamic networks that undergo
tunable stress relaxation as a function of formulation and
temperature. Importantly, the relaxation time and Arrhenius
temperature dependence are consistent with previously reported
polyborosiloxane-based materials that were synthesized by
traditional condensation chemistry. In addition to efficient,
low-temperature curing, hydrosilylation readily enables the
incorporation mixture of static and dynamic cross-links through
formulation to control relaxation dynamics and solvent
resistance. In summary, hydrosilylation is a simple, powerful,
and accessible synthetic platform for creating dynamic siloxane-
based materials that we anticipate will be broadly useful
throughout the materials community and beyond.
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Detailed experimental procedures and information on
NMR and FTIR instrumentation and data collection
procedures; summary of pendant-group Si−H functional
PDMS copolymers utilized during the study (Table S1);
representative image of rheology discs made from the
listed starting polymer and tris(dimethylvinylsilyl) borate
(Figure S1); triplicate stress relaxation measurements for
a pendant-group network prepared from a 6 kDa PDMS
copolymer with an average of 6 Si−H moieties per
polymer chain (Figure S2); triplicate stress relaxation
measurements for an end-group network prepared from a
5 kDa telechelic PDMS (Figure S3); 140 °C for an end-
group network prepared from a 5 kDa telechelic PDMS

Figure 5. Mixtures of static and dynamic cross-linkers provide fine
control over relaxation dynamics in polyborosiloxane networks. (a)
Visual representation of changes in shape over time for an end-group
network prepared from a 5 kDa telechelic PDMS with varied amounts
of tris(dimethylvinylsilyl)borate as the dynamic cross-linker and
tetraallylsilane as the static cross-linker. The listed composition
corresponds to the percentage of cross-links from tetraallylsilane
relative to the total number of cross-links. (b) Corresponding stress-
relaxation measurements performed at 140 °C.

Figure 6. Introduction of static cross-linker in the hydrosilylation
formulation imparts structural stability in the presence of reactive
solvent (as depicted: methanol) that disrupts borate ester cross-links.
Images show end-group networks prepared from a 5 kDa telechelic
PDMS (top, blue) and pendant-group networks prepared from a 6 kDa
PDMS copolymer with an average of 6 Si−H units per polymer chain
(bottom, orange). Cross-linkers used were tris(dimethylvinylsilyl)-
borate (dynamic) and tetraallylsilane (static). The listed composition
corresponds to the percentage of cross-links from tetraallylsilane
relative to the total number of cross-links. The dishes were covered
during evaluation to limit evaporation of methanol.
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with (a) 30% static cross-links and (b) 70% static cross-
links (Figure S4); representative example of determining
appropriate strain for stress-relaxation experiments
(Figure S5); stress relaxation at varying temperature for
an end-group network prepared from a 20 kDa PDMS
precursor (Figure S6); stress relaxation at varying
temperature for a pendant-group network prepared
from a 20 kDa PDMS copolymer with an average of 20
Si−H units per polymer chain (Figure S7); representative
single and stretched exponential fits for stress relaxation
measurements for an end-group network prepared from a
5 kDa telechelic PDMS (Figure S8); average stress
relaxation times determined via experiment (τ1/e) and
single (τexp) and stretched (τKWW) exponential fits for an
end-group network prepared from a 5 kDa telechelic
PDMS (Table S2); average stress-relaxation times
determined via experiment (τ1/e) and single (τexp) and
stretched (τKWW) exponential fits for a pendant-group
network prepared from a 6 kDa PDMS copolymer with an
average of 6 Si−Hmoieties per polymer chain (Table S3);
stress-relaxation experiments for both pendant- and end-
group networks prepared from PDMS precursors of
varying molecular weights (Figure S9); frequency sweeps
conducted at 100 °C and 1% strain of (a) an end-group
network fabricated from a 5 kDa PDMS precursor and (b)
a pendant-group network fabricated from a 6 kDa PDMS
copolymer with an average of 6 Si−H moieties per
polymer chain (Figure S10); reprocessing of end-group
networks fabricated with varying amounts of static co-
cross-linker (Figure S11); swelling ratio and gel fraction
of pendant-group networks prepared from a 6 kDa PDMS
copolymer with an average of 6 Si−H moieties per
polymer chain and end-group networks prepared from a 5
kDa telechelic PDMS with the corresponding ratio of
static cross-links produced by tuning the ratio of
tris(dimethylvinylsilyl)borate to tetraallylsilane (Figure
S12); initial image of fish-shaped cross-linked networks
prepared from 5 kDa end-group Si−H functional PDMS
(top, blue) or 6 kDa pendant-group Si−H functional
PDMS (bottom, orange) containing an average of 6 Si−H
moieties per polymer chain (Figure S13) (PDF)
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