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Mechanoradicals Created in ‘“Polymeric Sponges” Drive Reactions in

Aqueous Media**

H. Tarik Baytekin, Bilge Baytekin, and Bartosz A. Grzybowski*

The study of mechanochemical phenomena in polymers dates
back to the work of Staudinger! who attributed the
reduction in the molecular weight of polymers under masti-
cation to the mechanical rupture of the constituent macro-
molecules. Subsequent studies have established that these and
other related effects®?! are a result of the homolytic cleavage of
covalent bonds and creation of radicals within stressed
polymers.’!  Technologically, mechanochemical treatment
has been used to adjust the rheological properties of
rubbers,” to degrade biopolymers, such as starch, to desired
molecular weights,®! to dehalogenate hazardous polymer
contaminants,”! to polymerize or copolymerize through
vigorous milling and/or grinding, and it has also been used
as the basis of mechanochromism.”! Yet, these applications
remain scarce and specialized, and in virtually all everyday
systems where polymers are subject to mechanical stresses,
for example, in the tires of road vehicles, the soles of walking
shoes, and so on, the chemical energy of homolytically broken
bonds is not being harnessed in any purposeful way. Herein,
we show how a significant fraction of this ubiquitous, and in
some sense “free” (for otherwise not used), energy can be
retrieved if the polymers that are being deformed are in
contact with water. Under these conditions, the mechano-
radicals that are created within the polymer migrate to the
polymer/water interface, at which they produce H,O,, which
can then drive several types of chemical processes, such as
nanoparticle synthesis, dye bleaching, or fluorescence. The
amount of H,O, that is produced scales with the interfacial
area and is in the order of tens of mgm 2 for 1 J of mechanical
energy input, and the overall efficiency of the mechanical-to-
chemical energy conversion is, depending on the polymer
used, from approximately 7% up to a remarkable 30 % for
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soft, “spongy” polymers. Deformable polymer “sponges” that
drive aqueous-phase radical reactions can be construed as
solid-state chemical reagents that convert mechanical energy
into chemical energy in a “clean”, environmentally friendly
fashion. On the other hand, the fact that polymers under
stress produce potentially harmful® free radicals might raise
concerns about the safety of polymer-based medical
implants.”

We used the flexible polymers poly(dimethylsiloxane)
(PDMS, Dow Corning, Sylgard 184), Tygon (Saint-Gobain
Corp. #R-3603), and poly(vinyl chloride) (PVC, VWR,
#60985-534), all of which gave qualitatively similar results.
Typically, hollow polymer tubes (inner diameter 0.6-0.8 cm,
outer diameter 1.5 cm, height ca. 7.5 cm) were filled with
water or an aqueous solution of a desired reagent, and were
compressed mechanically with strains of up to 40% (Fig-
ure 1a). In all cases, the deformations were nondestructive
and reversible at the macroscopic level, as shown by the force-
displacement curves of the squeezed polymers not changing
over many compression/release cycles (see Figure S10 in the
Supporting Information). Measurements with a Faraday cup
connected to a high-precision electrometer (Keithley, 6517B)
confirmed that the compressed pieces did not generate any
measurable static electricity (surface charge densities were
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Figure 1. a) Tubes made of PDMS, Tygon, or PVC are filled with
deionized water and are compressed by a vice. b) ESR spectrum of

a solution of DMPO in THF (1 mgmL™) in the presence of com-
pressed PDMS in an argon atmosphere (red) or uncompressed PDMS
(black, the same spectrum is obtained in the absence of any PDMS).
c) A solution of DPPH (10.0 um) changes color from purple to yellow
when squeezed polymer tubes (in this case, Tygon) are added, which
indicates the transformation from DPPH into DPPH-R in the presence
of radicals. d) The changes in the UV/Vis spectra of the solution of
DPPH shown in (c) over time.
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below the detection limit of the electrometer, ca. 10 pC). On
the other hand, mechanical deformation created radicals in
the polymers. This finding agrees with previous studies® and
is directly shown by electron spin resonance (ESR) experi-
ments. For example, Figure 1b shows a typical ESR spectrum
of PDMS immersed in a solution of the spin-trapping reagent
5,5-dimethylpyrroline-N-oxide (DMPO, necessary to stabilize
the radicals at room temperature) in THE'" If the piece of
PDMS is not compressed, the ESR spectrum shows only the
signals from DMPO. However, upon polymer deformation
the spectrum changes dramatically and features a pattern with
hyperfine coupling constants (aN =1.29 mT, abH = 0.68 mT)
that are characteristic of a spin adduct of DMPO with =ROr
(=CO" and =SiO") radicals.''l For PDMS, adducts that are
compatible with the obtained spectra include those that
originate from homolytic cleavage of Si—O bonds®®! (=SiO- or
=SiOO0r, from reaction of =Si* with trace O,) or the cleavage
of Si—C and C—C bonds at the crosslinking points within the
polymer,®! which give rise to =SiO" or the peroxy radicals
=SiO0 or =COOr from reaction of =Si* and =C* with O, in air
under ambient conditions. The presence of radicals is also
shown by bleaching of solutions of 2,2-diphenyl-1-picryl-
hydrazyl (DPPH) in the presence of compressed polymers
(Figure 1c¢,d). Importantly, if the polymers are not present or
compressed, no bleaching is observed.

The key finding of the present study is that the radicals
that are created by the homolytic cleavage of bonds in
stressed polymers can react with the surrounding aqueous
phase to generate H,O, from water (Figure 2a). This was
verified in four independent ways: i) by the appearance of
a characteristic H,0, 'HNMR signal® at 6=10.1 ppm
(Figure 2b); ii) by the appearance of a UV absorption band
between 200-300 nm!"¥ (Figure 2¢); iii) by cyclic voltammo-
grams that have a H,O, reduction peak at around —0.4V
(versus Ag'/AgCl reference electrode; Figure 2d); and iv) by
the so-called Fenton reaction," H,0, 4+ Fe**—OH™ + Fe** +
OH, which is dependent on the presence of H,0,, and
produces ferric ions that complex with a selective indicator,
Xylenol Orange (XO0),™ to give the absorption peak
centered at 560 nm (Figure 2¢). It should be stressed that
none of the characteristic features i)-iv) are detected in
control experiments with nondeformed polymers. Also, the
involvement of mechanoradicals is consistent with the finding
that the amount of H,O, produced decreases dramatically
when the polymers being deformed are doped with anti-
oxidants, such as a-tocopherol or bis(1-octyloxy-2,2,6,6-tetra-
methyl-4-piperidyl sebacate (HALS), which are known to
scavenge radicals.

With the above results in mind, a plausible mechanism for
H,O, synthesis is illustrated in Figure S1 in the Supporting
Information, and involves various mechanoradicals R*, RO* or
ROOr, which are generated in the polymer, reacting with
water. We note that as the number of bonds strictly at the
inner surface of a polymer tube is only on the order of
approximately 10" per cm?, the radicals that are generated at
these locations alone cannot account for the production of
approximately 5 um of H,O, (see below). It follows that the
radicals generated in the bulk of the polymer, approximately
10" radicals per cm® (see Section2.2 in the Supporting
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Figure 2. a) H,0, is created by squeezing a polymer tube filled with
water. Insets: top views of the unsqueezed and squeezed tube filled
with a dye solution (for visualization). b) The "H NMR spectrum

(400 MHz, D,0) of H,O, produced in deionized and argon-purged
H,0 (3 mL) in a squeezed PDMS tube. The peak is absent before
polymer squeezing. c) The UV/Vis spectra illustrate that H,O, is
generated by compression of polymer tubes. A spectrum of H,0O,

(1.0 mm) is also shown for comparison (black). d) Cyclic voltammo-
grams (sections from —1.0 V to —0.1 V) recorded during squeezing of
a PDMS tube (red) containing deionized H,O (3 mL). For comparison,
voltammograms of pure water before squeezing (green) and standard
H,0, solutions (4 mm (yellow) and 40 mm (brown)) are shown. e) UV/
Vis spectra recorded during the Fenton reaction ((NH,),Fe(SO,),

(25 um) and XO (125 um) in H,SO,(20 mm)). The numbers next to the
curves indicate the times for which spongy PDMS was compressed.
The data for PDMS, PVC, and Tygon are qualitatively similar.

Information), should be able to migrate towards the surface of
the polymer, possibly by a radical-driven propagation mech-
anism"”! that is similar to that reported previously in
mechanically treated poly(ethylene)™™ (Figure S2 in the
Supporting Information). This scenario is corroborated by
the data shown in Figure 3a, which shows the concentration
of H,0, that is produced in tubes over time after 5 min of
compression. As time passes, more radicals from the bulk
reach the polymer/water interface to produce H,O,. Interest-
ingly, as shown in Figure S5 in the Supporting Information,
the concentration versus time dependencies for various
polymers fit well to the diffusion equation, and the effective
diffusion coefficients of the radicals in the polymer are on the
order of 107" m*s™".

If, as assumed, the production of H,O, takes place at (or
near) the polymer/water interface, the amount of H,O, that is
generated at a given time point should increase with increas-
ing polymer surface area. To test this hypothesis, we
performed several experiments. In one experiment, we
fabricated “spongy” PDMS tubes that present a corrugated
surface (see Section1 in the Supporting Information for
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Figure 3. Kinetics of H,0, production by squeezed polymers. a) Time-
dependent concentration of H,0, produced by squeezing PDMS (2),
PVC (0), Tygon (o), and spongy PDMS tubes (o). Height of

tubes =2 c¢m, other dimensions same as described for Figure 1. The
tubes were first compressed in air for 5 min and then fully immersed
in Fenton test solution (10 mL XO (50 pum) and Fe*" ions (10 pm) in
ag. H,SO, (2 mm)) for different times. b) Flat (left) and spongy PDMS
tubes (right). The optical micrograph magnifies the sub-millimeter
depressions at the surface of the spongy PDMS. SA=surface area;
scale bar=200 pm. c) The amount of H,0, produced versus the
surface area of the compressed PDMS. In both (a) and (c), the
amount of H,0, produced was calculated by using a calibration curve
derived from H,0, standards of known concentration (0.1 pM—10 pm).
Error bars were obtained from four individual measurements.

fabrication details), the area of which is roughly 1.4 times that
of “flat” PDMS tubes (Figure 3b). When the flat and the
spongy tubes were each filled with 3 mL of water and
compressed for 5 min each, the amount of H,O, that was
produced was 3.3 uM and 4.3 um, respectively (1:1.30 ratio). In
another set of experiments, one, two, four, six, and eight
pieces of PDMS with total surface area of 12.8 cm?, 16.2 cm?,
23.0 cm?, 29.8 cm?, and 36.6 cm?, respectively (total mass of
the polymer kept constant in each experiment) were com-
pressed 100 times in polyethylene bags filled with 10 mL
water, for 15 min. The amounts of H,0O, produced in one
squeeze cycle were on the order of 20 mgm2 per 1J of
mechanical energy input, which is similar to other single-
squeeze experiments. As illustrated in Figure 3c, the amount
of H,O, produced scaled linearly with the surface area
(similar linear dependencies were obtained for the other
polymers that were tested).

The quantities of mechanosynthesized H,O, are sufficient
to drive small-scale chemical syntheses. The idea of coupling
the mechanochemical production of H,O, to other chemical
reactions is illustrated by the examples in Figure 4. In the first
example (Figure 4a), an aqueous solution of a metal salt (for
example, HAuCl,:3H,0, typical concentration c=
2 mgmL ™) is fully reduced and deposits a thin (20-100 nm)
layer of gold nanoparticles on the polymer surface (charac-
terized by XPS lines Au4f,, and Au4f;, at 84 eV and 88 eV,
respectively, and by the depletion of the salt from the
solution). SEM and UV/Vis spectroscopic analyses show
that the layer comprises spherical nanoparticles that measure
50 nm in diameter and have an SPR maximum at 537 nm
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(note: the synthesis of silver nanoparticles was also achieved
by similar means). In the second set of reactions, water-
soluble organic redox dyes (Methylene Blue (MB) and
Neutral Red (NR); ¢ =2.5-10 um) are bleached (Figure 4b;
for MS analyses, see Figure S6 in the Supporting Informa-
tion). The progress of bleaching was monitored by UV/Vis
spectroscopy, in which the intensity of an internal charge-
transfer band (from the donor dimethylamino group and the
acceptor phenazine [NR] and thiazine [MB]**! with maxima
at A=535nm for NR and A=664 nm for MB) decreased
gradually. Each time the polymer was squeezed, the reaction
showed first-order kinetics (see Figure S7 in the Supporting
Information). With consecutive squeezing events, the amount
of the dye that was bleached in each cycle remained
approximately constant (Figure 4b, right). In the third, and
perhaps the most illustrative example, the compression of
a shoe sole was coupled to the generation of fluorescent
umbelliferone (7-hydroxycoumarin) from its boronic ester
derivative. In this experiment, we injected a solution of the
boronic ester derivative (5 uM in aqueous phosphate buffer
(0.1m, pH 7.4)) into the sole cushion of a basketball shoe
(Nike Air Max LeBron VII, Figure 4c). After walking for
several tens of minutes, enough mechanoradicals and H,O,
were generated to cleave the boronic ester and produce
umbelliferone, which fluoresced blue-green light (A.,=
454 nm) that was clearly visible to the naked eye upon
irradiation with UV (365 nm) light.

We note that all of the above reactions do not occur in the
presence of unsqueezed polymers and are congruent with the
proposed mechanism in which radicals that are generated
within the polymer react with water or oxygen to ultimately
create hydroxyl and/or hydroperoxyl radicals in solution
(Figure S1 in the Supporting Information, see also [20]). For
instance, the synthesis of gold nanoparticles mediated by
H,O, has been reported,?" as has the radical oxidation of NR
and MB dyes with H,0,.%? The use of umbelliferone to detect
H,0, has also been described previously.”! Of course, there
are many other chemical processes that can be driven
mechanochemically. In upcoming publications, we will de-
scribe examples in which the mechanochemical production of
H,0O, is coupled to more complex chemical systems and
drives, for example, rotaxane shuttling, polymerization, or
epoxidation of double bonds.

A crucially important parameter of any mechanosyn-
thesis, and one that ultimately determines its practical
applicability, is its energetic efficiency. In this study, we
estimated it in two ways: i) based on the amount of H,0,
produced and ii) based on the number of radicals created. In
the first case, the amount of H,O, produced is estimated
based on the UV/Vis spectra of the Fenton reaction (Fig-
ure 2¢). In the second method, the number of radicals is
determined from the UV/Vis spectra of the bleached DPPH
solutions (Figure 1c,d). In both cases, it is assumed that the
radicals that affect these reactions come from the mechanor-
adicals that are created by homolytic cleavage of bonds within
the polymer (indeed, no Fenton reaction or DPPH bleaching
occurs with unsqueezed polymers). Knowing the approximate
numbers of bonds broken in the polymer and the average
bond energies, one can then estimate the amount of chemical
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Figure 4. a) Reduction of gold(Il) salt (2 mgmL™) to ca. 50 nm gold nanoparticles deposited on the inner
surface of a PDMS tube (left), the corresponding SEM image (middle, scale bar=1 um), and the
corresponding high-resolution XPS spectrum (right). b) Oxidative bleaching of an aqueous solution of
Neutral Red dye (2.5 pm in pH 5.0 sodium acetate buffer) in a squeezed PVC tube (left), the corresponding
UV/Vis spectrum (middle), and the reaction progress for six consecutive squeezing events (right). In each
cycle, a new aliquot of the dye solution (2.5 um at pH 5.0) was introduced and a compressive strain of

ca. 40% was applied. c) Fluorescent umbelliferone (middle) produced in solution by cleavage of a boronic
ester derivative (left, 50 mL, 5.0 um in phosphate buffer (0.1 M, pH 7.4)) in the voids of the sole of a shoe
and fluorescence spectra recorded after 30 min (yellow), 45 min (red), 1 h (brown), 2 h (light blue) of

walking and 24 h at rest after walking (dark blue).

energy released by polymer compression. To derive efficiency,
this chemical energy is divided by the work expended while
squeezing the polymer (for calculation details, see Figures S8
and S9 in the Supporting Information). This calculation is
reminiscent of the definition of efficiency in a Carnot cycle
(work done versus heat absorbed) and does not take into
account the fact that most of the mechanical energy can be
actually regained when compression ceases and the polymer
expands (this could make efficiencies unrealistically high and
the polymers should be then considered as energy sources
rather than mechanical-to-chemical energy transducers).
Importantly, both methods give similar estimates of efficiency
that range from 4-12% for flat PDMS, Tygon, or PVC to
arather remarkable 30 % for spongy PDMS, which is easier to
compress and offers a larger interfacial area through which
the mechanoradicals can reach the aqueous phase. The
efficiency of the spongy polymer are commensurate with
those of typical power plants (30 % to 40 % ) or wind turbines
(35% to 50 %), though significantly lower than, for example,
typical electric motors (50-90% ).2Y Also, as the fractions of
bonds that are broken in the polymer by one squeezing event
are very small (approximately one in a million bonds, see
Figure S8 in the Supporting Information), these efficiencies
are, to a good approximation, the same over large numbers (in
this study, at least hundreds) of compression/release cycles.

Angew. Chem. Int. Ed. 2012, 51, 3596 —3600
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In summary, mechano-
chemical synthesis can pro-
80 duce up to tens of milligrams
of H,0O, per one square meter
of polymer from the expendi-
ture of 1J and with an effi-
ciency of mechanical-to-
chemical energy conversion
as high as 30%. Whereas the
amounts of H,O, that are
obtained in our experiments
are much smaller than in
industrial syntheses of H,O,,
polymeric radical sponges can
be used as environmentally
clean, solid-state reagents to
drive laboratory-scale, aque-
ous-phase, radical reactions.
On the other hand, our results
suggest that when polymeric
materials are implanted in
the human body (for exam-
ple, siloxane-based breast
implants), their mechanical
deformations can generate
harmful free radicals. In such
cases, doping the polymers
with free-radical scavengers
(for example, with vitamin E)
might reduce the health
risks® involved.
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