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ABSTRACT: Polysulfide network oxidative modification is presented.
Fundamental differences between the properties of sufide-based and sulfone-
based networks are discussed, and a method for producing the sulfone-based
materials from thioether-based materials is developed. Oxidation enables
significant mechanical property enhancements of polysulfide materials without
any deleterious effects that typically accompany cross-linking polymerizations.
Various application examples such as sulfide-containing particle modification
and hardening of soft lithography or thiol−ene 3D microprinted objects are also
shown.

■ INTRODUCTION

Various postpolymerization modification (PPM) techniques are
frequently employed to produce materials with desired
properties that would be difficult or impossible to obtain
through a conventional polymerization of neat monomers.1 In
other words, these modification methods serve to circumvent
effectively the difficulties that arise in direct polymer synthesis.
As a whole, the PPM approach constitutes an important
polymerization supplementing tool in many interdisciplinary
materials science fields as it enables a variety of exciting
innovations. Although PPM reactions are most frequently
applied to linear polymer chain ends or backbones, there are
also multiple examples of network surface or bulk modifications
as those known in polymer gels or hydrogels.2−4 Click reactions
are one obvious choice in postpolymerization functionalization
of diverse macromolecular substrates. Among them, the thiol-X
reaction family has become increasingly dominant. The thiol-X
couplings owe their usefulness to high reaction efficiency, mild
reaction conditions, the library of unexpansive substrates to
choose from, and last but not least, the possibility of triggering
the coupling by light (e.g., by radical thiol−ene reactions).
Owing to these attributes, the most common implementations
in various synthetic approaches involve biofunctionalization,5−9

substrate or polymer surface functionalization,8,10−17 and
network forming polymerization.18−23 Within the broad field
of research on polymeric networks, significant interest has been
dedicated to the synthesis and application of hydrogels,19,20,24

the development of dental restorative composites,21,25,26 the
preparation of micro- and nanoparticles,27−30 and nanoimprint
and soft lithography techniques.12,31−35

One limitation that often arises from the presence of the
flexible thioether linkages in the thiol−ene (or thiol-Michael)
networks is their rubbery nature, which prevents them from
implementation in numerous applications that necessitate more
mechanically and thermally robust polymer networks that are
common, e.g., for methacrylate- or acrylate-based materials.
Further, the lack of toughness and durability of sulfide-based
materials is also a limiting factor even in otherwise suitable
applications.
A variety of different approaches has been undertaken to

circumvent these limitations. Sulfide-based, high modulus
networks have been recently synthesized based on ester-free
thiol−ene formulations.36−38 However, polymerization of such
mixtures inherently encompasses some of the same drawbacks
arising from chain polymerizations in cross-linking systems,
namely considerable shrinkage stress and limited functional
group conversions. In other reports, thiol-Michael resins
incorporating vinyl sulfone monomers were shown to exhibit
increased glass transition temperatures as compared to
structurally similar thiol−acrylate compositions.36,39 Still, the
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effect of the sulfone presence was always assessed in networks
containing both thioethers and sulfones, among other func-
tional groups, and therefore there has been no direct
comparison between the neat sulfide and sulfone materials,
let alone any means for systematically converting one into the
other. As linear polysulfones are known to be tough materials of
high thermal resistance,40,41 we hypothesized that pristine
sulfone networks would also exhibit similarly superior
characteristics.
Further, from the standpoint of current applications of

sulfide network polymers there exists a reasonable demand for a
convenient means of postpolymerization modification of the
well-defined but soft thiol−ene/Michael materials to produce
structurally uniform and durable materials. Once this goal is
accomplished, no deleterious effects associated with the
polymerization step would be observed, and the final material
would exhibit the oft desired toughness and/or high glassy
modulus.
It is well-known that sulfides are conveniently converted into

sulfones in solution by oxidation. Performing oxidation in a
network would allow the primary structure of the network, as
characterized by its cross-linking density and the molecular
weight between cross-links, to remain largely unchanged, thus
preserving its well-defined, ideal conformation. As the oxidation
is very efficient for small molecule compounds, herein, we
chose to investigate approaches to sulfide oxidation within a
network structure as well as assessment of the advantageous
effects of the sulfone presence on the network mechanical
properties. In the course of this study, we detail the evolution
and the drastic transition in thermo-mechanical properties
achievable in polysulfide thiol-Michael as well as thiol−ene
network polymers that undergo gradual-to-complete sulfide
oxidation. Further, we show relevant application examples of
our oxidative methodology that fits perfectly for postpolyme-
rization modification of soft lithography 3D patterns, sulfide-
based step-growth microparticles, and other 3D-printed
features such as those known, e.g. in stereolitography and
microfluidics.

■ EXPERIMENTAL SECTION
Materials. Dibutyl sulfide, dipropyl sulfide, hydrogen peroxide

solution (30%), triallyl-1,3,5-triazine-2,4,6-(1H,3H,5H)-trione (TTT),
2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO), trimethylolpropane
tris(3-mercaptopropionate) (TMPTMP), 1,3,5-tris(3-mercaptoprop-
yl)-1,3,5-triazine-2,4,6-trione (TTT-SH), Trimethylolpropane triacry-
late (TMPTA), triethylamine (TEA), pentaerythritol tetra(3-mercap-
topropionate) (PETMP), 1,6-hexandithiol (HDT), tri(ethylene
glycol) divinyl ether (TEGDVE), divinyl sulfone (DVS) were
purchased from Sigma-Aldrich and Bruno Bock, or synthesized in lab.

Polysulfide Oxidation. The polysulfide films were prepared by
casting in glass molds. The thiol−ene photopolymers were cured in
the presence of 1 wt % Irgacure 651 with UV light (365 nm) of the
irradiance intensity of 50 mW/cm2. The thiol-Michael films were
cured thermally with 1 wt % TEMPO (or 2 wt % TEA) at 120 °C for 1
h. The samples of the dimensions 10/4/0.5 or 10/4/0.25 mm were
oxidized by immersion in 30% aqueous hydrogen peroxide for 24 h, or
less. The samples were dried on hot plate until constant mass at 120−
200 °C. The oxidation extent was evaluated by weighting the samples
afterward.

Characterization Methods. Fourier transform infrared spectros-
copy (Nicolet 6700 FT-IR) was utilized to analyze the polysulfide and
polysulfone films. ATR-IR as well as transmission IR were
implemented to assess the quality of the oxidized samples.

NMR spectra were recorded on a Bruker Avance-III 400 NMR
spectrometer at 25 °C in d-chloroform. Chemical shifts are reported in
parts per million (ppm) relative to tetramethylsilane (TMS).

A DMA Q800 (TA Instruments) and was utilized to measure the
viscoelastic properties of polymers (glass transition temperature,
rubbery storage modulus, tan δ, etc.). Specimens with 0.5 mm × 4 mm
× 10 mm rectangular dimensions were tested in multifrequency strain
mode by applying a sinusoidal stress of 1 Hz frequency with the
temperature ramping at 3 °C min−1. The Tg was determined as the
maximum of the tan δ profile. The rubbery moduli were determined in
the rubbery region at Tg + 30 °C. Tg half widths were taken as the
widths of the tan delta peaks at half-maximum values.

Mechanical properties were measured via a three-point bending test
(MTS 858 mini Bionix II). The sample dimensions were 0.5 mm × 5
mm × 20 mm.

X-ray photoelectron spectroscopy (XPS) was implemented to
determine the film composition. A PHI 5600 instrument (RBD
Instruments) with a monochromatic Al Kα source (1486.6 eV) was
used. Survey scans were obtained with a pass energy of 93.9 eV and a
step size of 0.400 eV. An electron beam neutralizer was kept on during
the measurements. Data was collected with the AugerScan software
package (RBD Instruments) and analyzed by the Casa XPS software
package (Casa Software).

Contact liquid photolithographic polymerization technique was
used to prepare thiol−ene micrometer-sized features. A collimated UV
light of the irradiance intensity of 50 mW/cm2 (365 nm) was shone
through a photomask mounted over the liquid mixture of monomers
mixed in a stoichiometric ratio of both complementary functional
groups. Different photomasks with 5, 10, and 100 μm strips or circles
separated by 500 or 100 μm screening gaps were used. Surface
topography of the litographic samples was determined using stylus
profilometry (Dektak 200VSi stylus profilometer, Veeco).

The two photon polymerization (TPP) setup consisted of a tunable
(680−1080 nm) femtosecond pulsed titanium:sapphire laser (Cha-
meleon Ultra-II, Coherent), piezo-electric positioning stage (Physic
Instrumente, model P-611.3SF) and a shutter (Uniblitz, model
LS3Z2), and a home-built microscope with an oil-immersion objective
(100×, numerical aperture NA = 1.4). The average laser power used
was around 10 mW and the photopolymerization was done by tuning
the laser to 780 nm to optimize two-photon absorption. Shapes of
different objects were described by parametric equations programmed

Table 1. Extent of Sulfide Oxidation within Thiol−ene and Thiol-Michael Networks after 24 h of Peroxide Solution Treatmenta

thiol/vinyl (1/1)
theoretical/measured mass increase (S→S02)

[%]
sulfide oxidation extent

[%]
Tg of polysulfide network

[°C]
Tg of polysulfone network

[°C]

HDT/TTT 20.2/20.3 100 23 (1) 126 (1)
HDT/TMPTA 18.4/14.5 79 −23 (1) 45 (1)
TMPTMP/TTT 14.8/14.2 96 42 (2) 124 (1)
TMPTMP/TMPTA 13.8/13.6 99 4 (2) 62 (1)
PETMP/TEGDVE 14.3/11.9 83 −23 (2) 30 (0)
TMPTMP/DVS 16.6/− 17 (1) 193+
TTTSH/TTT 16.0/14.3 89 80 (1) 202 (2)
aAccompanied are the changes in glass transition temperatures (Tg) before and after polysulfide network oxidation. Standard deviation values are
included in the brackets.
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in LabView. The computer-controlled nanopositioning stage changes
the relative 3D position of the sample with respect to the focal point of
the focused femtosecond laser beam. Laser beam intensity and its
polarization direction in the sample are controlled by a half-wave plate
and a Glan laser polarizer. In order to impose a computer-generated
3D-shape into the photocurable resin, we continuously translate the
stage and time the shutter so that the focus of the femtosecond laser
beam can visit and sequentially polymerize all points of the desired
volume of the complex-shaped microparticle. Details of this home-
built TPP experimental setup and polymerization procedures can be
found elsewhere.42,43

Nanoindentation tests were performed on a Nanoindenter XP
(MTS Systems Corp, Oak Ridge, TN). Details can be found in the SI.

■ RESULTS AND DISCUSSION
To oxidize sulfides a selection of conventional oxidants have
been used, often together with additional catalytic com-

pounds.44−48 Various metallic complexes facilitate efficient
oxidation that can be completed, even in near stoichiometric
conditions, in time scales on the order of minutes. Herein,
however, a simplified methodology has been initially assessed
and later implemented for bulk network oxidation. Specifically,
two sulfide compounds, i.e., dipropyl and dibutyl sulfide, were
exposed to 4-fold excess hydrogen peroxide (30% in H2O) in
50/50 vol % solutions with methanol. No other catalytic species
were considered. The oxidation extent was analyzed in HNMR
experiments in the solutions that were left to react over the
course of 1 week at an elevated temperature of 50 °C. This
initial study proved that sulfides are completely converted to

Figure 1. Dynamic mechanical properties of partially and fully
oxidized thiol−ene materials: (a) dynamic mechanical analysis (DMA)
of HDT/TTT networks oxidized for 30 min (red), 1 h (blue), 2 h
(green), and 24 h (purple); (b) DMA data of TTTSH/TTT networks
oxidized for 2 h (red), 4 h (blue), 8 h (green), and 20 h (purple).
Black curves stand for neat unoxidized thiol−ene samples.

Figure 2. Extent of oxidation and flexural properties of partially and
fully oxidized thiol−ene materials: (a) sample mass change during
oxidation for HDT/TTT and TTTSH/TTT thiol−ene materials; (b)
stress−strain profiles for glassy (Tg 80 °C) thiol−ene TTTSH/TTT
material. Black curve stands for neat unoxidized thiol−ene sample.

Figure 3. Thiol-Michael particle oxidation SEM and optical images
showing no particle geometry change after modification.
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sulfones in diluted hydrogen peroxide solutions (reaction 1),
and the first oxidation step, i.e., sulfoxide generation was
completed within less than 1 h (Figure S1).

For sulfide network oxidation, various thiol−ene and thiol-
Michael polymeric samples were selected as detailed in Table 1.
In our methodology, 250 or 500 μm thick films were exposed
to 10−30 wt % hydrogen peroxide for 24 h, washed in acetone
and/or DCM, and then dried at elevated temperatures (120−
200 °C) until constant weight. Oxidation extent at different
time intervals was also analyzed in partially oxidized samples.
Sample mass change, transmission IR and ATR-IR analyses, as
well as XPS surface studies for some selected specimens were
implemented to assess the extent of oxidation. IR and XPS

results are presented in SI Figures S2 and S3. As shown in
Table 1, all of the analyzed materials were quantitatively (or
near-quantitatively) oxidized after 24 h of hydrogen peroxide
treatment. The differences between the expected (100% sulfone
content) and measured sample weights may originate from the
nonideal qualities of the monomers used that may contain
leachable impurities. On the other hand, the high temperature
drying process may also promote decomposition which is more
likely in samples that still contain H2O2 as well as sensitive ester
moieties. Thorough washing usually prevented any undesired
side reactions involving the presence of peroxides.
Interestingly, bulk oxidation, through initial swelling and

diffusion of aqueous H2O2, is evidently more effective than
small molecule oxidation presumably because the thioethers are
deprived of unrestricted molecular motions and/or in strained
configurations when part of the network. Fixed sulfide positions
within a network of high sulfide concentrations make them
more accessible to oxidizers whereas strained configurations

Figure 4. Microscopic images of photopaterned thiol−ene objects (panels and columns) before and after oxidation. Included are profilometry scans
on the paneled (nonoxidized and oxidized) structures showing distinctly different profiles.

Figure 5. Two-photon polymerized micrometer-sized thiol−ene objects (buffalos and springs) and their nanoindenter moduli (Ei) values. As
evidenced in the pictures, drastically different material stiffness can be attained with no discrepancies in object size.
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may favor electronic rearrangements around sulfur electron free
pairs, thus facilitating sulfur−oxygen bond formation. More-
over, the apparent increase in hydrophilicity with the extent of
oxidation as observed by Sarapas at al.49 may also contribute as
an adjuvant actuating mechanism and promote faster diffusion/
oxidation.
However, the most appealing finding is the material property

change observed after oxidation.
As can be seen from Table 1, all specimens exhibit a dramatic

increase in glass transition temperatures (Tg). Depending on
the initial sulfide content, and the types of monomers
incorporated, the resultant polysulfone networks’ Tg values
were as much as 100 °C higher than the original polysulfide
networks. For the first time, these results clearly indicate the
fundamental difference between polysulfide and polysulfone
network materials. As sulfones are capable of strong electro-
static interactions, it is presumed that large quantities of
permanent dipoles evenly distributed throughout the poly-
sulfone networks are contributing immensely to this extra-
ordinary reinforcing effect.
Dynamic mechanical analysis (DMA) was employed to

measure the extent and width of thermal transitions as they
provide information about structural heterogeneities of the
networks.
Additionally, two sets of partially oxidized ester-free thiol−

ene samples, consisting of HDT and TTTSH, both reacted
with TTT, were analyzed by DMA (Figure 1a,b).
Quantitative oxidation yields polysulfone materials with Tg

values of 123 °C for HDT/TTT and 200 °C for TTTSH/TTT,
respectively. These values are 100 and 140 °C higher than in
the respective thiol−ene networks. Interesting behavior is
exhibited by the partially oxidized samples where two
transitions regions are clearly observed.
As the oxidation progresses with time, the polysulfide

transition gradually disappears in favor of the polysulfoxide/
polysulfone transition which becomes dominant and shifts
toward higher temperatures. It has been reported that
intermediate two-Tg transition materials typically possess triple
shape memory properties.50 Interestingly, the position of the
midmodulus plateau is readily controlled here by the extent of
oxidation.
The extent of oxidation, as represented by the sample mass

increase in the function of oxidation time, is depicted in Figure
2a. As the polymerization of TTTSH and TTT yields a glassy
thiol−ene network (Tg = 80 °C), this material was selected for
flexural strength testing in the bending configuration mode.
Partially oxidized TTTSH/TTT composite samples were
analyzed after fixed time intervals in aqueous hydrogen
peroxide and the stress−strain plots are included in Figure 2b.
In Figure 2a, it can be seen that the rate of oxidation is

dependent on the material cross-linking density. The resin
composed of dithiol HDT and triene TTT has a lower rubbery
modulus than the more highly functional system (TTTSH/
TTT). Additionally, the latter is a glassy material at the
oxidation temperature. The swelling, and the reaction itself, is
hindered more in TTTSH/TTT, and therefore the overall
process requires more time to reach completion. Nevertheless,
both materials were completely transformed into polysulfones
in less than 24 h of H2O2 treatment. Further, the oxidation does
not influence the initial cross-link density as the rubbery moduli
remained practically unchanged regardless of the oxidation
time. Also, the resultant polysulfone networks are characterized
by impressive degrees of structural homogeneity which was

similar to that of the neat thiol−ene materials. The full-widths-
at-half-maximum (fwhm) values for the glass transition span a
very narrow range of 20 °C, or even less. Finally, the stress−
strain profiles were collected for polysulfide TTTSH/TTT as
well as its gradient sulfide/sulfone composite counterparts
(Figure 2b). Because it is a hard and structurally homogeneous
glass, the pristine thiol−ene system revealed a high flexural
strength of 130 MPa.
Moreover, the sulfide/sulfone composite samples showed an

increase in flexural strength progressing gradually with the
degree of oxidation. After 8 h of oxidation, which was sufficient
to convert approximately half of the total amount of network
sulfides into sulfones, and/or sulfoxides, the process resulted in
a material characterized by an impressive maximal flexural
strength of 260 MPa. Fully oxidized samples (not included in
Figure 2b) were found to be more brittle, and although
possessed higher flexural modulus, their flexural strength
amounted to around 220 MPa.
Because of the inherent swelling, and necessary subsequent

solvent removal, the proposed network oxidation methodology
can be viewed as impractical for modifying thick films, or
otherwise large objects. Herein, we describe three application
approaches that are suitable for the oxidative modification of
functional thiol−ene materials. The current wet modification
method can be very efficient for treatment of small three-
dimensional objects. As described above, even the oxidation of
500 μm thick films presented no difficulties and resulted in
uniform and geometrically flawless materials.
Therefore, a selection of structurally distinct examples, i.e.,

micrometer-, and sub-micrometer-sized particles, structurally
ordered micropatterns, and soft lithography 3D objects, was
subjected to oxidation, feature analysis and overall quality
assessment.
Recently, we demonstrated the versatility of thiol-Michael

cross-linking reactions in the synthesis of monodisperse
microspheres.27,28 By employing a dispersion polymerization
method microparticles of diverse sizes and properties were
conveniently obtained. Moreover, other recent literature
examples also detail new procedures for the synthesis of
microparticles as well as nanoparticles based on radically
initiated thiol−ene polymerizations.51,52 Our current oxidation
technique enables efficient particle modification by including
one additional step in the particle synthesis route. After the
completion of the reaction, the step-growth particles are treated
with the oxidant while still in the solvent and prior to drying.
Particle synthesis/oxidation details are included in the
experimental section in the SI. It should be mentioned that
any sulfide-containing particles are easily modified by
redispersion in an oxidative solvent at any time after
polymerization.
Here, we employed a dispersion polymerization technique to

prepare and later oxidize sub-micrometer-sized thiol-Michael
particles. Trithiol (TMPTMP), divinyl sulfone (DVS) and
triethylamine (the catalyst) were used as the reactants. In
Figure 3, scanning electron microscopy (SEM) images as well
as optical microscopy images of monodisperse microspheres
before and after oxidation are presented.
Differential scanning calorimetry (DSC) was used to

measure the particles glass transition temperatures.
From the images included in Figure 3, it can be seen that the

particles perfectly retain their shape and size after oxidation. On
the other hand, the DSC data reveals that soft and rubbery
sulfide-containing microbeads (Tg = 8 °C) become hard and
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glassy sulfone-materials with Tg significantly higher than 100 °C
(Figure S4).
In another application example contact liquid photolitho-

graphic polymerization technique was used to fabricate
structurally ordered patterns from a photopolymerizable
thiol−ene resin. In this approach, a mixture of a trithiol,
TMPTMP, and a triene, TTT, deposited on a 250 μm thick
TMPTMP/TTT film was irradiated by a collimated UV light
through an aligned mask placed on top of the resin. After
irradiation, the mask was removed, and the unreacted resin was
washed out with ethyl acetate and dried. Two sets of
microfeatures, i.e., cylindrical columns with aspect ratio of
2.5:1 and linear panels with aspect ratio of 10:1, were thus
prepared and oxidized by immersion in 20% hydrogen peroxide
for 1 h (Figure 4).
Additionally, profilometry analysis was performed on the

linear patterns perpendicular to their layout direction. As seen
from Figure 4, the soft features yield under the moving stylus
which results in a ragged and disordered profile whereas the
hard features reveal an ordered riblet-like pattern. Because of
the high aspect ratio the soft features collapse under their own
weight which also results in characteristic wavy lines.
Finally, micrometer-sized 3D structures were created by

employing a two-photon polymerization technique (TPP).
Similar to the lithographic applications, a TMPTMP/TTT
thiol−ene formulation containing UV initiator (0.5 wt %) and
radical inhibitor (0.3 wt %) was used. Objects such as
horizontal springs and flat buffalo shapes were photo-
polymerized and subsequently oxidized by hydrogen peroxide
solution. Here, a more dilute H2O2 solution (15−20% in water)
was used to better preserve the faint features on glass substrates
and to avoid delamination. A nanoindenter apparatus was
chosen to characterize the mechanical properties before and
after oxidation. Exemplary images are included in Figure 5.
As seen from the images, there is no trace of any shape

distortion to observe after the modification nor any other
perceivable differences in shapes or sizes between the oxidized
and nonoxidized 3D objects that is discernible. Otherwise
identical structures are thus made that differ significantly only
in their mechanical properties. The modulus measured for the
soft features oscillated around 75 MPa, whereas the hard
features yielded a material with nearly 2 orders of magnitude
higher modulus at 5.9 GPa.

■ CONCLUSIONS

In summary, for the first time we demonstrated the
fundamental difference between polysulfide and polysulfone
network materials as well as a facile conversion method for
forming sulfone-containing networks from sulfide-containing
networks. As shown, sulfide oxidation is a convenient, clean,
and efficient method for the modification of any thioether-
based cross-linked material. Small and soft thiol−ene or thiol-
Michael objects or features are readily oxidized in bulk to
enhance dramatically their mechanical properties without
affecting final shapes or sizes. Entirely new high performance
sulfone-containing networks were shown to be suitable for
applications in the areas such as rapid prototyping, particle
synthesis, and soft/imprint lithography.
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