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Polydithioacetals can be facilely prepared, while the weak interchain interactions limit their potential
applications. Here, controlled oxidation of polydithioacetals to incorporate sulfoxides and sulfones into
the main chain was achieved at room temperature by using 3-chloroperoxybenzoic acid (mCPBA). The
polymer chains maintained good integrity during the oxidation, while the glass transition temperature of
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the resulting polymers significantly increased from —35 °C to 110 °C when all the sulfide groups were oxi-
dized to sulfones. The impact of oxidation on the surface hydrophilicity, thermal stability, mechanical
strength and oxidative stability of the polymer was further studied. Overall, the current work provides a
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Introduction

Polymers containing dithioacetal groups have recently
attracted increasing attention for applications as stimuli-
responsive biological materials and covalent adaptable
networks.'™ Versatile methods are reported to be effective in
creating polydithioacetal polymers (PTAs), including acid-cata-
lyzed thiol-aldehyde polycondensation, organic base-promoted
thiol-Michael addition between electron-deficient alkynes with
polymercaptans, chlorodimethylsilane-assisted reductive ether-
ification of aldehydes with dithiols, ring-opening polymeriz-
ation of dithioacetal-containing monomers, and thiol-acetal
exchange reactions.” ™" Recently, we have revealed the mecha-
nism of catalyst-free photo-polycondensation between alde-
hydes and polymercaptans.'? Aside from applications in nano-
materials or hydrogels, utilization of dithioacetal-containing
polymers as bulk materials shows advantages as high refractive
index materials, recyclable polymers, and degradable
materials.”>'® However, most linearly structured PTAs exhibit
low glass transition temperatures (7T,s) and limited mechanical
performance (Scheme 1A).

Methods to enhance the mechanical properties of PTAs can
be categorized into three groups (Scheme 1B): rigid mono-

mers,'* crosslinking'”™'° and nanocomposites.”® For example,
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new perspective for fine-tuning the chemical structure and properties of polydithioacetals.

a PTA from acid-catalyzed polymerization between 1,6-hexane-
dithiol and benzaldehyde has a T, of —29 °C and is a sticky
material (Scheme 1A).'> When benzaldehyde is copolymerized
with a rigid aromatic dithiol, the product shows a T, of 64 °C
and can be wused as a high-refractive-index plastic
(Scheme 1B)."* Recently, Zhang has reported the crosslinking
of benzaldehyde with a tetra-thiol monomer and obtained
recyclable and self-healable networks with a mechanical
strength of ~50 MPa.”’ Our group reported the interfacial
polymerization of 1,6-hexanedithiol and benzaldehyde in a
Pickering emulsion stabilized by cellulose nanocrystals, which
contain sulfonate groups on the surface to promote conden-
sation reactions.”® Composite materials with mechanical
strengths of up to 30 MPa were obtained. Overall, these
methods depend on the utilization of unique monomers,
while the availability of polymercaptans and aldehyde mono-
mers is relatively limited. Meanwhile, the creation of compo-
site materials complicated the process. A versatile and facile
method for tuning the bulk properties of PTAs is highly
anticipated.

Here, we report the impact of oxidation by mCPBA on the
thermomechanical performance, degradability, and surface
properties of PTAs, using a linear polymer from the polycon-
densation between benzaldehyde and 1,6-hexanedithiol as a
model (Scheme 1D).*>?* Although the oxidative degradation of
PTAs by reactive oxygen species and by refluxing in DMSO is
well documented, no study has been carried out for a milder
and controlled oxidation procedure.”'*** The degree of PTA
oxidation can be easily tuned by the charging ratio of mCPBA
to sulfur atoms. As observed, the PTA main chain stays stable
while the sulfur atoms are gradually oxidized to sulfoxides and
sulfones. With a higher degree of oxidation, the T, of the

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 (A) Polydithioacetals from the polycondensation between
benzaldehyde and 1,6-hexanedithiol, (B) strategies to enhance the
mechanical properties of benzaldehyde-based polydithioacetals, and (C)
oxidation of sulfides to enhance interchain interactions.

polymer gradually increased to 112 °C, and films can be
obtained through hot-pressing. Oxidation will transform the
sticky polymer into flexible films and brittle materials due to
the sulfone-sulfone interactions between the oxidized
2327 Interestingly, when the dithioacetal groups are
completely converted to sulfones, the product shows good
thermal stability and oxidative stability in refluxing DMSO.
Thus, the current work provides an alternative perspective for
fine-tuning the properties of PTAs.

chains.

Results and discussion
Oxidation of polydithioacetals

Benzaldehyde is a sustainable raw material, which can be
obtained by the chemical conversion of cinnamaldehyde, a key
component of plant essential oils.*® As shown in Scheme 1, it
undergoes polycondensation with 1,6-hexanedithiol at room
temperature to obtain the polydithioacetal polymer PO as a
transparent viscous product, consistent with our previous
report (Fig. S17). "H NMR spectra show a characteristic peak
for the dithioacetal proton (-S-CH-S-) at 4.8 ppm (Fig. 1a).
Among many oxidants, mCPBA was selected due to its high
selectivity, mild reaction conditions and ease of control. PO
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Fig. 1 (a) *H NMR analysis in d6-DMSO, (b) *C NMR analysis in d6-
DMSO, (c) FT-IR spectrum and (d) GPC analysis of PO, P0-0.6 & PO-2.

was then oxidized by mCPBA at increasing molar ratios to
sulfur atoms (0.4, 0.6, 1.0, and 2.0). The resulting materials
were named P0-0.4, P0-0.6, PO-1 and P0-2, respectively.

The oxidized products were analyzed by "H NMR (Fig. 1a
and Fig. S2t). P0-0.4 and P0-0.6 show apparent splitting and
broadening of the protons adjacent to the sulfur atoms (-CH,—
S-CH-S-CH,-) at 4.8 ppm and 2.3 ppm, meaning that a
certain ratio of the sulfur atoms was oxidized to sulfoxides.
When treated with more mCPBA, a complete shift of these
protons to 6.8 ppm and 3.2 ppm was observed in P0-2, indicat-
ing the conversion of sulfur atoms to sulfones (Fig. 1a). '*C
NMR analysis of PO, P0-0.6 and P0-2 confirmed the same trend
(Fig. 1b). The carbon signal near the sulfide group appeared in
the region of 25-35 ppm for PO. After oxidation, the signal
intensity at the original position of 25-35 ppm decreased sig-
nificantly, while a new peak appeared in the region of
40-60 ppm, corresponding to carbons near the sulfoxide and
sulfone groups.

Oxidation of PO was further tracked through FT-IR analysis
(Fig. 1c and Fig. S37). After oxidation, a new absorption peak
appeared at 1028 cm™', corresponding to the stretching
vibration of sulfoxide (S=O) from P0-0.4 and P0-0.6. After
increasing the ratio of mCPBA, a new absorption peak was
observed at 1105 cm™" in the spectra of PO-1 and P0-2, corres-
ponding to the stretching vibration of sulfone (0=S=0).>°""
Thus, on the main chain of P0-1, both sulfoxides and sulfones
are present, while it is difficult to quantify their ratios from
NMR and FT-IR results. Generally, with a higher mCPBA char-
ging ratio, more sulfone groups will be generated.***’

GPC results showed that the number average molecular
weight (M,,) of PO was 13.6 kDa, and the polydispersity index
(P) was 1.8 (Fig. 1d). To verify the polymer chain integrity after
the oxidation process, the oxidized polymer products (P0-0.4,
P0-0.6, P0-1, and P0-2) were subjected to GPC analysis (Fig. 1d
and Fig. S47). The M, of these polymers were found to be
20.8 kDa, 15.7 kDa, 8.1 kDa and 31.2 kDa, respectively, with
PDI between 1.8 and 2.3. P0-1 showed a decreased molecular
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weight as compared to PO, and the reason was still unknown
after repeating the experiment and analysis. Thus, during the
oxidation, the polymer chains maintained good integrity
without major chain breakage.

With the transformation of sulfur atoms into sulfoxides or
sulfones, the surface properties of PO will be altered. All poly-
mers were comparatively analyzed by X-ray photoelectron spec-
troscopy (XPS), as shown in Fig. 2a-c and Fig. S5.f In the
sulfur element analysis diagram, the PO S 2p spectrum shows
two peaks, corresponding to S 2ps, (binding energy ~ 163 EV)
and S 2p,), (*164 EV) of sulfide (-S-), and the oxidation state
of sulfur is —2. With moderate oxidation as shown in P0-0.6,
the characteristic peak of sulfoxide (S=O, S + 4) appears
(S 2ps;e = 165 EV, S 2py,, = 166 EV), while the sulfide peak
intensity was decreased and sulfoxide accounted for about
50%-70%. With the highest degree of oxidation (P0-2), the
sulfone peak dominates (S + 6 accounts for more than 90%),
the residue of sulfoxide is less than 5%, and the sulfide dis-
appears completely (Fig. 2¢).>*’

The water contact angle is a key index to measure the wett-
ability of a material’s surface, which reflects the polarity
characteristics and hydrophilicity of the material’s surface.
The introduction of sulfoxide (S=0) or sulfone (O=S=0) may
have an influence on its surface polarity and wettability.>!:3%3°
The water contact angle test results for PO before and after oxi-
dation are shown in Fig. 2d. The water contact angle of PO was
84.7°, which indicated obvious hydrophobicity. With increas-
ing degrees of oxidation, the water contact angle of the
product firstly decreased gradually to 51.5° for polymer P0-1,
indicating that its surface wettability was significantly
improved and its hydrophilicity was enhanced with more sulf-
oxide groups on the main chain. Interestingly, P0-2, which has
a high degree of sulfonation, shows a similar water contact
angle (84.8°) to that of P0. This phenomenon arises because
both sulfoxide and sulfone moieties can engage in hydrogen
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Fig. 2 XPS analysis of polymers (a) PO, (b) P0-0.6, and (c) P0O-2; (d)
water contact angles of PO and the oxidized polymer products.
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bonding with water; however, the hydrogen bonds formed by
sulfoxide groups are significantly stronger than those formed
by sulfone groups, which is well documented.*>*' Meanwhile,
the sulfone-sulfone bonding is reported to be a strong inter-
action, further forbidding its interaction with water.>

Thermal and mechanical properties

Sulfoxides and sulfones are polar functionalities compared to
sulfides. Sulfone-sulfone non-covalent interactions were found
to contribute to the polymer’s mechanical properties (Fig. 3a).
Recently, salt-responsive polymer assemblies were obtained
through a polymerization-induced sulfone-bond-driven self-
assembly process.”® In the current work, by treating with
increasing ratios of mCPBA, the resulting polymer would
contain more polar moieties (sulfoxide or sulfone). According
to DSC analysis (Fig. 3b), PO has a glass transition temperature
(Ty) of —35.7 °C. After oxidation, the T,s of the resulting
materials were found to be —19.0 °C, 69.0 °C, 79.8 °C and
110.2 °C for P0-0.4, P0-0.6, P0-1 and PO0-2, respectively.
Apparently, T, of PO can be facilely manipulated by mCPBA oxi-
dation. The impact of oxidation on the polymer thermal stabi-
lity is then evaluated by TGA (Fig. 3c). From the discussion
above, we know that P0-2 is almost completely oxidized and all
the sulfur atoms are converted to sulfones, while the other
polymers (P0-0.4, P0-0.6, and P0-1) have different ratios of
sulfide, sulfoxide, and sulfone. The initial decomposition
temperature (D5, the temperature at which the polymer loses
5% of its original weight) of PO is calculated to be 283.5 °C,
indicating good thermal stability. With increasing degrees of
oxidation to P0-0.4, P0-0.6 and P0-1, the thermal stability was
apparently sacrificed. These three polymers started to degrade
at temperatures below 170 °C. In contrast, the fully oxidized
polymer P0-2 shows a D5 of 293 °C and a much higher residue
percentage at 700 °C (~20%) than PO (~5%), indicating
enhanced thermal stability. The presence of sulfoxide will
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Fig. 3 (a) Schematic illustration of sulfone-sulfone interactions
between the oxidized polydithioacetal polymers; (b) DSC and (c) TGA
analyses of PO and the oxidized polymer products; and (d) tensile test
results of polymers P0-0.6.
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reduce the thermal stability of the sulfide polymers, while
sulfone groups will increase their thermal stability.*"** As
extensively documented in the prior literature, sulfoxide
groups within the polymer backbone are susceptible to the
Pummerer rearrangement reaction upon heating. This intra-
molecular rearrangement involving the SO group disrupts the
polymer structure, facilitating premature thermal degradation
and thereby lowering the decomposition temperature of poly-
sulfoxides.*” In contrast, the sulfone (-SO,-) groups present in
polysulfones lack this specific rearrangement pathway. Their
higher oxidation state and symmetrical structure confer
greater thermal robustness.*?

Polymer PO is a highly tacky and viscous polymer and not
suitable for mechanical testing. After the oxidation, all poly-
mers (except P0-0.4) show apparently enhanced hardness over
P0. Through a hot-pressing step, free-standing plastic films
can be obtained from the oxidized products (Fig. S1f). We
noticed that both polymers P0-1 and P0-2 were too brittle for
carrying out tensile testing. In contrast, polymers P0-0.6 are
flexible films and show a stress-at-break of over 8 MPa and a
strain-at-break of >60%. Thus, with the optimized degree of
oxidation, the mechanical properties of PO can be easily tuned,
while the mechanism lies in the molecular chain interactions
within the oxidized products.

Degradation studies

Poly(dithioacetal) polymers undergo oxidative degradation,
catalytic photodegradation'® and cation-triggered degradation.'>
The degradability offers merits for their post-usage treatment.
Choosing P0-0.6 and P0-2 as examples, we evaluated their oxi-
dative degradation performance by refluxing in DMSO.

P0-0.6 was easily degraded into low molecular weight pro-
ducts (Fig. 4). After refluxing in DMSO for 36 hours, the initial
colorless solution turned to a dark colored solution (Fig. 4a).
When the degradation study was carried out in d6-DMSO, 'H
NMR analysis of the products indicated the disappearance of
the peak at 4.5-5.0 ppm, which corresponds to the proton on
the carbon of the initial dithioacetal group. Meanwhile, the
proton for the aldehyde group appeared around 9.8 ppm, indi-
cating the regeneration of benzaldehyde (Fig. 4b). The obser-
vation is similar to our previous report on the degradation of a
vanillin-based polydithioacetal polymer due to a Swern oxi-
dation mechanism.'® GPC analysis of the resulting solution
shows no peak for high-molecular-weight products (Fig. 4c).

(a) Refluxing P0-0.6 inDMSO  (b) (c)
degraded by DMSO A
degraded by DMSO

PO-06

8 6 4 2 2 4 6 8 10 12 14
Chemical shift (ppm) Retention time (min)

Fig. 4 (a) Photographs showing the treatment of P0-0.6 in DMSO; (b)
H NMR and (c) GPC analyses of P0-0.6 before and after DMSO
oxidation.
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Fig. 5 (a) Photographs showing the treatment of PO-2 in DMSO and
DMSO-DBU; (b) *H NMR and (c) GPC analyses of PO-2 before and after
the degradation study.

When polymer P0-2 was treated similarly, no significant
degradation was observed, and the solution maintained good
clarity (Fig. 5a). "H NMR analysis indicates the presence of
almost all the characteristic peaks of P0-2, while no aldehyde
peak was detected (Fig. 5b). However, the acetal proton at
6.8 ppm largely disappeared. We attribute this observation to
the H-D exchange between P0-2 and d6-DMSO at high temp-
erature, due to the acidity of the acetal proton, which is con-
nected to two strong electron-withdrawing sulfone groups. As a
controlled study, CF;COOH is added to the P0-2 solution in
d6-DMSO, and the acetal proton can still be detected after
heating for 36 hours (Fig. S6T). GPC analysis of the treated
polymer also shows similar elution curves to that of the
untreated product (Fig. 5c¢). Thus, the complete sulfonation
process by mCPBA enhanced their oxidative stability under
DMSO treatment.

Alternatively, when an organic base (DBU) was added into
the solution at a 5% weight ratio of P0-2, the sulfone-contain-
ing polymer could be easily degraded at 160 °C as confirmed
by "H NMR and GPC testing. After decreasing the temperature
to 130 °C, the acetal proton was still observed after heating in
d6-DMSO-DBU for 36 hours. Thus, a high temperature is
necessary to promote the degradation of P0-2 in DMSO-DBU
solution (Fig. S7t). The acidity of the protons on the carbons
adjacent to the sulfone groups (-CH,-SOO-CHPh-SOO-CH,-)
might shed light on the degradation mechanism of P0-2 under
basic conditions, as demonstrated in previous studies on the
degradation of sulfone-containing polymers.***>

Experimental

Materials

1,6-Hexanedithiol (99%), dimethyl sulfoxide (DMSO, 99.94%),
and sodium bicarbonate (NaHCOj;, 99.5%) were purchased
from Bidepharm. Sodium bisulfite was purchased from
Macklin, and benzaldehyde (99%), 3-chloroperoxybenzoic acid
(mCPBA, 75%), and ammonia (AR, 25-28%) were purchased

Polym. Chem., 2025, 16, 3344-3350 | 3347
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from Aladdin. Trifluoroacetic acid (CF;COOH, 99%) was pur-
chased from Energy Chemical, and dimethylformamide (DMF)
and anhydrous ether (AR) were purchased from ZhanYun. DBU
and dichloromethane (DCM, AR) are from General Agents. All
chemicals were used as received without further purification.

Instruments

A 600 MHz Agilent DD2 branch magnetic resonance spectro-
meter (Agilent Technology Company of the United States) was
used to record the "H NMR and *C NMR spectra, and dé-
DMSO was used for all tests. Fourier-transform infrared spec-
troscopy (FT-IR, Bruker of Germany) was performed using a
Tensor II Fourier transform infrared spectrometer. The spectra
were obtained via attenuated total reflection (ATR) technology.
The test scanning range is 400-4000 cm™", the resolution is
4 cm™', and the scanning speed is 0.2 cm s~ . Gel permeation
chromatography (GPC) (Agilent Technology Company of
Germany) with a G1316A detector, an Agilent 1260 HPLC
pump and PL gel (MIXED-A, effective molecular weight range
200-2 000 000) was used to determine the molecular weight
and molecular weight distribution of the polymer samples.
The samples were dissolved in N,N-dimethylformamide at
2 mg ml™' and filtered with a filter with an aperture of
0.22 um before measurement. A Netzsch 200F3 DSC (TA of the
United States) was used to check the glass transition tempera-
ture (Ty) of the polymer samples. First, the sample was heated
from room temperature to 120 °C at 10 °C min~" and kept at
equilibrium for 3 min to remove the heat history. Then, the
temperature was immediately dropped to —4 °C for 3 min
before being gradually increased to 12 °C at 1 °C min~"'. The
thermal stability of the films was measured by thermo-
gravimetric analysis (TGA instrument, Netzsch 209F3, TA of
the United States) at a heating rate of 10 °C min™" from room
temperature to 100 °C and maintained for 10 min. Then they
were heated to 600 °C at 10 °C min™" under a nitrogen atmo-
sphere (80 mL min~" flow rate). About 8 mg is used for each
sample. X-ray photoelectron spectroscopy (XPS, Thermo Fisher
Scientific K-Alpha of the United States) spectra were recorded
using KRATOS, AXIS SUPRA+, and the profiles were analyzed
using the XPSPEAK software system. The tensile test
(Shenzhen Sansi Company of China) was carried out on the
UTM250 2 universal testing machine equipped with a 500 N
sensor at room temperature. The tensile sample was prepared
into a standard bone-like spline with a cutting knife and
tested at the speed of 5 mm min™". Static water contact angles
were measured by using the sessile droplet method with a
dosing volume of 2.0 ul and a dosing rate of 1.0 ul s™*. The
result was acquired by taking the average value from more
than ten measurements.

Oxidation of polymer PO

The polydithioacetal polymer PO was prepared from 1,6-hexa-
nedithiol and benzaldehyde according to our previous
report.'® Then, PO was oxidized by m-CPBA with different
molar ratios (0.4, 0.6, 1.0, 2.0) of mCPBA to the sulfur atoms in
PO, and the resulting polymers are named P0-0.4, P0-0.6, P0-1,

3348 | Polym. Chem., 2025, 16, 3344-3350
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and P0-2. The oxidation process is the same and the prepa-
ration of P0-0.4 is given here for demonstration. At room temp-
erature, polymer PO (3 g, 0.0252 mol S) was dissolved in 40 ml
of DMF in a round-bottom flask. 3-Chloroperoxybenzoic acid
(2.157 g, 0.0937 mol) was completely dissolved in 5 ml of DMF
and then added to the above round bottom flask. The mixture
was stirred at room temperature for 12 hours before adding
50 ml of saturated sodium bisulfite solution dropwise, and the
mixture was stirred for 2 hours. The precipitated polymer was
washed with 100 ml of saturated sodium bicarbonate for
2 hours and then rinsed with anhydrous ether three times.
The product was finally dried in a vacuum oven at 70 °C to
have P0-0.4.

Degradation study of the oxidized polymers

The degradation of the oxidized polymers was evaluated by
refluxing in DMSO-d6. Briefly, 100 mg of the polymer is dis-
solved in 5 ml of DMSO-d6 and refluxed at 160 °C for 36 hours
in an oil bath. Photographs of the solution are taken before
and after the reaction. The solution is utilized for GPC and 'H
NMR tests for molecular weight and structural information.
For polymer P0-2, another degradation test was carried out by
adding 5 mg of DBU to the polymer solution (0.1 g in 5 ml
DMSO-d6) and heating at 160 °C for 36 hours before GPC and
'H NMR analyses.

Conclusions

In summary, we carried out a systematic study on the impact
of oxidation on the properties of polydithioacetals. By control-
ling the ratio of mCPBA to the sulfur atoms, the degree of con-
version to sulfoxides and sulfones can be tuned, which has a
direct impact on the wetting, thermal, mechanical and degra-
dation performances of the resulting polymers. In particular,
the T, of the initial polymer was increased from —35 °C to
110 °C after the complete transformation of sulfides to sul-
fones. Meanwhile, the polymer turned from tacky to be elastic
and brittle with an increased degree of oxidation. The partially
oxidized product maintained oxidative degradation capability
in refluxing DMSO, while the completely oxidized product was
stable after a similar treatment but could be degraded by an
organic base. Overall, the current work provides a new perspec-
tive for tuning the properties of polydithioacetals besides the
monomer structures and forming nanocomposites.
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