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of Chemistry The mechanical strength of individual polymer chains is believed to underlie a number of performance
metrics in bulk materials, including adhesion and fracture toughness. Methods by which the intrinsic
molecular strength of the constituents of a given polymeric material might be switched are therefore
potentially useful both for applications in which triggered property changes are desirable, and as tests of
molecular theories for bulk behaviors. Here we report that the sequential oxidation of sulfide containing
polyesters (PE-S) to the corresponding sulfoxide (PE-SO) and then sulfone (PE-SO,) first weakens

(sulfoxide), and then enhances (sulfone), the effective mechanical integrity of the polymer backbone; PE-
Received 8th August 2020 S ~ PE-SO, > PE-S0. The relati hanical strength function of oxidation state i led
Accepted 11th Septernber 2020 ~ PE-SO, > PE-SO. The relative mechanical strength as a function of oxidation state is reveale

through the use of gem-dichlorocyclopropane nonscissile mechanophores as an internal standard, and

DOI: 10.1039/d0sc04381h the observed order agrees well with the reported bond dissociation energies of C-S bonds in each

Open Access Article. Published on 14 September 2020. Downloaded on 2/7/2026 3:02:58 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/chemical-science

Introduction

The mechanochemical scission of individual polymer chains
limits their individual toughness, and it is also hypothesized to
directly impact macroscopic material properties including, in
some cases, the critical performance metrics of fracture
toughness and adhesion." Strategies for the in situ switching of
the intrinsic molecular strength of a given polymeric material
are therefore attractive on two fronts: (i) as a mechanism
through which stimuli-responsive mechanical properties might
be achieved; and, (ii) as a direct probe to test long-held molec-
ular theories for bulk behaviors (e.g., the Lake-Thomas theory?).
To date, the external regulation of mechanochemical scission
has been achieved using a photo-adaptable diarylethene-
conjugated Diels-Alder adduct.? Inspired by this report, we
sought an externally switchable mechanophore, with the
following design parameters in mind: (i) minimal size; (ii) ease
of synthesis; (iii) preceding use in bulk materials synthesis; (iv)
responsiveness to stimuli other than light, in order to comple-
ment the prior work.

To this end, we hypothesized that controlling the oxidation
of sulfide, which can be conveniently incorporated into poly-
mers, provides an opportunity to achieve oxidative regulation of
the mechanical strength of a C-S bond. Relative to polymeric
systems that respond to light,* heat,® pH,® force,” and other
stimuli,®*® polymers whose properties are responsive to
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species and with the results of CoGEF modeling.

oxidation state play remarkable roles in controlled assembly,™
self-healing ability,"”> adjusting gel volume,” and drug
delivery.***® Construction of such polymers is achieved through
incorporation of oxidizable or reduceable (including, in some
circumstances, those can be reversibly switched between two
oxidation states) chemical functional units, including ferro-
cene,” selenide/diselenide,’®* platinum complexes, sulfide,
aryl oxalate esters, phenylboronic esters, thioketals, proline,
etc.”® Among these systems, we were drawn to sulfide containing
polymers, which are easily constructed through thiol-ene
“click” reactions,”® Michael additions,” ring-opening of
ethylene/propylene sulfide**** and other scalable and accessible
chemistry pathways.”*** Sulfide-based polymers are further
useful in fabricating materials that are capable of adapting
nanomorphology,* changing solubility,*”** tuning mechanical
modulus®* and conductivity,® and delivering drugs when
exposed to oxidants. Generally, the response is triggered by
oxidizing sulfide to sulfoxide or sulfone, which is accompanied
by a change in dipole moment/hydrophilicity.*

The oxidation to sulfoxide or sulfone affects the C-S bond
dissociation energy,®® and we hypothesized that the corre-
sponding mechanical strength (force required for the rapid
mechanochemical scission of the corresponding C-S bond)
might change similarly. The relative mechanical strengths of
sulfide, sulfoxide, and sulfone can be quantified through the
use of a nonscissile gem-dichlorocyclopropane (gDCC) mecha-
nophore as an internal standard in pulsed sonication experi-
ments.>* Relative to the conventional single chain-centered
mechanophore strategy, for which the main challenge lies in
the quantification of mechanophore activation,* the use of
multiple scissile mechanophores and nonscissile internal

This journal is © The Royal Society of Chemistry 2020
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standards within the same polymer®* enhances the ability to
detect differences in reactivity that might not be obvious from,
for example, relative rates of chain scission in single-
mechanophore polymers.®” As illustrated in Fig. 1, there exists
a competition between gDCC ring-opening and C-S bond scis-
sion, and the extent to which gDCC ring-opening could occur
before chain scission depends on the mechanical strength of
C-S bonds. The percentage of gDCC ring opening (gDCC RO%)
per chain scission cycle (SC, where SC = In(M{”/MY)/In 2) is
characterized by @, the slope of gDCC RO% vs. SC, and it
indicates the relative mechanical strength of a gDCC containing
polymer, ie., a lower @ value means a weaker polymer chain.
Mechanistic studies have revealed that the use of @ value
accounts for variations in temperature, solvent, concentration,
sonication amplitude, etc., but that the initial contour length
(M,,) of the polymer does matter, with shorter polymers having
higher @ values (e.g., for a polybutadiene based gDCC polymer,
@ = 0.92 for M, = 59 kDa vs. ¢ = 0.69 for M,, = 92 kDa).* This
quantification strategy has been applied to studies of the rela-
tionship between covalent bond strength and mechanical
strength,***° the mechanochemistry of metallocenes***' the
chain dynamics of cyclic polymers** under high strain rate
elongational flows, and the subtle influence of stereochemical
effects on the mechanical reactivity of Diels-Alder adducts.?”

Results and discussion

We prepared multi-mechanophore gDCC and sulfide contain-
ing copolymers using a polyesterification strategy (Scheme
1).27** Copolymerizing glutaric acid 1, 3,3’-thiodipropionic acid
2, and gDCC diol 3 (molar ratio, 1/2/3 = 4 :1: 5) monomers
gave a PE-S polymer containing the expected 20 mol% of sulfide
repeats along the backbone. The greater the concentration of
scissile mechanophore, the smaller the contribution from non-
specific chain scission, and 20 mol% is typically more than
sufficient to allow mechanical strength to be characterized as
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Fig. 1 Illustration of competition between gDCC ring opening and
C-S bond scission on polymer backbone under sonication. Relative
mechanical strength of C-S bonds in sulfide, sulfoxide and sulfone
were compared.
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Scheme 1 Synthesis of sulfide containing polymer and corresponding
oxidation of sulfide to sulfoxide and sulfone.
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a function of bond strength® or reaction stereochemistry.*” PE-S
was further oxidized to either the corresponding polysulfoxide
(PE-SO) using a mild oxidation protocol* or polysulfone (PE-
SO,) using meta-chloroperoxybenzoic acid (mCPBA) as an
oxidant.

Obtained polymers were analyzed by GPC (THF mobile
phase) coupled with refractive index (RI) and multi-angle light
scattering (MALS) detectors. As shown in Fig. 2a, oxidation of
PE-S to PE-SO and PE-SO, leads to a shift in retention time from
13.81 min to 14.06 min, and 13.94 min, respectively. Molecular
weights (M,,) determined by MALS are consistent with the shifts
in retention time; M,, = 72 kDa for PE-S (Dy; = 1.45), M,, = 54
kDa for PE-SO (Py; = 1.48), and M,, = 60 kDa for PE-SO, (Py; =
1.48). We attribute the reduction in M,, on going from PE-S to
PE-SO to low levels of oxidative degradation, and the increase in
M, on subsequent oxidation to PE-SO, to the addition of O
atoms to the polymer chains.

The conversion of sulfide to sulfoxide and sulfone is verified
by '"H NMR spectroscopy. The protons o and B to the sulfur
atom (H, and Hy, Fig. 2b) begin as clean triplets at 2.84 and
2.67 ppm in PE-S. Upon oxidation, H, evolves into two coupled
multiple peaks at 3.10 and 2.96 ppm, and Hj, shifts to 2.91 ppm,
which agree well with reported values.*>*® The splitting of H, is
a result of the asymmetry of the sulfoxide, which renders the
two H, protons diastereotopic and magnetically inequivalent.
Further oxidation to the symmetric sulfone restores the two
triplet peaks, albeit at positions that are further downfield (d =
3.40 ppm and 2.94 ppm).*” Other peaks in the spectra remain
effectively unchanged. Integration of H,/Hy relative to other
backbone protons reveals that the molar content of sulfide,
sulfoxide, and sulfone stays at a constant value of ~20 =+
1 mol% (see ESIt), establishing the selective oxidation of sulfide
to sulfoxide and sulfone.

Ultrasonication was used to quantify the relative mechanical
strength of the polymer as a function of its oxidation state. The

Chem. Sci., 2020, 11, 10444-10448 | 10445
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Fig. 2 (a) Normalized GPC traces (Rl signal, THF eluent) of PE-S, PE-
SO and PE-SO,. (b) *H NMR (500 MHz, CDCls) spectra of PE-S, PE-SO,
and PE-SO.,.

M,, of initial PE-S is 72 kDa, which corresponds to a greater
contour length than is found in the direct products of its
sequential oxidation: PE-SO (M,, = 54 kDa) and PE-SO, (M,, = 60
kDa). The initial M, affects the @ value and therefore compli-
cates a direct comparison of C-S bond strength as a function of
oxidation state in cases where a slightly lower @ value is ob-
tained for a longer polymer. Such is the case when comparing
PE-S to PE-SO, (see above discussion and Fig. S51), and so we
investigated another PE-S polymer with M, = 60 kDa (Dy =
1.44) to facilitate the comparison with PE-SO (M,, = 54 kDa) and
especially PE-SO, (M,, = 60 kDa). Results obtained with the 72
kDa parent polymer, however, are consistent with the 60 kDa
polymer and show that the variation in mechanical reactivity
can be obtained through sequential oxidation within a given
polymer. In a typical experiment, a THF solution of the polymer
(2 mg mL™") was treated with pulsed ultrasonication (30%
amplitude, 1s on, 1s off, ice bath, N,), with aliquots removed
and analyzed periodically until the M, was reduced to nearly
half of its initial value. As the M,, decreased, the extent of gDCC
ring opening increased. For example, after subjection of PE-S
polymer to ultrasonication for 45 min, the M, drops from 60
kDa to 36 kDa, and this is accompanied by 29% gDCC ring
opening along the polymer backbone (Fig. 3a). Here, polymer
chain scission is ascribed to the selective C-S bond cleavage,

10446 | Chem. Sci, 2020, 1, 10444-10448
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Fig. 3 (a) The evolution of M,, in PE-S and corresponding percentage
of gDCC ring opening at various sonication times. (b) The fraction of
gDCC ring opening vs. scission cycle for each C-S containing poly-
mer. PE-S (M, = 60 kDa), PE-SO (M,, = 54 kDa) PE-SO, (M,, = 60 kDa).

based on previous evidence that the C-S bond is, mechanically,
arelatively weak bond compared with other C-C and C-O bonds
along the polymer backbone (also see discussion below).** The
chain scission cycle (SC) is calculated according to the following
equation:

SC — In MO —In MV
In2

where M® and MUY are initial and sonicated molecular weight,
respectively.

The evolution of gDCC RO% vs. SC is shown in Fig. 3b. The @
value of PE-SO is 0.12, vs. 0.38 for PE-S. Interestingly, increasing
the oxidation state further to the corresponding sulfones in PE-
SO, leads to a @ value of 0.37. The evolution in @ values suggests
that as the sulfide is oxidized to sulfoxide and sulfone, the
relative mechanical strength of C-S bonds in each polymer
follows the order: PE-S ~ PE-SO, > PE-SO. A rough way to eval-
uate this outcome is comparing the C-S bond dissociation
energy (BDE), for the reason that mechanically induced bond
cleavage is essentially a force-assisted bond dissociation. Prior
work by others suggest that the C-S BDEs of sulfide, sulfoxide,
and sulfone are 74-77 kcal mol™, 53-54 kcal mol™*, and
~68 kecal mol ', respectively.® These BDE values are substan-
tially smaller than those of conventional C-C (>80 kcal mol )
or C-O (>90 kcal mol~")***° bonds, and indicate that the chain

This journal is © The Royal Society of Chemistry 2020
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Table 1 Computational bond dissociation energies (BDE) of C-S
bonds in sulfide, sulfoxide and sulfone. Calculations were set in
continuum dielectric of 7.43 (simulating a nonpolar solvent)

C-S bond Sulfide Sulfoxide Sulfone

BDE (kcal mol ™) 68 46 60

scission preferentially occurs at the C-S bond along the polymer
backbone. That the sulfur species are responsible for chain
scission is supported by two pieces of evidence. First, a previous
study of the polyester obtained from copolymerization of gDCC
and glutaric acid showed that @ = 0.63 for that polymer, even
though the polymer in question had a much higher molecular
weight (M, = 140 kDa) and longer contour length than the
polymer employed here (higher contour length corresponds to
lower @).*” Second, CoGEF simulations of extension lead to
scission of the C-S bond in all species (see ESIt).

The relative mechanical strength (PE-S ~ PE-SO, > PE-SO) is
aligned with the BDEs of the various C-S bonds. We computed
the relative BDEs of the C-S bonds within the sulfide, sulfoxide
and sulfone. The calculation was performed using DFT
method on theory level of B3LYP/6-311+G** (details provided
in ESIf). As shown in Table 1, the calculated BDEs of C-S
bonds follows the order of sulfide > sulfone > sulfoxide, and
the relative values agree both with prior work®* and with the
relative mechanical strengths inferred from the ultra-
sonication study. Robb and co-workers®® have recently re-
ported good agreement between the peak force sustained by
CoGEF calculations and the propensity of a given bond to
break, and a similar trend is observed here (see Table S1, ESIT).
In addition, a very recent study by Diesendruck et al.>* on the
impact of intramolecular crosslinker on the mechanochemical
fragmentation of covalently folded polymers found that the
sulfone crosslinkers are slightly more prone to mechanical
fragmentation than are sulfide crosslinkers. The results here
are consistent with the observations by Diesendruck and co-
workers reflecting the intrinsic mechanical strength of the
crosslinkers rather than differences in the shape of collapsed
chains brought about by the polarity of the sulfone.

Conclusions

In conclusion, the above results demonstrate a straightforward
approach by which to regulate the mechanical strength of C-S
bonds in polymers through oxidation reactions. Combined with
the wide range of strategies to embed sulfides in polymers, this
result facilitates the preparation of polymeric materials in
which the mechanical response of C-S bonds to an external
oxidant alters the strength and toughness of a single polymer
chain. We reason that the ability to attain in situ switching of
mechanochemical scission provides a means to test models that
connect single molecular and bulk properties. Looking ahead,
a promising opportunity for this and similar methodologies lies
in testing molecular theories of polymer fracture behavior (e.g.,
Lake-Thomas theory?®), in which the energy dissipation can be
correlated to single chain toughness."

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This material is based on work supported by the National
Science Foundation under grant CHE-1808518 (to S. L. C.).

Notes and references

1 S. Wang, S. Panyukov, M. Rubinstein and S. L. Craig,
Macromolecules, 2019, 52, 2772-2777.

2 G.].Lake and A. G. Thomas, Proc. R. Soc. London, Ser. A, 1967,
300, 108-119.

3 J. Kida, K. Imato, R. Goseki, D. Aoki, M. Morimoto and
H. Otsuka, Nat. Commun., 2018, 9, 3504.

4 O. Bertrand and ].-F. Gohy, Polym. Chem., 2017, 8, 52-73.

5 D. Roy, W. L. Brooks and B. S. Sumerlin, Chem. Soc. Rev.,
2013, 42, 7214-7243.

6 G. Kocak, C. Tuncer and V. Biitlin, Polym. Chem., 2017, 8,
144-176.

7 J. Li, C. Nagamani and ]. S. Moore, Acc. Chem. Res., 2015, 48,
2181-2190.

8 M. A. Stuart, W. T. Huck, J. Genzer, M. Muller, C. Ober,
M. Stamm, G. B. Sukhorukov, I. Szleifer, V. V. Tsukruk,
M. Urban, F. Winnik, S. Zauscher, I. Luzinov and S. Minko,
Nat. Mater., 2010, 9, 101-113.

9 ]J. Hu, G. Zhang and S. Liu, Chem. Soc. Rev., 2012, 41, 5933~
5949.

10 M. Wei, Y. Gao, X. Li and M. J. Serpe, Polym. Chem., 2017, 8,
127-143.

11 L. Liu, L. Rui, Y. Gao and W. Zhang, Polym. Chem., 2015, 6,
1817-1829.

12 M. Nakahata, Y. Takashima, H. Yamaguchi and A. Harada,
Nat. Commun., 2011, 2, 511.

13 M. Nakahata, Y. Takashima, A. Hashidzume and A. Harada,
Angew. Chem., Int. Ed., 2013, 52, 5731-5735.

14 M. Huo, ]. Yuan, L. Tao and Y. Wei, Polym. Chem., 2014, 5,
1519-1528.

15 C.-C. Song, F.-S. Du and Z.-C. Li, J. Mater. Chem. B, 2014, 2,
3413-3426.

16 X. Zhang, L. Han, M. Liu, K. Wang, L. Tao, Q. Wan and
Y. Wei, Mater. Chem. Front., 2017, 1, 807-822.

17 J. Wu, L. Wang, H. Yu, A. Zain-ul, R. U. Khan and M. Haroon,
J. Organomet. Chem., 2017, 828, 38-51.

18 J. Xia, T. Li, C. Lu and H. Xu, Macromolecules, 2018, 51, 7435-
7455.

19 L. Wang, K. Zhu, W. Cao, C. Sun, C. Lu and H. Xu, Polym.
Chem., 2019, 10, 2039-2046.

20 J. M. Sarapas and G. N. Tew, Angew. Chem., Int. Ed., 2016, 55,
15860-15863.

21 D. P. Nair, M. Podgorski, S. Chatani, T. Gong, W. Xi,
C. R. Fenoli and C. N. Bowman, Chem. Mater., 2013, 26,
724-744.

22 G. Kilcher, C. Duckham and N. Tirelli, Langmuir, 2007, 23,
12309-12317.

Chem. Sci., 2020, 1, 10444-10448 | 10447


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc04381h

Open Access Article. Published on 14 September 2020. Downloaded on 2/7/2026 3:02:58 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

23 V. V. Khutoryanskiy and N. Tirelli, Pure Appl. Chem., 2008, 80,
1703-1718.

24 W.-X. Wu, X.-L. Yang, B.-Y. Liu, Q.-F. Deng, M.-M. Xun,
N. Wang and X.-Q. Yu, RSC Adv., 2016, 6, 11870-11879.

25 J. Herzberger, K. Fischer, D. Leibig, M. Bros, R. Thiermann
and H. Frey, J. Am. Chem. Soc., 2016, 138, 9212-9223.

26 A. Napoli, M. Valentini, N. Tirelli M. Muller and
J. A. Hubbell, Nat. Mater., 2004, 3, 183-189.

27 X. Fu, Y. Ma, Y. Shen, W. Fu and Z. Li, Biomacromolecules,
2014, 15, 1055-1061.

28 D. Jeanmaire, J. Laliturai, A. Almalik, P. Carampin,
d. A. Richard, E. Lallana, R. Evans, R. E. P. Winpenny and
N. Tirelli, Polym. Chem., 2014, 5, 1393-1404.

29 F. El-Mohtadi, R. d'Arcy and N. Tirelli, Macromol. Rapid
Commun., 2019, 40, €1800699.

30 M. Podgorski, C. Wang, Y. Yuan, D. Konetski, I. Smalyukh
and C. N. Bowman, Chem. Mater., 2016, 28, 5102-5109.

31 J. M. Sarapas and G. N. Tew, Macromolecules, 2016, 49, 1154—
1162.

32 R. d'Arcy and N. Tirelli, Polym. Adv. Technol., 2014, 25, 478-
498.

33 S. W. Benson, Chem. Rev., 1978, 78, 23-35.

34 B. Lee, Z. Niu, J. Wang, C. Slebodnick and S. L. Craig, J. Am.
Chem. Soc., 2015, 137, 10826-10832.

35 R. Stevenson and G. De Bo, J. Am. Chem. Soc., 2017, 139,
16768-16771.

36 B. H. Bowser and S. L. Craig, Polym. Chem., 2018, 9, 3583~
3593.

37 Z. Wang and S. L. Craig, Chem. Commun., 2019, 55, 12263—
12266.

10448 | Chem. Sci, 2020, 1, 10444-10448

View Article Online

Edge Article

38 J. M. Lenhardt, A. L. B. Ramirez, B. Lee, T. B. Kouznetsova
and S. L. Craig, Macromolecules, 2015, 48, 6396-6403.

39 J. Wang, T. B. Kouznetsova and S. L. Craig, J. Am. Chem. Soc.,
2015, 137, 11554-11557.

40 Y. Sha, Y. D. Zhang, E. H. Xu, Z. Wang, T. Y. Zhu, S. L. Craig
and C. B. Tang, ACS Macro Lett., 2018, 7, 1174-1179.

41 Y. Sha, Y. Zhang, E. Xu, C. W. McAlister, T. Zhu, S. L. Craig
and C. Tang, Chem. Sci., 2019, 10, 4959-4965.

42 Y. Lin, Y. Zhang, Z. Wang and S. L. Craig, J. Am. Chem. Soc.,
2019, 141, 10943-10947.

43 Z. S. Kean, Z. Niu, G. B. Hewage, A. L. Rheingold and
S. L. Craig, J. Am. Chem. Soc., 2013, 135, 13598-13604.

44 R. Kakarla, R. G. Dulina, N. T. Hatzenbuhler, Y. W. Hui and
M. ]. Sofia, J. Org. Chem., 1996, 61, 8347-8349.

45 J. M. Becht, A. Wagner and C. Mioskowski, J. Org. Chem.,
2003, 68, 5758-5761.

46 ]J.F. Lohier, F. Foucoin, P. A. Jaffres, ]J. I. Garcia, J. Sopkova-de
Oliveira Santos, S. Perrio and P. Metzner, Org. Lett., 2008, 10,
1271-1274.

47 C.-C. Wang, ]J.-F. Kuo and C.-Y. Chen, Macromol. Chem. Phys.,
1994, 195, 1493-1502.

48 S. W. Benson, J. Chem. Educ., 1965, 42, 502-518.

49 B. d. Darwent, National Standard Reference Data Series-
National Bureau of Standards, No. 31, Washington, DC, 1970.

50 I. M. Klein, C. C. Husic, D. P. Kovacs, N. J. Choquette and
M. ]J. Robb, J. Am. Chem. Soc., 2020, DOIL 10.1021/
jacs.0c06868.

51 A. Levy, H. Goldstein, D. Brenman and C. E. Diesendruck, J.
Polym. Sci., 2020, 58, 692-703.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc04381h

	Oxidative regulation of the mechanical strength of a Ctnqh_x2013S bondElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc04381h
	Oxidative regulation of the mechanical strength of a Ctnqh_x2013S bondElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc04381h
	Oxidative regulation of the mechanical strength of a Ctnqh_x2013S bondElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc04381h
	Oxidative regulation of the mechanical strength of a Ctnqh_x2013S bondElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc04381h
	Oxidative regulation of the mechanical strength of a Ctnqh_x2013S bondElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc04381h
	Oxidative regulation of the mechanical strength of a Ctnqh_x2013S bondElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc04381h


