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Control over interchain interactions plays a pivotal role in the design of high-performance polymeric
materials. Aromatic polyimides exemplify this principle but still suffer from several inherent limitations in
applications requiring high permeability and processability due to dense chain packing. To broaden the
design space for advanced polymer architectures, we explore non-planar benzene-1,2-disulfonimide as a
promising structural alternative to the conventional imide fragment. This work aims to establish a syn-
thetic and theoretical foundation for the exploration of poly(1,2-disulfonimides) as promising candidates
for next-generation high-performance polymers. Here, we perform a comprehensive investigation of the
synthetic route to aromatic N-substituted cyclic 1,2-disulfonimides and polymers on this basis. The
vibrational and geometric features of the disulfonimide fragment were elucidated through a combination
of quantum-mechanical calculations and spectroscopic methods, confirming its distinctive structural
identity. A synthetic platform for disulfonimide-bearing diols was designed and applied to obtain the first
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dihydroxy-terminated cyclic 1,2-disulfonimide, which underwent successful model polycondensation.
Molecular-dynamics simulations qualitatively indicate that incorporation of the disulfonimide fragment
into a polyester backbone leads to a pronounced increase in glass-transition temperature without a
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Introduction

The synthetic design of specialty polymers is a key research
area in materials science, particularly for high-performance
and functionally demanding applications. Among polymers
being developed for such applications, aromatic polyimides
stand out for their exceptional thermal, mechanical, chemi-
cal, transport and dielectric performances,"> which arise
from strong interchain interactions driven by the electronic
structure of the imide fragment and its position in the
polymer backbone. Strong interchain interactions are driven
by the formation of charge-transfer complexes. The planar
electron-deficient imide ring interacts with electron-rich aro-
matic units along the rigid polymer chain, leading to dense
chain packing, a tendency toward amorphous morphology,
and elevated glass transition temperatures.®> While these fea-
tures contribute to the key properties for which polyimides
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corresponding increase in packing density compared to a homologous polyimide.

are valued, they have several drawbacks that reduce their suit-
ability particularly for applications requiring high per-
meability and processability.

Since interchain interactions play a major role in deter-
mining polyimide properties, their tuning is a key strategy for
tailoring performance. However, as long as the imide frag-
ment remains unchanged, the extent of such modification is
limited. Broadening the design space therefore requires struc-
tural alteration of the fragment itself. In this context, the
benzene-1,2-disulfonimide (DSI) fragment offers a structu-
rally related but functionally distinct alternative - featuring
non-planar geometry and greater electron deficiency than
conventional imides,® making it a compelling subject for
exploring structure-property relationships in polymer
systems. While the non-planarity is expected to prevent
packing densification, the enhanced charge separation may
compensate by promoting stronger interactions between
chains through increased electrostatic cohesion. The pres-
ence of four sulfonyl oxygen atoms in each DSI fragment,
oriented out-of-plane, provides opportunities
for hydrogen bonding and introduces additional interaction
sites. Despite their conceptual to polymer
design, to the best of our knowledge no synthetic route to
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poly(1,2-disulfonimide)s has been described, and it remains
virtually unexplored. We believe that the absence of reported
examples may be caused, at least in part, by the synthetic
challenges associated with incorporating the DSI fragment
into a polymer backbone. It is worth noting, however, that
polymers incorporating non-cyclic disulfonimide fragments
as side chains - primarily to serve as acidic sites for catalysis
or proton conduction - have recently been described.>®

A typical route to DSI ring formation in aromatic systems
involves the reaction of substituted 1,2-dichlorosulfonylben-
zenes with amines, accompanied by the elimination of
HCL*""° Unlike the case of conventional imides, this ring-for-
mation reaction is not well-suited for chain extension in poly-
condensation, as it generally proceeds in modest yields. Given
these limitations, a more practical approach to constructing
poly(1,2-disulfonimide)s is to preassemble the DSI unit within
a bifunctional monomer and then incorporate it into the
polymer backbone using well established step-growth poly-
merisation strategies.'® The feasibility of this approach
depends on the chemical stability of the DSI moiety under the
conditions required for the selected functional group trans-
formations and polymerisation.

In this work, we explore a synthetic route to DSI-bearing
monomers as novel building blocks for the preparation of poly
(1,2-disulfonimide)s via polycondensation. Incorporation of
the DSI functionality into the polymer backbone offers a
means to tailor interchain polarity, with potential implications
for chain packing, processability, and transport-related pro-
perties. We present a detailed synthetic strategy supported by
theoretical and model studies, structural characterization of
key intermediates, along with practical considerations for
accessing this emerging class of polymers. The viability of the
approach is demonstrated through a proof-of-concept polycon-
densation yielding the first oligomeric species featuring a 1,2-
disulfonimide fragment directly integrated into the backbone
of a growing chain. Furthermore, the influence of DSI incor-
poration on polymer properties is assessed by means of mole-
cular dynamics simulations.
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Results and discussion
Synthesis of the 3,4-bis(chlorosulfonyl)benzoic acid (DCISBA)

The synthesis of the DSI moiety ultimately relies on access to
suitably substituted 1,2-dichlorosulfonylbenzene (DCISB) pre-
cursors. Most reported strategies involve diazotisation and sub-
sequent substitution of anthranilic”® or ortho-amino benzene-
sulfonic® acids. In the benzenesulfonic acid-based approach,
diazotisation is followed by substitution of diazonium with
sulfur dioxide to give 1,2-disulfonic acid derivatives, which
then may be converted to sulfonyl chlorides under relatively
harsh conditions (Scheme 1a). However, in the presence of
electron-withdrawing substituents, undesired nucleophilic aro-
matic substitution can occur, making it difficult or impossible
to obtain certain DCISBs via this method.® An alternative
route, starting from anthranilic acid derivatives, proceeds
through diazotisation followed by decomposition to an aryne
intermediate with elimination of CO, and N,. Trapping with
CS; in the presence of an alcohol affords a cyclic dithiol inter-
mediate,'" which can then be oxidized to the corresponding
DCISB (Scheme 1b). In contrast to the sulfonic acid route, the
dithiol-based approach is more tolerant of substituents and
enables access to a broader range of functionalized DCISBs.
From a practical standpoint, 2-aminoterephthalic acid
(2-ATA) serves as a highly suitable starting material. It is com-
mercially available, structurally related to anthranilic acid, and
bears a carboxylic acid group that provides a convenient
handle for the introduction of polycondensation-ready func-
tionality. A one-pot diazotisation-elimination-addition
sequence, applied to 2-ATA, affords a carboxylic acid-functiona-
lized benzodithiol, namely 2-(3-methylbutoxy)-2H-1,3-benzo-
dithiole-5-carboxylic acid (BDTCA), in high yields (up to
90.8%) following a modified literature procedure.® The
primary byproduct is terephthalic acid, typically formed when
the reaction temperature is insufficient to drive the elimin-
ation step to completion. A characteristic signal at 7.12 ppm in
the "H NMR spectrum (in DMSO-d,), correlated by HSQC and
HMBC experiments to a shift at 90.7 ppm in the *C NMR
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Scheme 1 Comparison of 2 approaches to DCISB synthesis: (a) amino-benzenesulfonic acid route; (b) anthranilic acid route.
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spectrum, was attributed to the intersulfur carbon. Notably,
this '*C signal appears in a distinct region of the spectrum,
unusual for typical aromatic or aliphatic carbons, making it a
convenient diagnostic marker for the presence of the cyclic
dithiol fragment.

Oxidation of BDTCA with chlorine in the presence of water,
or alternatively via a more convenient laboratory-scale protocol
using SOCl, and H,0,,'* leads to 3,4-bis(chlorosulfonyl)
benzoic acid (DCISBA) in good overall yields (67-77% based on
2-ATA). The full synthetic pathway is outlined in Fig. 1a.

DCISBA features a highly electron-deficient aromatic system
due to the presence of three strongly electron-withdrawing sub-
stituents. The molecular structure, confirmed by single-crystal
X-ray diffraction (SXD) (CCDC 2497755, in SI: Tables S3a—e and
Fig. S6-S8), is a layered solvate with p-xylene with ortho-
rhombic space-group symmetry Pbam. As is common for
organic acids, the molecules form dimers due to hydrogen
bonding between the -CO,H groups of adjacent molecules
within the crystallographic plane (Fig. 1c).

The crystal structure reveals that the chlorosulfonyl groups
in the 3 and 4 positions on the aromatic ring adopt a confor-
mation to avoid steric interaction of the Cl atoms, with one
above and the other below the plane of the ring. Given that the
Cl atom of the chlorosulfonyl group in the 3-position can be
either above or below the plane of the ring, this leads to dis-
order of this group in both the 3- and 4-position about the
mirror plane in the crystal structure. The steric interaction of
the adjacent chlorosulfonyl groups is seen in the angle sub-
tended by the two sulfur atoms with the centroid of the aro-
matic ring, which deviates from the ideal 60° to about 71.5°

a) o
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(Fig. 1b). The observed strain caused by steric hindrance of the
bulky chlorosulfonyl groups, which is also likely to occur in
ortho-benzenedisulfonic acids, together with the electron
deficiency of the aromatic core, may explain the tendency of
such systems to undergo aromatic substitution, as reported for
the reaction of 3,4-disulfobenzoic acid with SOCl,.* Carboxylic
acid dimerization observed in the SXD (Fig. 1c) was also
detected by FTIR spectroscopy (full spectra in SI - Fig. S5),
which shows a characteristic C=O stretching band at
1704 ecm™"," along with bands at 1388 and 1179 em™" attribu-
ted to S=O stretching in the sulfonyl chloride,'* and a band at
860 cm™' corresponding to C-H bending in the 1,2,4-substi-
tuted benzene core."®

Synthesis of bifunctional 1,2-benzenedisulfonimides

In the same vein as a well-established strategy for the synthesis
of poly(amide-imide)s, it was decided to incorporate the DSI
moiety into a dicarbonyl chloride, enabling subsequent poly-
condensation with aromatic amines.**° The approach requires
the synthesis of a DSI-diacid followed by its conversion to the
corresponding dicarbonyl chloride.

To access a simple aromatic di-carboxy-terminated 1,2-dis-
ulfonimide, p-aminobenzoic acid (PABA) was chosen as the
amine component for the reaction with DCISBA due to its
commercial availability and the abundance of literature data
on its analogous imide derivatives."®™'® However, contrary to
expectations, the reaction of DCISBA with PABA, as well as with
its methyl ester and more nucleophilic aromatic diamines
such as 4,4-oxydianiline and m-phenylenediamine, failed to
produce the desired 1,2-disulfonimide products. This outcome

el by i Q I Cls, H;0 in tBUOH/DCM at 0-5 °C 0 Bl
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Fig. 1
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(a) Synthetic route to DCISBA; (b) molecular (c) and dimeric structures of DCISBA as determined by single-crystal X-ray diffraction.
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persisted despite extensive variation of reaction parameters,
including acid scavengers and catalysts (pyridine, triethyl-
amine, Na,COj3), temperature (room temperature to 130 °C),
and solvents (DMSO, H,0O, NMP, DMF, acetonitrile, chloro-
form). The observed reactivity of the DCISBA substrate is most
likely explained by the presence of a free carboxylic acid group.
The electron-deficient nature of the DCISBA core increases its
acidity, while the basic conditions of the reaction medium,
arising from the presence of HCI scavengers, may facilitate
partial deprotonation of the corresponding carboxylate. We
hypothesise that the nucleophilic attack by this carboxylate on
the chlorosulfonyl group of a second DCISBA molecule could
lead to the formation of mixed anhydride intermediates,
which may subsequently undergo aminolysis to yield amide-
containing byproducts.”® "H NMR spectra of the crude reaction
mixtures of DCISBA with 4,4-oxydianiline and m-phenylene-
diamine show signals in the range of § = 9.5-11 ppm, consist-
ent with amide (NH) protons and supportive of the hypoth-
esised reaction pathway.

To overcome this, we introduced methyl ester protection to
both coupling partners in an effort to facilitate formation of
the target 1,2-disulfonimide diester. Protection of the car-
boxylic acid group in BDTCA was achieved via Fischer esterifi-
cation, yielding methyl 2-methoxy-2H-1,3-benzodithiole-5-car-
boxylate (BDTCA-Me) in a moderate yield (37.0% based on
BDTCA and 33.1% based on 2-ATA). Notably, during the inves-
tigation of the BDTCA esterification products, a new poly-
morph of dimethyl terephthalate (DMT) was identified by the
means of SXD (CCDC 2497754, in SI: Tables S2a-e and Fig. S3-
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S4). Previously the crystal structure was reported as ortho-
rhombic (refcode DMTPAL in the Cambridge Crystallographic
Database®!), while this new form is triclinic with two distinct
crystallographic molecules within the unit cell.

The nucleophilic substitution at the methylene carbon
between the thiol sulfurs of the BDTCA was observed to
proceed more rapidly than esterification, as indicated by time-
course 'H NMR monitoring of the reaction mixture while
tracking signals corresponded to the methyl groups of the
ether - 3.13 ppm and ester - 3.83 ppm functionalities, as well
as the carboxylic acid proton - 13.15 ppm (Fig. S2 and
Table S1). This behavior is consistent with earlier findings on
the behaviour of such dithiol systems, as reported by Sarhan
et al. and Nakayama.'"** Subsequent oxidation of BDTCA-Me
gave methyl 3,4-bis(chlorsulfonyl)benzoate (DCISBA-Me) in
good isolated yield for the step (76% which translates to 23.5%
for 2-ATA). As expected, the reaction of DCISBA-Me with methyl
p-aminobenzoate (PABA-Me), in 1,2-dichloroethane at reflux,
afforded the target 1,2-disulfonimide diester, 4-[2-methoxycar-
bonyl]-N-(p-methoxycarbonylphenyl)benzene-1,2-disulfoni-
mide (DSI-PABA-Me), in a moderate isolated yield of 39.4%.
The reaction required harsher conditions than those reported
for the formation of the analogous dimethyl DSI derivative,*
proceeding cleanly only upon reflux in 1,2-dichloroethane
(DCE, 82 °C) in the presence of pyridine (Fig. 2a).

The structure of DSI-PABA-Me was thoroughly characterized
using a combination of 'H and "*C NMR spectroscopy, includ-
ing HMBC experiments, as well as FTIR spectroscopy. The
FTIR spectrum was interpreted with the aid of density func-
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(a) Synthesis of DSI-PABA-Me; (b) geometry-optimised structure obtained via DFT calculations, highlighting distortion of planarity in the

PABA core and non-planarity of the DSI cycle; (c) *H-*C HMBC spectrum showing key correlations supporting structural assignment; (d) Modelled
and experimental FTIR spectra of DSI-PABA-Me confirming characteristic functional group vibrations.
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tional theory (DFT) predicted vibrational modes, enabling con-
fident assignment of key bands to characteristic sulfonimide
and ester functionalities (Fig. 2d, Fig. S9a-b and Table S4).
Bands in the range 572-948 c¢m', along with ones at
1171 em™" and in 1222-1248 cm™' range, were attributed to
deformation modes of the DSI ring. A band at 1112 cm™" corre-
sponded to -SO, stretching, while the band at 1212 cm™! was
assigned to methyl wagging vibrations of the ester group. The
attribution of the characteristic bands of the FTIR spectra
agreed well with those reported for other aromatic 1,2-disulfo-
nimides.* Notably, in the "*C NMR spectrum, the carbon atom
adjacent to the sulfonimide nitrogen exhibited an upfield shift
from 151.6 ppm in PABA-Me to 129.0 ppm in DSI-PABA-Me in
CDCl;. This carbon was clearly correlated in the HMBC spec-
trum with protons on the adjacent aromatic ring (Fig. 2c). The
observed increase in shielding of the ipso carbon provides
strong evidence for electronic density redistribution, likely
resulting from reduced conjugation between the nitrogen lone
pair and the adjacent PABA-Me core. Evaluation of the lowest-
energy conformer of DSI-PABA-Me (Fig. 2b and Table S5),
obtained through geometry optimisation using DFT methods,
reveals a “twisted” conformation of the PABA core that disrupts
planarity and hinders delocalisation of the nitrogen lone pair
into the aromatic system, consistent with the observed upfield
shift. This structural distortion closely resembles the electronic
changes associated with aniline protonation — namely, loss of
conjugation and a transition in nitrogen hybridisation towards
sp>-like character, accompanied by a characteristic upfield
shift of the ipso carbon (aniline: 148.1 ppm; anilinium ion:
135.7 ppm).>® The predicted non-planarity of the DSI core (C-
S-N-S-C) further supports this interpretation, consistent with
a partially sp>-hybridised nitrogen environment. Collectively,
these findings provide strong evidence for successful for-
mation of the 1,2-disulfonimide linkage.

Several deprotection strategies have been applied to obtain
corresponding  1,2-disulfonimide-bearing  diacid from
DSI-PABA-Me,**** including acidic and basic hydrolysis in
different conditions, however DSI cycle could not withstand
the attempted deprotections as was evidenced by the dis-
appearance of the characteristic 129.0 ppm shift on the '*C
spectra. Sadly, direct attempts at polycondensation of the
obtained diester with various aromatic diamines following the
procedures described in”*?” did not produce target poly(1,2-
disulfonimide)s.

It was therefore clear that a softer deprotection may be
needed, and a reductive cleavage of benzyl esters was con-
sidered a suitable strategy. To obtain a corresponding di-
benzyl terminated DSI, benzyl 2-(3-methylbutoxy)-2H-1,3-ben-
zodithiole-5-carboxylate (BDCTA-Bn) was synthesised from the
sodium salt of BDTCA and benzyl chloride following a well-
known procedure.”® As expected due to the different reaction
mode (carboxylate anion acting as nucleophile instead of
being the substrate) the substitution in the inter-sulfur carbon
was not observed and the yields in which BDTCA-Bn was
obtained were greater (52.56% for stage and 41.33% for 2-ATA).
Oxidation of BDTCA-Bn to a corresponding DCISB followed by

This journal is © The Royal Society of Chemistry 2026
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a condensation reaction with benzyl p-aminobenzoate in a pro-
cedure analogous to that used for the methyl ester, afforded 4-
[2-benzyloxycarbonyl]-N-( p-[2-benzyloxycarbonyl |phenyl)
benzene-1,2-disulfonimide (DSI-PABA-Bn) in a yield of 32.94%
and allowed to test various reductive deprotections.?=°
Contrary to our expectations, the DSI cycle was not able to
withstand hydrogenation as indicated by the '"H NMR and
HMBC (the characteristic ipso carbon shift at ~129.0 ppm dis-
appeared). It became clear that the synthetic route to the
target diacid is hindered by the limited stability of the DSI
moiety in the deprotection conditions. Other protection
routes, involving the synthesis of BDTCA carboxyl chloride
were also considered suitable. However, attempts to prepare it
by treating BDTCA with various chlorinating agents (SOCl,,
POCl;) under mild conditions resulted in degradation of the
dithiol ring (as was evidenced by the disappearance of the
characteristic shifts at 7.12 ppm on "H and 90.7 ppm on **C
spectra) leaving a mixture of unidentified products behind.

Modular access to 1,2-disulfonimide diols via alkylation with
primary-halogenated alcohols

Due to the incompatibility of the DSI cycle with a number of
deprotection conditions examined, deprotection-based syn-
thesis of DSI-dicarboxylic-acid proved impractical; however,
O-alkylation of BDTCA provides access to bifunctional 1,2-dis-
ulfonimides, as demonstrated by the examples of
DSI-PABA-Me and DSI-PABA-Bn. These results suggested an
alternative route to 1,2-disulfonimide-bearing monomers: the
introduction of alkyl substituents bearing functional groups
suitable for polycondensation, which could remain intact
during the DSI cycle formation.

Hydroxyl groups appeared as particularly promising candi-
dates. Widely employed as linkages in the synthesis of poly-
esters and other step-growth polymers, they offer excellent
compatibility with polycondensation strategies. Although
hydroxyl groups are known to react with chlorosulfonyls to
yield sulfonate esters under basic conditions,®" the higher
reactivity of amines is expected to ensure that DSI-fragment
formation predominates. The synthetic focus was therefore
shifted from a DSI-diacid-chloride to a DSI-diol. Accordingly,
Sn2-type alkylation of BDTCA with alcohols bearing a halogen
on a primary carbon is proposed as a straightforward route to
a family of DSI diols, thereby establishing a modular platform
for subsequent polycondensation (Scheme 2). This approach,
however, is inherently limited to aliphatic fragments due to
the constraints of carboxylic acid O-alkylation®> and the inac-
cessibility of the BDTCA-derived acid chloride. As a result, the
synthesis of fully aromatic poly(1,2-disulfonimides) remains
unattainable via this route.

To verify the applicability of the general approach
suggested, BDTCA was alkylated with 2-chloroethanol using
the procedure described in** to obtain crude 2-hydroxyethyl 2-
(3-methylbutoxy)-2H-1,3-benzodithiole-5-carboxylate
(BDTCA-EtOH). The presence of the hydroxyl group promoted
substitution at the intersulfur carbon, resulting in a mixture of
products bearing various substituents at this position, as evi-
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Scheme 2 General approach for the synthesis of DSI-based diols.

denced by multiple signals around the characteristic shift of
7.12 ppm in the "H NMR spectrum. Nevertheless, the major
component corresponded to 2-hydroxyethyl substitution at the
carboxylic acid. Since the subsequent oxidative conversion of
dithiols to dichlorosulfonyls involves cleavage of the dithiol
ring, the presence of a mixed substitution at the intersulfur
carbon was not expected to interfere with this transformation.
Accordingly, crude BDTCA-EtOH was carried forward to the
next stage without purification. Crude BDTCA-EtOH was oxi-
dised following a standard procedure to afford 2-hydroxyethyl
3,4-bis(chlorosulfonyl)benzoate (DCISBA-EtOH) in a moderate
yield (20.0% for 2-ATA) and acceptable purity (~90%). The
comparable yields of DCISBA-EtOH and DCISBA-Me (23.5% for
2-ATA) suggest that the preceding alkylation step affording
BDTCA-EtOH proceeded with an efficiency similar to that
observed for BDTCA-Me.

a)
o

(e}
1_Cl
HO 8%
w"J\@E o
4
o)
ST

11°Cl
[¢]

0
H N@—( OH
2 OI

b) 'H - 13C HMBC DMSO-ds

H-9 H-8

H-6 H3 H2

125

130

L13s 04 +

o=

The condensation of DCISBA-EtOH with 2-hydroxyethyl
p-aminobenzoate (PABA-EtOH), obtained from p-aminobenzoic
acid via alkylation with 2-chloroethanol, was carried out in a
2 : 1 THF/DCE solvent mixture (Fig. 3a). The choice was necess-
ary due to the poor solubility of PABA-EtOH in DCE. The pro-
cedure followed was analogous to that used previously for the
synthesis of other DSI compounds. The reaction afforded 4-[2-
hydroxyethoxycarbonyl]-N-( p-{4-hydroxyethoxycarbonyl}phenyl)
benzene-1,2-disulfonimide (DSI-PABA-EtOH) in a yield of
10.4%. As expected, this was lower than the values observed
for other DSIs, likely due to the presence of hydroxyl groups.
Nevertheless, the outcome is acceptable for laboratory-scale
synthesis and supports the viability of the proposed strategy
for DSI formation via condensation of hydroxyl-containing
DCISBs and amines to afford DSI-diols. Further optimization
would be beneficial for scale-up, both in the alkylation steps
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Fig. 3 (a) Synthesis of DSI-PABA-EtOH; (b) *H-*C HMBC spectrum showing key correlations supporting structural assignment; (c) FTIR spectrum
of DSI-PABA-EtOH confirming characteristic functional group vibrations and its comparison with the experimental spectra of DSI-PABA-Me.

684 | Polym. Chem., 2026, 17, 679-689

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5py01171j

Open Access Article. Published on 17 2026. Downloaded on 13/02/26 17:21:54.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer Chemistry

and in the subsequent DSI-forming condensation - providing
an opportunity for future research in this area. The structure
of hydroxyl-terminated DSI-PABA-EtOH was confirmed by a
combination of NMR experiments (‘H, >C, and HMBC) and
FTIR spectroscopy.

As DSI-PABA-EtOH was found to be insoluble in chloro-
form, NMR spectra were acquired in DMSO-de. Due to the
change in solvent for the NMR acquisition, some proton
signals exhibited noticeable shifts compared to DSI-PABA-Me;
however, the overall spectral pattern remained consistent, as
expected (Fig. 3b). The presence of a characteristic carbon reso-
nance near 129.0 ppm, which was previously assigned to the
carbon adjacent to the disulfonimide nitrogen (Fig. 2c), sup-
ports successful DSI ring formation. Free hydroxyl protons
were observed in the "H NMR spectrum as triplets at 5.09 ppm
(DCISBA core) and 4.97 ppm (PABA core). Corresponding FTIR
data further supported these findings, showing a broad
bimodal O-H stretching band at 3100-3400 cm ™" and a sharp
C-O stretching band at 1075 cm ™", both of which are absent in
the FTIR spectrum of DSI-PABA-Me (Fig. 3c). Additional FTIR
bands attributed to characteristic sulfone vibrations and disul-
fonimide ring modes (Fig. S10 and Table S6) corresponded
well with those observed for DSI-PABA-Me, confirming their
structural similarity.

During the formation of DSI-PABA-EtOH, an oily precipitate
separated from the reaction mixture. Given the known insolu-
bility of pyridinium hydrochloride in ethers such as THF,** the
precipitate was hypothesized to consist mainly of pyridinium
salts. NMR analysis of both the supernatant and precipitated
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phases confirmed that the oily phase predominantly contained
pyridinium species, while the desired product was present in
both phases. To investigate the impact of reaction heterogen-
eity on yield, several experiments were conducted using
alternative solvents. Similar reactions performed in acetonitrile
and DMF proceeded homogeneously but afforded significantly
lower yields (~3% in acetonitrile; no product isolated from
DMF). The reduced yield in acetonitrile was attributed to poss-
ible side reactions between the solvent and the chlorosulfonyl
group.® In the case of DMF, the complete absence of isolated
product was unexpected, but it may be explained by the for-
mation of a catalytic complex between DMF and the chlorosul-
fonyl species,*® potentially promoting an undesired reaction
pathway over DSI formation, for reasons that remain unclear.
These results suggest that polar, non-coordinating solvents
could be more favourable for DSI formation, though further
investigation is needed to support this conclusion.

Polycondensation and computational assessment of DSI-
induced effects on polymer properties

To  evaluate the  polycondensation  capability  of
DSI-PABA-EtOH, a micro-scale model reaction with terephtha-
loyl chloride (TPA) was carried out in deuterated THF in the
presence of triethylamine at room temperature (Fig. 4a). Prior
to the reaction, the DSI diol was dried under vacuum at 40 °C
for 48 h. However, the "H NMR spectrum of the purified diol
in THF-d; still revealed traces of water, evidenced by a singlet
at § 2.46 ppm,*” underscoring the high hygroscopicity of the
monomer. To compensate for residual moisture, TPA was used

THF, N(Et)s, r.t.

-

— DSI-PABA-EtOH
— poly(DSI-TPA)

155

~160

165

~170

T T T T T

T
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Fig. 4 (a) Model polycondensation of DSI-PABA-EtOH with terephthaloyl chloride (TPA) affording poly(DSI-TPA) oligomers. (b) *H-*C HMBC
spectrum showing key cross-peaks confirming diester linkage formation and the incorporation of the DSI moiety.
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in excess. The model polycondensation was allowed to proceed
for 24 h, after which the reaction mixture was analysed by
NMR spectroscopy (Fig. 4b).

Precipitation of triethylamine hydrochloride from the reac-
tion mixture was accompanied by the appearance of new reso-
nances in the § 4.70-4.40 ppm region, assigned to the methyl-
ene protons of the ethylene fragment in the esterified oligo-
meric species. These protons exhibited HMBC correlations
with the carbonyl carbons of the terephthaloyl fragment (5 =
165.0 ppm ester C=0) and those of the PABA and DCISBA
cores (6 = 164.6 and 163.0 ppm, respectively), confirming the
formation of aliphatic ester linkages between the diol and the
dichloride components.

The resonance at § 8.25 ppm was assigned to aromatic
protons of unreacted TPA (added in excess). The multiplet at
6 8.18-8.05 ppm is most plausibly attributed to mono-
adducts of TPA formed with water and/or the diol, as indi-
cated by HMBC correlations to carbons at § ~165 ppm (car-
boxylic acid/ester C=0O) and & 161.1 ppm (acyl chloride
C=0), which overlap with signals from the PABA aromatic
ring (arising from both unreacted and esterified species). The
overlapping resonances at 6 8.03-7.95 ppm can be assigned
to terephthaloyl units incorporated into the target di-ester
linkages, which is further supported by its correlation to
carbons at § 165.0 ppm (ester C=0) on the HMBC (Fig. 4b).
The signals at § 7.66-7.61 ppm are attributed to PABA-ring
protons, with overlapping contributions from the monomer
and the esterified product. HMBC spectra further showed
that the carbon signal adjacent to the DSI nitrogen remained
at approximately § 129 ppm, indicating that the DSI moiety
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remained chemically intact throughout the reaction. Despite
employing a fourfold excess of TPA, the "H NMR data suggest
a conversion of roughly 50%, most likely limited by residual
water in the reaction mixture; the resonances of the esterified
monomer appear slightly upfield and partially overlap with
those of the unreacted diol.

The NMR results (Fig. 4b) collectively confirmed the for-
mation of poly(4-[2-ethoxycarbonyl]-N-(p-{4-ethoxycarbonyl}
phenyl)benzene-1,2-disulfonimide benzene-1,4-dicarboxylate)
(poly(DSI-TPA), Fig. 4a) oligomers, marking the first incorpor-
ation of a 1,2-disulfonimide fragment directly into a backbone
of a growing chain. While these results demonstrate the
inherent reactivity of the DSI-diol toward polycondensation, its
hygroscopic character and limited availability hindered the
synthesis of high-molecular-weight polymers, primarily due to
challenges in drying and purification at this scale.
Nevertheless, the proof-of-concept polycondensation reaction
demonstrates the viability of the proposed synthetic platform,
establishing a foundation for future studies on poly(1,2-disul-
fonimide)s and the investigation of their structural, morpho-
logical, mechanical, thermophysical, and other key properties.

To obtain qualitative molecular-level insight into how the
DSI fragment may affect key polymer characteristics such as
glass-transition temperature and chain packing, we performed
a series of comparative molecular dynamics simulations on
model systems of poly(DSI-TPA), a homologous polyimide
(PI-TPA), and parent polyethylene terephthalate (PET) (Fig. 5
and S1). It should be noted that the modelling was performed
for the corresponding amorphous phases of all polymers
considered.

ﬁmw@wﬂm@MW¢ -0

n
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4.0 -
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Mean Interchain Distance, A
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Fig. 5 Comparison of the glass-transition temperature (°C), fractional free volume (290 K), and mean interchain distance (290 K, A) of amorphous
poly(DSI-TPA), PI-TPA and PET samples, obtained from molecular dynamics simulations.
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The simulations provided PET with a glass transition temp-
erature (T,) of 89 °C, which is higher than typical experimental
values (65-92 °C*®). The difference is expected, given the very
fast cooling rate used in the modelling (4 ns per 10 °C; ~6 x
10° °C s™") which leads to overestimation of T, values. Still, the
result is close enough to experimental data to show that the
approach provides a reliable comparative estimate. At 290 K,
the fractional free volume (FFV) decreases from 0.361 in PET
to 0.262 in poly(DSI-TPA), indicating tighter chain packing,
consistent with the reduction in mean interchain distance
from 4.08 A to 3.87 A. The accompanying increase in density
from 1.263 to 1.390 g cm ™ is consistent with the incorporation
of heavy sulfone groups within the disulfonimide unit. Based
on analysis of the monomer structures, we expected the DSI-
based fragment to produce a larger increase in T, through
stronger interchain interactions and higher segmental inertia,
while its non-planar geometry was anticipated to counteract
this effect by limiting packing densification. The simulations
support this hypothesis: the polyimide analogue exhibits a
lower T, of 162 °C but nearly identical packing characteristics
(FFV - 0.251; mean interchain distance - 3.92 A). It should be
noted that the present comparison is based on computational
models and establishes a compelling basis for further experi-
mental exploration.

Conclusion

In this study, we present a practical approach to the synthesis
of 1,2-disulfonimide-bearing diols as a straightforward
pathway towards poly(1,2-disulfonimide)s. The benzodithiol
route proved to be a suitable entry point to bifunctional aro-
matic N-substituted benzene 1,2-disulfonimides and their
polymeric derivatives. Application of the suggested synthetic
approach enabled the preparation and characterisation of a
representative series of 1,2-disulfonimide diesters. The
instability of the considered heterocycle under ester hydrolysis
and reductive deprotection conditions was identified, defining
practical limits for further functionalisation. The combination
of computational and spectroscopic methods enabled detailed
elucidation of the geometrical features of the disulfonimide
fragment and allowed precise assignment of the characteristic
FTIR bands. The structure of the carboxy-functionalised 1,2-
dichlorosulfonylbenzene model precursor, determined by
single-crystal X-ray diffraction, revealed a highly strained geo-
metry that helps to explain both the moderate yields and
limited stability of the disulfonimide fragment, as well as the
characteristic substitution behaviour of the corresponding 1,2-
benzenedisulfonic acids under chlorination conditions. A syn-
thetic platform for disulfonimide-containing monomers was
established via O-alkylation of cyclic benzenedithiol carboxylic
acids with primary halogenated alcohols. Aromatic amines
containing primary hydroxyl groups reacted with corres-
ponding dichlorosulfonylbenzene intermediates to afford
target disulfonimides in acceptable yields. The first-in-class
diol, synthesised from hydroxyethoxy-esters of p-aminobenzoic

This journal is © The Royal Society of Chemistry 2026
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and 3,4-bis(chlorosulfonyl)benzoic acids underwent model
polycondensation with terephthaloyl chloride to yield oligo-
mers containing the disulfonimide unit within the backbone.

Molecular-dynamics simulations revealed that incorpor-
ation of the non-planar, highly polar disulfonimide fragment
is projected to markedly increase the glass-transition tempera-
ture without increasing packing density, identifying its future
potential as a promising structural motif for high-performance
polymers that provides a way to enhance thermal stability
without compromising chain packing.
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