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ABSTRACT

The two isomers 4,4’-dihydroxydiphenyl sulphone and 2,4"-dihydroxydiphenyl sulphone (bisphe-
nol S, BPS) form inclusion complexes with B-CD in solution, in the gas phase, and in the solid state.
The complexes 4,4"-BPS@B-CD and 2,4’-BPS@B-CD were studied in solution by 1D and 2D NMR
experiments. Calorimetric investigation by ITC evidenced that the B-CD host shows a greater
affinity for 4,4°-BPS, with a 4,4"-BPS/2,4"-BPS selectivity ratio of 6.3. In the gas phase, CID MS
experiments indicate that 4,4°-BPS has a higher kinetic barrier to escape from the B-CD cavity than
the isomeric 2,4"-BPS. In the solid state, the 4,4’-BPS@p-CD and 2,4"-BPS@B-CD complexes form
head-to-head dimers constituted by two B-CD macrocycles, with each B-CD hosting one BPS
guest. The dimers of B-CD are sealed by H-bonding interactions involving exclusively the second-
ary OH groups. Finally, the formation of inclusion complexes between 4,4°-BPS or 2,4"-BPS and -

CD was also followed by FT-IR, DSC, and TGA analysis.
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Introduction

Molecular recognition of highly persistent organic pollu-
tants has rapidly arisen as a major field of fundamental
research in supramolecular chemistry [1-6]. Bisphenols
[7] are a family of phenol-based building blocks widely
used as additives for the synthesis of epoxy-resins and
polycarbonates [7]. The most common member of this
family is bisphenol A (BPA, Figure 1) which has been
recently superseded by bisphenol S [8]. Bisphenol
S (4,4-BPS; 4,4"-dihydroxydiphenyl sulphone) was intro-
duced as a safer alternative to BPA and its bisphenol-
based plastics show excellent mechanical performance
and thermal stability [9]. Unfortunately, due to the pre-
sence of the SO, group, the water-soluble bisphenol
S shows high thermal stability and low photodegrada-
tion [9]. Therefore, it exhibits very high persistence in the

2,4'-BPS@pB-CD

agueous environment. In addition, BPS shows severe
adverse effects on human health, such as oestrogenic
activity and carcinogenicity [10-12]. Despite this, bisphe-
nols are present in many everyday products, especially in
baby formula packaging, baby bottles, and household
food containers [13]. For these reasons, the United States
Environmental Protection Agency (EPA) has classified
bisphenols as the third priority class in terms of toxicity
profile. Thus, in the last decades, many studies have
been conducted on the removal of bisphenol as
a pollutant [14-20]. In this context, cyclodextrins (CD)
[21,22] could play a crucial role thanks to their molecular
recognition abilities in aqueous solvent [14-20]; for
example, it has been reported that the heptameric (3-
CD can form an inclusion complex in water with bisphe-
nol S [17,18]. Recently, Helbling and Ditchel [15]
reported a [B-CD-based mesoporous polymer with
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Figure 1. Chemical drawing of BPA, BPSs, and B-CD investigated in the present work.

a high surface area which rapidly sequesters bisphenol
A and S from water, with adsorption rate constants up to
200 times greater than those of non-porous 3-CD adsor-
bent materials.

During the synthesis of 4,4’-dihydroxydiphenyl sul-
phone (bisphenol S) large quantities of the isomeric
2,4’-dihydroxydiphenyl  sulphone (2,4-BPS) are
formed as by-product [23]. Consequently, the com-
mercial product known as bisphenol S is in fact
a mixture of both isomeric dihydroxy diphenyl sul-
phones, as the purification of the pure bisphenol
S (4,4-isomer) from mixtures with the 2,4’-isomer
cannot be easily achieved [23]. Unfortunately, the
presence of the 2,4"-isomer complicates the applica-
tion of bisphenol S, and increases the related pollu-
tion problems.

Molecular recognition [24] of constitutionally iso-
meric species is of practical interest [1-6,25], and this
is particularly true for organic pollutants such as BPS
isomers, which show very similar chemical and physi-
cal properties. Due to this similarity, it is difficult to
separate them by employing commonly used meth-
ods like  crystallisation or  chromatography.
Consequently, the study of supramolecular hosts
able to discriminate between isomeric guests could
pave the way to the construction of new materials for
the economic separation and purification of the two
isomeric 4,4’-and 2,4’-dihydroxydiphenyl sulphones.
While many studies have been reported concerning
the molecular recognition of 4,4’-dihydroxydiphenyl
sulphone (bisphenol S) inside the hydrophobic cavity
of B-CD in aqueous system [17,18]; to date, no infor-
mation has been reported regarding the complexa-
tion abilities of B-CD towards the 2,4’-isomer in
water.

Prompted by these considerations, in this study we
have evaluated the complexation abilities of B-CD
towards the two isomeric dihydroxydiphenyl sulphones,
in solution, in the solid state, and in the gas phase.

Results and discussion

Complexation study of 4,4 "-BPS and 2,4 "-BPS in
solution via 1D and 2D NMR

The complexation abilities of B-CD towards the two
isomeric 4,4-and 2,4’-dihydroxydiphenyl sulphones
(Figure 1) were initially evaluated by 'H NMR titration
experiments (Figures 2 and 3) [26,27]. When the D,
O solution of PB-CD was titrated with 4,4
dihydroxydiphenyl sulphone (4,4-BPS), substantial
changes were observed in their respective "H NMR sig-
nals, indicative of the formation of the 4,4"-BPS@ B-CD
complex (Figure 2a—c). Under these conditions, a single
set of averaged 'H NMR signals (Figure 2b) for both B-
CD host and 4,4°-BPS guest was observed, indicating
a fast exchange equilibrium between free and bound
species on the NMR timescale. In a 1:1 mixture of B-CD
host and 4,4°-BPS in D,0, a significant up-field shift of
—0.42 ppm for the H5-atom of B-CD located inside the
cavity was observed, while smaller shifts for H2, H3, and
H6 of —0.07, —0.15, and —0.15 ppm were observed,
respectively. Analogously, a shift was also observed
for the aromatic H-atoms of 4,4°-BPS upon inclusion
inside the B-CD cavity. Thus, the H1® and H2° (Figure 2)
H-atoms were up-field shifted by —0.04 and —0.10 ppm,
respectively. 2D NOESY spectra (Figure 2f) confirmed
the inclusion of 4,4-BPS inside the cavity of B-CD. In
fact, diagnostic dipolar couplings were observed
between the aromatic H1° (in ortho to OH group) of
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Figure 2. (a-e) "H NMR spectra (400 MHz, 298 K, D,0) of: a) B-CD; b) Equimolar mixture of B-CD and 4,4"-BPS (3.0 mM); c) 4,4"-BPS; d)
Expansion from 3.0 to 4.0 ppm of the "H NMR spectrum of B-CD in (a); €) Expansion from 3.0 to 4.0 ppm of the "H NMR spectrum of the
4,4"-BPS@B-CD complex in (b); f) Most relevant portion of the 2D NOESY spectrum of the 4,4"-BPS@B-CD complex. In (b) the solid-
state structure of the 4,4"-BPS@B-CD complex is reported (vide infra) .

4,4°-BPS guest and the H6 and H5 atoms of B-CD, while In sharp contrast, the H2 and H4 atoms of B-CD,
the aromatic H2® (in meta to OH group) of the guest  which are located outside the cavity, do not show dipo-
showed dipolar couplings with the H3 and H5 atoms of  lar couplings with the guest. The presence of dipolar
B-CD. couplings (Figure 2f) between the aromatic H-atoms of
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Figure 3. (a-c) "H NMR spectra (600 MHz, 298 K, D,0) of: a) B-CD; b) Equimolar mixture of B-CD and 2,4"-BPS (3.0 mM); ¢) 2,4"-BPS; d)
Expansion from 3.0 to 4.0 ppm of the "H NMR spectrum of B-CD in (a); e) Expansion from 3.0 to 4.0 ppm of the "H NMR spectrum of the
2,4-BPS@pB-CD complex in (b); f) Most relevant portion of the 2D NOESY spectrum of the 2,4"-BPS@B-CD complex; g) Expansion from
6.5 to 8.0 ppm of the "H NMR spectrum of the 2,4"-BPS@B-CD complex in (b); h) Expansion from 6.5 to 8.0 ppm of the "H NMR
spectrum of the 2,4°-BPS in (c). In (b) the solid state structure of the 2,4"-BPS@B-CD complex is reported (vide infra) .



the 4,4"-BPS guest and the H5 and H6 (CH,OH) atoms of
the B-CD host clearly indicates the proximity of the
guest with the primary face of B-CD.

Analogously, when a D,0 solution of B-CD was added
to 2,4°-BPS, an up-field shift of the "H NMR signals of the
B-CD host was observed (Figure 3a-e), with typical shifts
of —0.1 (H3), —0.1 (H6), —0.27 (H5) ppm. Similar shifts
were observed in the 'H NMR signals of 2,4"-BPS
guest. In detail, H1, H5, and H6 were up-field shifted,
while H2, H3, and H4 were down-field shifted. Under
these conditions, a single set of averaged "H NMR signals
for both host and guest was observed, indicating a fast
exchange between free and bound species on the NMR
timescale. Interestingly, a 2D NOESY spectrum (Figure 3f)
evidenced the presence of strong dipolar couplings
between H5, H3 and H6-atoms on the inner cavity of B-
CD and H5® and H6® aromatic atoms of the 4"-phenol
unit of 2,4°-BPS guest. In contrast, the 2-phenol unit of
2,4°-BPS did not show significant dipolar couplings with
the H-atoms of B-CD. These results suggest a probable
structure of the 2,4 -BPS@B-CD complex in which the 4
“-phenol unit is included inside the cavity of the B-CD,
while the 2-phenol unit is outside the cavity.

Diffusion-Ordered SpectroscopY (DOSY) NMR [28,29]
is a useful tool for the study of host-guest complexation
processes [26,27]. Thus, we performed DOSY NMR mea-
surements to study the stoichiometry [29] of the 2,4"-
BPS@B-CD complex. Analysis of the DOSY spectrum (SI)
of a 1:1 mixture of 2,4"-BPS and B-CD in D,0O (298 K,
266 mM) provided a diffusion coefficient of
2.88 + 0.05 x 10 '° m?s for the complex 2,4"-BPS
(Table S4), significantly lower than that of free 2,4°-BPS
under the same conditions (4.88 + 0.04 x 10 '° m?/s) (S)
but similar to that of free p-CD (2.70 £ 0.03 x 10 19 m2/s)
[30-33]. This result strongly corroborates the formation
of a stable inclusion complex between B-CD and 2,4'-
BPS in which the guest diffuses more slowly than in the
free state [28].

The ratio of the diffusion coefficients for two different

molecular species is inversely proportional to the cube-
root of the ratio of their molecular masses for spherical
molecules [27]. Based on this relationship, the diffusion
coefficients measured for the complex 2,4"-BPS and free
2,4-
BPS were consistent with a 1:1 stoichiometry of the 2,4"-
BPS@ B-CD complex. An analogous DOSY study was
performed for the 1:1 mixture of 4,4-BPS/B-CD
(2.66 mM, 298 K, D,0), and provided a diffusion coeffi-
cient of 2.95 + 0.05 x 107'° m?/s for the complex 4,4 -
BPS (Table S3). The results indicated a 1:1 stoichiometry
of the 4,4’-BPS@ B-CD complex also in this case. Finally,
Job's plot experiments (SI) confirmed the 1:1 host/guest
ratio for the complexes BPS@ B-CD in solution.

Complexation study of 4,4 -BPS and 2,4 "-BPS in the
gas phase by FT ICR MS investigation

Gas phase MS is a useful tool to study the structure of
inclusion complexes without the complicating effect of
solvent molecules [34-37]. In this way, it is possible to
gain insights on specific host-guest interactions. In fact,
the main stabilising effect of B-CD-inclusion complexes
in solution is the so-called *hydrophobic effect’ [21,22], in
which the liberation of ‘high-energy’ water from the
cyclodextrin cavity after the inclusion of a guest plays
a crucial role [21,22]. Clearly, in the gas phase, the
'hydrophobic effect’ is absent and consequently the
stability of the B-CD-complex is strongly affected. In
fact, the literature data [33,35,36] show that some B-CD-
inclusion complexes are not observed in the gas phase
even if they are present in solution.

The HR ESI-FT-ICR mass spectrum of a 1:1 mixture
of 4,4”-BPS and B-CD in water showed a molecular
ion peak at m/z 715.1881 (Figure 4) in agreement
with the molecular formula of the complex [4,4°-
BPS@ B-CD + 2Nal** (caled for Cs4HgoNa>030S,
715.1891). Analogously, the formation of the 2,4'-
BPS@ B-CD complex in the gas phase was confirmed
by the HR ESI-FT-ICR mass spectrum of a 1:1 mixture
of 2,4°-BPS and B-CD in water, which showed
a molecular ion peak at m/z 715.1887 (Figure 4) in
agreement with the molecular formula of the com-
plex [2,4"-BPS@ B-CD+2Na]** (calcd for Cs4HgoNas056
S, 715.1891). In conclusion, the detection of inclusion
complexes 2,4-BPS@ B-CD and 4,4"-BPS@ B-CD sug-
gests the high stability of these supramolecular com-
plexes in the gas phase (vide infra. ITC, FT IR studies).

It is known that, in the gas phase, the supramolecular
guest@host complex ions are associated until they are
energetically activated by collision with neutral reagent
gases [34,35,38]. Collision-induced dissociation experi-
ments of supramolecular complexes in the gas phase
offer useful insight on activation energies for the
guest@host dissociation processes [34,39]. Thus, in
order to confirm the inclusion of 4,4°-BPS and 2,4'-
BPS inside the cavity of B-CD, we performed an ESI-CID
MS/MS experiment (Figure 4). The CID mass spectra of
the sodium adducts of 4,4-BPS@ B-CD and 2,4 -BPS@
B-CD are shown in Figures 4a and 4b, respectively, and
are in agreement with the loss of the BPS guest due to its
release from the B-CD cavity. The collision-induced dis-
sociation of the BPS@ B-CD complexes were studied at
different acceleration voltages, and consequently at dif-
ferent average collision energies. A lower energy is
required to dissociate supramolecular complexes with
respect to the fragmentation of molecules due to rup-
ture of covalent bonds [33,35,36,38].
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Figure 4. Series of ESI FT ICR CID mass spectra of: (a) 1:1 mixture of BCD and 4,4'-BPS; and (b) 1:1 mixture of B—CD and 2,4'-BPS.

After collisions with argon at acceleration voltages of 1-8 V.

Regarding the 2,4-BPS@ B-CD complex, already at
a low voltage of 1V, the intensity ratio /2,4-spse p-cpy
/p-cp) is 2/1, while the MS/MS spectrum of 4,4"-BPS@ B-
CD (Figure 4a) shows an intensity ratio /as,4-gpse p-coy
/p-cp) of 20/1. Analogously, across the range 2-6 V the
intensity ratio /4,4-spsa
g-cp)/fg-cp) is more than 10 times larger than the analo-
gous intensity ratio of the isomeric 2,4-BPS@ B-CD
complex. This result suggests that 4,4-BPS has
a higher kinetic barrier to escape from the B-CD cavity
than the isomeric 2,4°-BPS [39].

Complexation study of 4,4 -BPS and 2,4 "-BPS in the
solid state

A detailed solid-state study [40] has been previously
reported regarding inclusion complexes between B-CD
and bisphenol A (BPA) (Figure 5ef), while to the best of
our knowledge, no information is present in the litera-
ture regarding the solid state structures of the 4,4"-BPS
or 2,4°-BPS inclusion complexes with B-CD. The 4,4°-
BPS@ B-CD complex (Figure 5a,b) crystallises in the
orthorhombic system (space group P2,2,2,). The asym-
metric unit consists of a common head-to-head dimer
formed by two B-CD macrocycles, which hosts two 4,4°-

BPS guests (Figure 5a). In addition, a total of 27.7 water
molecules were refined in 42 crystallographically inde-
pendent sites. The 4,4'-BPS guest molecules were
refined with a two-position disorder (occupancy factors
0.8/0.2) and a three-position disorder (occupancy factors
0.5/0.3/0.2).

The B-CD macrocycles show the typical chair con-
formation of the glucose units with an overall pseudo
C; point symmetry (Figure 5b). The secondary 02 and
03 hydroxyl groups of each molecule constitute the
interface of the dimer (Figure 5a). As previously
reported [41], due to the geometry of the 02 and
03 configurations, only the O3 hydroxyl hydrogens
can be orientated directly towards a facing O3 oxy-
gen atom. Therefore, two B-CD units are sealed by
seven strong H-bonding interactions involving exclu-
sively the secondary O3 hydroxyl groups of the two
B-CD units, with an average O--O distance of 2.82 A
and an average O-H--O angle of 169° (Figure 5a).
Furthermore, a water molecule bridges the two B-
CDs (Figure 5a) donating a single hydrogen bond
(O—H--O distance of 2.80 A and an O-H--O angle of
124°) and accepting a single hydrogen-bond (O-H--O
distance of 2.68 A and an O-H--O angle of 164°). The
distance between the two barycenters of the almost



a)

c)

e)

Figure 5. Side and top views of the solid state of bisphenol@ B-CD dimeric complexes: (a, b) (4,4 -BPS@ B-CD),; (c, d) (2,4'-BPS@ B-
CD);; (e, f) (BPA@ B-CD), [40]; Different colours of C-atoms are used to distinguish the different molecules. H-bonds are indicated by
dashed lines. For clarity, only the conformation of the guest molecules with highest occupancy are shown.

regular heptagons described by the 04 glycosidic
atoms (Table S2) is 6.933 A. The two B-CD are
mutually rotated by about 10° (Figure 5b).
Interestingly, at the interface of the dimer (4,4"-BPS@
B-CD), five water molecules were found. These form
a hydrogen-bonded network (Figure 5a,b) which also
involves two phenolic groups of the 4,4°-BPS guests.
This encapsulated network of water molecules contrib-
uted to stabilise the dimeric (4,4"-BPS@ B-CD), structure
in the solid state (Figure 5a,b). To simplify the descrip-
tion of the host-guest interactions, only the conforma-
tion of the disordered guest with highest occupancy will
be discussed. The two-independent 4,4-BPS units are

inserted into the macrocycles in a similar way with one
phenolic group exposed outside the B-CDs (Figure 5a).
In fact, the central sulphur atoms are 2.526 and 2.619 A
out of the respective planes defined by the 04 glycosidic
atoms (Figure 5a). The dihedral angles between the
phenolic planes and the respective 04 glycosidic planes
are 59.1° and 59.5° for the internal and 39.1° and 46.2° for
the external phenolic groups. This clearly indicates the
similarity of the two host-guest conformations with
a mutual rotation of the two guest molecules of 105°
(Figure 5b). No direct strong H-bonds are observed
between host and guest, including the sulphone
group. However, the internal phenolic group is located



in the interface plane defined by the 02 and O3 atoms
and it is involved in the network of H-bonds with the five
water molecules sandwiched between the B-CD dimeric
assembly (Figure 5a,b).

The 2,4"-BPS@ B-CD complex (Figure 5c¢,d) crystal-
lises in the triclinic system (space group P1). The asym-
metric unit consists of a B-CD dimer, which hosts two 2,4
-BPS guests (Figure 5¢). In addition, a total of 21.4 water
molecules were refined in 40 crystallographically inde-
pendent sites. Both 2,4"-BPS molecules were refined
with a two-position disorder (occupancy factors 0.8/
0.2), related by a pseudo-twofold rotation around the
central axis of the dimer. Further, two-position disorder
was observed for the ortho oxygen atoms of the pheno-
lic groups with higher occupancy, related to a 180° rota-
tion (occupancy factors 0.6/0.2 and 0.45/0.35). The 2,4'-
BPS@ B-CD complex also forms a head-to-head dimeric
structure in the solid state (Figure 5¢) in which two B-CD
macrocycles are sealed by H-bonding interactions
between the secondary OH functions (four strong O-
H--O interactions involving the O3 hydroxyl groups
with average distance of 2.79 A and an average O-H--O
angle of 156° and one much weaker intermolecular
H-bond between O3 and 02 hydroxyl groups with
a distance of 3.09 A and an O-H-O angle of 123°). In
addition, also in this case, a hydrogen-bonded bridge
was detected between one water molecule and the two
B-CDs (Figure 5c¢). The distance of 7.042 A between the
two barycenters of the almost regular heptagons
described by the O4 glycosidic atoms is slightly longer
than that observed for the 4,4-BPS@ B-CD complex,
consistent with the smaller number of H-bond interac-
tions sealing the dimer interface. The two independent
2,4°-BPS guests are centrally inserted into the dimeric
hosts in similar ways with both 2-phenolic units more
internal to the dimer. The central sulphur atoms are
—-0.531 and —0.077 A out of the respective planes
defined by the 04 glycosidic atoms (the negative sign
indicated an out-of-plane towards the internal of the
dimer). Therefore, with respect to the 4,4-BPS the cen-
tral sulphur atoms are more deeply inserted by up to
3.0 A (Figure 5¢). The dihedral angles between the phe-
nolic planes and the respective 04 glycosidic planes are
43.6° and 45.5° for the 2-phenolic unit and 60.2° and
61.5° for the 4'-phenolic unit. This clearly indicates the
similarity of the two host-guest conformation with
a mutual rotation of the two guest molecules of 170°
(Figure 5d). In this conformation, a m-m interaction
between the 2-phenol rings (centroid separation
3.85 A) of the 2,4"-BPS guests is formed (Figure 5c). No
direct strong H-bonds are observed between host and
guest, including the sulphone group and the 2-phenolic
oxygen deeply inserted in the dimer. These groups are

involved in an intramolecular H-bond and in weak
C-H--O interactions with the host molecule. No water
molecules were detected at the dimer interface, in con-
trast to that observed in the case of the 4,4 -BPS com-
plex. This highlights the determining role of the phenolic
oxygen in the 4-position, located in the dimer interface,
for the organisation of the H-bond network with the
sandwiched water molecules. The analogous BPA@B-
CD complex previously reported [41] also shows
a similar dimer-like complex. However, the guest in this
case is much more deeply inserted and off-centre
(-1.366 and —0.524 A out of plane distances of the
central carbon atoms from the 04 glycosidic planes)
and the internal 4-phenolic units partially interfere with
the B-CD dimeric interface. In fact, in comparison to the
complexes here reported, the two distances between
the 04 glycosidic centroids increase to 7.783 A and the
B-CD units are no longer parallel, with a dihedral angle
of 15° (Figure 5e,f).

Thermodynamic insights on the complexation of 4,4
-BPS and 2,4 °-BPS in solution by ITC

Typical ITC titrations for 2,4’-BPS/B-CD and 4,4°-BPS/3-
CD systems in neutral aqueous solution (pH 7, phos-
phate buffer) at 25°C are shown in Figures 6 and
Figures 7, respectively. The binding equilibria and ther-
modynamic parameters for the complex formation are
listed in Table 1.

Two different sets of titrations, exploring both small
and large host-guest ratios, were carried out for each
BPS/B-CD system to determine the complex species
formed in the solution. The first set of experiments was
run essentially to quantitate the 1:1 species, whereas
the second set was run to assess the possibility of further
aggregation with formation of complexes with different
stoichiometries. In order to avoid artefacts, the two sets
of data were refined together to obtain the final values.
Different species and combinations thereof were exam-
ined but the data analysis invariably converged on the
species and values reported in Table 1, whilst rejecting
all the other models.

Both BPS isomers form inclusion complexes with B-
CD host although shape and size of the guests affect
their binding features. The stability of the 1:1 complex
depends on the position of the hydroxyl groups in the
guest molecule and the presence of both OH groups in
the para position (4,4’-BPS) yields an increase in the
binding constant value (of about 0.8 log unit) and the
formation of an additional 1:2 4,4°-BPS@(B-CD), com-
plex species. We suppose that this latter adduct assumes
a capsular-like arrangement with two B-CD units cap-
ping both ends of the guest [42,43].
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Figure 6.. A) ITC titration curve of B-CD (4 mM) into 4,4'-BPS (0.5 mM) at 25°C in aqueous solution (pH 7, phosphate buffer) with final
H/G ratio of 2.5 (top) and integrated heat data (bottom); b) ITC titration curve of B-CD (5 mM) into 4,4’-BPS (0.2 mM) at 25°C in
aqueous solution (pH 7, phosphate buffer) with final H/G ratio of 6 (top) and integrated heat data (bottom) .
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Figure 7. A) ITC titration curve of B-CD (4 mM) into 2,4"-BPS (0.5 mM) at 25°C in aqueous solution (pH 7, phosphate buffer) with final
H/G ratio of 2.6 (top) and integrated heat data (bottom); b) ITC titration curve of B-CD (5 mM) into 2,4’-BPS (0.2 mM) at 25°C in
aqueous solution (pH 7, phosphate buffer) with final H/G ratio of 6 (top) and integrated heat data (bottom) .

For both guests, the formation of the 1:1 species
is driven by favourable enthalpy, but accompanied
by an unfavourable entropy (Figure 8). A similar
thermodynamic pattern has been reported pre-
viously for some inclusion complexes formed by
cyclodextrins [44-48].

Weak non-covalent interactions, such as dipole-
dipole and hydrogen bonding, drive the host-guest
complex formation; these enthalpically favourable con-
tributions override the energy cost needed for the des-
olvation of the interacting molecules. The unfavourable
entropic term is the result of a balance between host



Table 1. LogK values and thermodynamic parameters for the formation of the 4,4’-BPS@ B-CD, 4,4°-BPS@(B-CD), and 2,4°-BPS@ B-
CD complexes at 25°C in neutral aqueous solution (pH 7, phosphate buffer 50 mM) .

AH® AS°
Guest Equilibrium LogK (k) mol™) ( deg'1 mol™")
4,4 -BPS H+G HG 423 9] —-28.72 [1] -15412]
HG +H H,G 26 [7] -9.44 [7] 18 [10]
2,4°-BPS H+G HG 343 1] -32.57 [1] —43.5[1]

and guest desolvation (AS° > 0) and the loss of degrees
of freedom due to the complex formation (AS° < 0), the
latter being the prevalent contribution. This is a typical
case in which the presence of a particular functional
group in any of the binding partners improves the bind-
ing affinity by enthalpic factors (due to the presence of
functions able to establish dipole-dipole or hydrogen
bond interactions) which are counterbalanced by unfa-
vourable entropic contribution (because of a loss in
conformational degrees of freedom upon binding or
a lower desolvation effect). Moreover, a favourable
enthalpy contribution indicates that specific interactions
are occurring between the binding partners and is an
excellent way to ensure ligand specificity, selectivity, and
adaptability [49]. In conclusion, ITC study clearly indi-
cates that the B-CD host shows a greater affinity for
4,4°-BPS with respect to its isomer 2,4"-BPS with a 4,4’-
BPS/2,4-BPS selectivity ratio of 6.3 (calculated as the
ratio between the A values for the formation of 1:1
complexes in Table 1).

The formation of the complex 4,4-BPS@(B-CD),,
(in Table 1, HG+H = H,G), obtained at higher con-
centration of B-CD, is both enthalpically and entro-
pically favoured. Indeed, the enthalpy gain resulting
from additional interactions with the second B-CD
cavity is mainly responsible for the formation of the

DSC, TGA, and FT-IR analysis of the inclusion
complexes 4,4 -BPS@ [3-CD and 2,4 -BPS@ B-CD

It is known that DSC analysis is also useful to highlight
the formation of B-CD inclusion complexes [50,51]. As
a guest molecule is included into B-CD cavity, melting,
boiling, and sublimation points are shifted to different
temperatures or simply disappear [50,51]. As shown in
Figure 9a, the thermogram of B-CD highlighted a broad
endothermic peak (Tmax = 106°C), attributable to the
release of co-crystallised water molecules. The DSC
curve of the 4,4"-BPS showed a sharp endothermic peak
(Tmax = 248.3°C) associated to its melting event. At this
point, a 1:1 mixture of B-CD/4,4°-BPS was prepared by
stirring the two components in an aqueous solution at
25°C for 30 min, then the solvent was removed under
reduced pressure by a rotary evaporator. The thermo-
gram of the 1:1 mixture B-CD/4,4"-BPS in Figure 9c
shows the absence of the above mentioned 4,4°-BPS
melting peak: this result clearly indicated its molecular
encapsulation inside the B-CD cavity [50,51]. Regarding
the behaviour of the B-CD, the thermogram of the 1:1
mixture B-CD/4,4°-BPS in Figure 9c shows the presence
of a weak and broad transition from 80°C to 130°C, which
would be associated to the release of residual water
included inside the B-CD cavity or in the crystal packing.
In addition, the DSC curve of the 2:1 mixture B-CD/4,4"-
BPS shows a wide peak between 40°C and 120°C
(Figure 9b), attributable to water release from free B-

(c)
BAG®

complex along with a favourable entropic
contribution.
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Figure 8. Thermodynamic parameters for the formation of complexes: (a) 4,4-BPS@B-CD; (b) 4,4-BPS@(B-CD),, and (c) 2,4—

BPS@B-CD at 25°C in neutral aqueous solution.
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Figure 9. DSC curves. (Left) (a) B-CD; (b-d) 1:2, 1:1, and 2:1 mixtures of 4,4-BPS and B-CD (e) 4,4"-BPS. (Right) (a) B-CD; (f-h) 1:2, 1:1,

and 2:1 mixtures of 2,4'-BPS and B-CD. (i) 2,4-BPS.

CD, while for the molar ratio of 1:2 there is the evidence
that not all the 4,4°-BPS was included inside the B-CD-
cavity (Figure 9d) [50,51].

DSC analysis of the mixtures B-CD/2,4’-BPS at differ-
ent molar ratios shows analogous features. The forma-
tion of the 2,4-BPS@B-CD inclusion complex was
highlighted by the disappearance of the endothermic
peaks attributable to the free 2,4-BPS and B-CD start-
ing materials. In detail, the 1:1 and 2:1 mixtures B-CD/2,4
-BPS (Figures 9g and 9 f, respectively) showed weak and
broad curves from 50°C to 110°C associated with the
release of residual water from the B-CD cavity or in the
crystal packing. The sharp and endothermic peak of the
pure 2,4°-BPS (melting event, T.x = 183.7°C), is also
detected in the DSC curve of the 1:2 B-CD/2,4"-BPS
mixture (Figure 9h).

Thermogravimetric analysis (TGA, SI) of the BPS@p-
CD inclusion complexes was also carried out. Free B-CD
shows a first mass elimination from room temperature
up to 105°C: this 11% w/w mass loss is attributed to the
evaporation of both surface water and internal water
associated with the macrocycle. The B-CD thermic
degradation starts at 304.3°C (SI) (second mass elimina-
tion). Furthermore, for 4,4°-BPS raw material, it is possi-
ble to observe (Sl) a first degradation process starting at
307.8°C where the mass of the molecule is reduced by
about 85%. Differently, for 2,4°-BPS isomer, the mass
reduction starts at a lower temperature (T = 239.3°C,
see Sl). Thermogravimetric curves (Sl) of 1:1 mixtures
BPS/B-CD show distinct features with respect to the
free components. In detail, for both 4,4’-BPS/B-CD and
2,4 -BPS/B-CD mixtures the event at T < 105°C attribu-
table to the loss of water is strongly reduced, in accor-
dance with DSC results. In addition, the degradation
temperature of both BPS@B-CD complexes starts at
slightly lower T(°C) than those of the starting raw mate-
rials (S), clearly showing that no thermal stabilisation of
4,4°-BPS and 2,4"-BPS-based complexes occurs upon
inclusion inside the B-CD cavity. Furthermore, there is
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no evidence of free 4,4°-BPS and 2,4’-BPS in 1:1 BPS/B-
CD mixtures, confirming that both guests are completely
included into the cyclodextrin cavity.

Conclusion

In conclusion, we have here characterised and described
the formation of inclusion complexes between B-CD
host and the two isomeric 4,4"-dihydroxydiphenyl sul-
phone and 2,4’-dihydroxydiphenyl sulphone (BPSs), in
solution, in the gas phase, and in the solid state. In
solution, the formation of the inclusion complexes 4,4°-
BPS@ B-CD and 2,4°-BPS@ B-CD was shown by 1D and
2D NMR (NOESY and DOSY) experiments, while ITC
investigation evidenced that the B-CD host shows
a greater affinity for 4,4°-BPS with respect to its isomer
2,4°-BPS, with a 4,4"-BPS/2,4"-BPS selectivity ratio of
6.3. ITC clearly shows that the formation of the 1:1
species is enthalpically driven but accompanied by an
unfavourable entropic change. The formation of the
inclusion complexes between the -CD and the two iso-
meric 4,4-BPS and 2,4 -BPS was detected also in the
gas phase by FT ICR ESI MS studies. In the gas phase,
collision-induced dissociation experiments indicate that
4,4"-BPS has a higher kinetic barrier to escape from the
B-CD cavity than the isomeric 2,4-BPS. In the solid
state, the 4,4-BPS@ B-CD complex forms a head-to-
head dimer constituted by two B-CD macrocycles,
which hosts two 4,4"-BPS guests. The dimer of B-CD is
sealed by seven strong H-bonding interactions involving
exclusively the secondary 03 hydroxyl groups.
Analogously, the 2,4-BPS@ B-CD complex forms
a tubular dimeric assembly in the solid state in which
two 2,4°-BPS guests are included in the cavity. In the
solid state, the inclusion of the 4,4°-BPS guest inside the
B-CD cavity results in the entrapment of some water
molecules at the dimeric interface. Finally, the formation
of inclusion complexes between 4,4°-BPS or 2,4 -BPS
and B-CD was also confirmed by FT IR, DSC, and TGA



analysis. DSC curves evidenced significant changes in
material properties of 4,4-BPS@ B-CD and 2,4-BPS@
B-CD complexes in comparison to the starting raw mate-
rials; unexpectedly, no thermal stabilisation was
detected by TGA analysis for both 4,4"-BPS and 2,4'-
BPS upon inclusion inside the B-CD cavity.

Experimental section
General methods

HR ESI mass spectra were recorded on a FT-ICR mass
spectrometer equipped with a 7 T magnet. The samples
were ionised in positive ion mode using ESI positive
mode. The mass spectra were calibrated externally, and
a linear calibration was applied. All chemicals of reagent
grade were used as purchased without further purifica-
tion. The two isomers 4,4"-dihydroxydiphenyl and 2,4"-
dihydroxydiphenyl sulphones were purchased from TCl
(GC grade > 98%) and was also used without further
purification. The B-cyclodextrin (B-CD) was obtained
from Roquette (Kleptose® GC grade = 93%) and used
after being dried by freeze-drying. Reaction tempera-
tures were measured externally. NMR spectra were
recorded on a 600 MHz spectrometer [600 ("H) and
150 MHz ("*Q)], 400 [400 ('H) and 100 MHz ("*C)] and
300 [300 ('H) and 75 MHz (*C)]. Chemical shifts are
reported relatively to the residual solvent peak. DOSY
experiments were performed on a Bruker 400 spectro-
meter equipped with 5 mm PABBO BB| 19 F-1H\D Z-GRD
Z114607/0109. The standard Bruker pulse program,
ledbpgp2s, employing a double stimulated echo
sequence and LED, bipolar gradient pulses for diffusion,
and two spoil gradients was utilised. Individual rows of
the quasi-2D diffusion databases were phased, and the
baseline was corrected.

FT IR spectra in the medium infrared region (MIR)
were obtained with a 4100 Type A spectrometer
(JASCO Europe) equipped with a triglycine sulphate
(TGS) detector at a resolution of 4 em™'. MIR measure-
ments were derived by averaging 1000 scans obtained
on samples dispersed in anhydrous KBr tablets. Baseline
correction was performed with the Jasco FT-IR spectro-
meter software.

Thermogravimetric analysis was carried out with
a TGA Q500 thermobalance (TA Instruments). A working
N, flux of 100 cm®/min was used. The TG profile was
recorded in the 25 < T (°C) < 900 temperature range,
using open platinum pans loaded with ca. 7 mg of each
sample. The heating rate was of 10°C/min. The balance
resolution is 1 xg.
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Differential Scanning Calorimetry (DSC) measure-
ments were carried out with a DSC 25P Scanning
Calorimeter (TA Instrument). Measurements were carried
out with a heating rate of 10°C/minin the 5 < T (°C) < 260
temperature range on ca. 5 mg of a sample hermetically
sealed in an aluminium pan.

Calorimetric titrations (ITCs) were carried out at
25°C with a nano-isothermal titration calorimeter
Nano-ITC (TA Instruments, USA) having an active
cell volume of 0.988 mL and a 250 pL injection
syringe. The reaction mixture in the sample cell
was continuously stirred at 250 rpm during the titra-
tion. Measurements were run in the overfilled mode,
which does not require any correction for liquid
evaporation and for the presence of the vapour
phase [52]. The power curve was integrated with
NanoAnalyze software (TA Instruments, USA) to
obtain the gross heat evolved/absorbed in the reac-
tion. The instrument was calibrated chemically using
a test HCI/TRIS reaction following the procedure
previously described [53] and was also checked by
running an electrical calibration.

Calorimetric experiments were carried out by titrat-
ing a 4,4’-dihydroxydiphenyl sulphone (4,4"-BPS) or
a 2,4"-dihydroxydiphenyl sulphone (2,4°-BPS) solution
(0.2-0.5 mM) with an aqueous solution of B-CD
(4-5 mM).

Both B-CD and guests were dissolved in 50 mM phos-
phate buffer (pH 7). The buffer was chosen to minimise
any contribution resulting from the interaction of the
reactants with the proton. Before each experiment, all
the solutions were degassed and stirred under vacuum
for about 15 minutes. Typically, 4-5 independent titra-
tions were run for each B-CD — guest system to explore
both smaller (about 2.5) and larger (up to 6) host/guest
ratios and thus collect a suitable number of points to
investigate the possible formation of multiple species;
the two sets of curves were refined together to obtain
the final parameters. The heats of dilution were deter-
mined in separate blank experiments by titrating
a solution containing phosphate buffer only with solu-
tions of B-CD (prepared in phosphate buffer).

The net heat of the reaction, obtained by subtracting
the heat evolved/absorbed in the blank experiments,
was treated by HypCal [54], a software that allows for
the determination of equilibrium constants and forma-
tion enthalpies of complex species in solution by a non-
linear least-squares analysis of calorimetric data.
Thermodynamic parameters were determined by hand-
ling simultaneously data obtained from different
titrations.



Inclusion complexes formation

The synthesis of BPS@B-CD pseudorotaxane complexes
was conducted in a flask under atmospheric pressure, B-
CD (9.0 mg, 8.0 x 10> mmol) was solubilised in 10 mL of
deionised water. Then, an appropriate amount of the
BPS guest was added (1.8 mg, 8.0 x 10> mmol), and
the resulting mixture was stirred at 25°C for 30 min.
Finally, the water was evaporated under vacuum, and
the product was further dried and stored at room tem-
perature. TH NMR (400 MHz, 298 K, D,0) of the equimo-
lar mixture of B-CD and 4,4°-BPS (3.0 mM); 6 7.71 (H2°,
d, & 8.8 Hz, 4H), 6.97 (d, H1, /= 8.8 Hz, 4H), 5.00 (H1, d,
J=3.6Hz, 7H),3.83(dd,H3, /,=4=95Hz, 7 H),3.74 (d,
Hé, /= 2.0 Hz, 14 H), 3.60 (dd, H2, /,=9.9 Hz, /,= 3.6 Hz,
7 H), 3.53 (dd, H4, /; =4 =9.0 Hz, 7 H), 3.47-3.44 (broad,
H5, 7 H). *C NMR (75 MHz, 298 K, D,0): 162.0, 132.1,
1294, 116.6, 102.3, 81.3, 73.6, 72.4, 72.2, 60.2. HRMS
(ESI): m/z [4,4-BPS@ B-CD + 2Na]** calculated for Cs,
HgoNa;030S, 715.1891; found: 715.1881. 'H NMR
(600 MHz, 298 K, D,0) of the equimolar mixture of B-
CD and 2,4"-BPS (3.0 mM); 6 7.89 (H1%, dd, /, = 8.4 Hz, />
=1.8Hz, 1 H),7.81(d, H5%, /= 8.8 Hz, 2 H), 7.62 (ddd, H3®,
J;=/>=80Hz /;=1.7 Hz, 1 H), 7.17 (dd, H2S, /, = />
= 7.8 Hz, 1 H), 7.06 (d, H4%, /= 8.4 Hz, 1 H), 6.92 (d, H6",
/=8.8Hz,2H),5.04 (H1,d, /= 3.7 Hz, 7 H), 3.89 (dd, H3, /;
= /,=93 Hz 7 H), 3.81 (d, H6, /= 2.7, 14 H), 3.65-3.62
(overlapped, H2+ H4, 14 H), 3.57 (broad, H5, 7 H).
3C NMR (75 MHz, 298 K, D,0):162.7, 155.9, 137.5,
1324, 130.6, 129.7 126.6, 121.8, 1194, 116.7, 102.9,
82.2, 74.2, 73.2, 72.9, 61.2. HRMS (ESI): m/z [2,4"-BPS@
B-CD + 2Na]?** calculated for Cs4HgoNay010S, 715.1891;
found: 715.1887.

Job’s plot

Stock solutions of B-CD (2.66 mM) and 4,4°-BPS
(2.66 mM) in water were prepared. 5-mm NMR tubes
were filled with 500 pL solutions of B-CD and 4,4"-BPS
in the following volume ratios: 50/450, 100:400, 150:350,
200:300, 250:250, 300:200, 350:150,40:100, 450:50, 500/0
(uL/uL). The chemical shift of H3-atom of B-CD was
recorded for each sample, and the corresponding con-
centration of the complex was determined. The Job's
plot was obtained by plotting the complex concentra-
tion as a function of the mole fraction of B-CD.

Determination of the crystallographic structures of
4,4 -BPS@ B-CD and 2,4 -BPS@ f3 -CD

Single crystals of 4,4-BPS@ B-CD and 2,4 -BPS@ B-CD
suitable for X-ray diffraction structure analysis were
obtained by evaporation of aqueous solutions contain-
ing 1:1 molar mixtures of B-CD and the 4,4"-BPS or 2,4"-
BPS guest molecules. Data collection was carried out at
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the Macromolecular crystallography XRD1 beamline of
the Elettra synchrotron (Trieste, Italy), employing the
rotating-crystal method with a Dectris Pilatus 2 M area
detector. Single crystals were dipped in paratone cryo-
protectant, mounted on a nylon loop and flash-frozen
under a nitrogen stream at 100 K. Diffraction data were
indexed and integrated using the XDS package [55],
while scaling was carried out with XSCALE [56].
Structures were solved using the SHELXT program [57]
and structure refinement was performed with SHELXL-
18/3 [58], operating through the WinGX GUI [59], by full-
matrix least-squares (FMLS) methods on F2. Non-
hydrogen atoms were refined anisotropically, except
some disordered groups with low occupancy factors.
Hydrogen atoms were added at the calculated positions
and refined using the riding model. Crystallographic
data are reported in Table 51.
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