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Two new hybrid organic—inorganic compounds, which incorporate 3,3’-diammoniumdiphenylsulfone or

4,4’ -diammoniumdiphenylsulfone cations and sulfate anions, were synthesized and analyzed in detail.

The crystal structures of both systems were established using single-crystal X-ray diffraction analysis.

Crystallographic study revealed that the crystals of both investigated compounds were constructed of

repeatedly occurring organic and inorganic layers and allowed the description of their structural features.

Dense networks of N—H---O hydrogen bonds were found in both crystals. In addition, S—O---7t contacts

and weak C-H---O hydrogen bonds were identified in each analyzed crystal network. All intermolecular
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interactions were quantitatively described by Hirshfeld surface analysis. Furthermore, a **C NMR study

was conducted for the grown crystals. The functional groups present in the titular compounds were also
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1. Introduction

The quest for new functional materials is an on-going project,
which challenges scientists of different disciplines. In contempt
of the wealth of information provided by a constantly increasing
number of publications, it remains challenging to precisely
predict, judiciously design and successfully synthesize any
crystal even with the simplest chemical compounds and
methods." However, we have limited our research to a partic-
ular family of compounds that have organic-inorganic
hydrogen bonds in their structure, more specifically, to the
organic sulfates family, not only due to their simple crystallo-
graphic architectures but also for their magnificent properties.
These compounds have been used for ferroelectricity,** ferroe-
lasticity,® ionic liquids,” electrical properties,®® sensing devices
and in the field of nonlinear optics.'" Indeed, hydrogen sulfate
(HSO,4 ") and sulfate (SO,>~) anions are of prime importance in
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the subjects of IR and Raman spectral studies. Finally, TGA/DSC and UV-vis absorption measurements
were performed and allowed the thermal and optical characterization of the titular materials.

the chemical and metal industries, with essential applications
in biology, catalysis, energy storing and optics.*

Amines present a high permanent dipole moment,"*** which
can be reoriented in the crystal matrix, as demonstrated by
previously reported inorganic salts of aliphatic amines, or, as in
our case, organic sulfates and organic hydrogen sulfates. In the
studied compounds, the orientation of anionic and cationic
species facilitates the formation of expected N-H:---O hydrogen
bonds between nitrogen and sulfate oxygen atoms, which,
together with strong hydrogen bonds of the O-H:---O type, play
a key role in molecular recognition. By dint of the highly polar
nature of the sulfur oxygen bond, sulfoxides and sulfones are
not only considered to be good hydrogen bond acceptors, but
they can, moreover, promote the hydrogen donor feature by
enhancing the acidity of the adjacent a-hydrogens.*>*®

Further prompted by the anti-bacterial properties of
diphenyl sulfones and the increased biological activity shown
after their incorporation into some heterocyclic compounds, we
chose to work with the simplest, oldest, cheapest and most
active antibacterial sulfone: the 4,4’-diaminobiphenylsulfone
molecule (DDS)."”** Not only does the nucleophilicity of the 4-
NH,-CcH,-SO, moiety enhance the intrinsic activity of this
antibacterial compound® but there are also electron-releasing
substituents that transmit electronic effects through the
aromatic ring onto the sulfone group. This leads to an increase
in the negative charge density allocated on the oxygen atoms of
the sulfone group, which boosts dapsone activity.>* In addition,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the strong hydrogen bonding ability of DDS promotes higher
possibilities of interaction with polar solvent molecules and
thus their potential incorporation during recrystallization.**

The literature points to some co-crystals of the organic molecule
dapsone that did not only help to understand its structural prop-
erties but also its solubility and dissolution rate. Smith et al. have
reported two multi-component crystalline systems that exhibit one
proton-transfer salt structures.” In 2013, they reported the struc-
ture of a second salt of dapsone, with p-toluenesulfonic acid, in
which all amine and aminium H atoms were involved in different
hydrogen bonds.* Later in 2014, Jiang et al. reported six co-crystals
of dapsone with sulfanilamide, flavone, luteolin, caffeine and
2(3H)-benzothiazolone.* Three polymeric co-crystals of dapsone
and flavone with comprehensive characterizations were reported
by He et al. in 2015.”® Gaytan-Barrientos et al. (2015) described the
crystal structures of two new hydrated sulfonate salts and evaluated
their hydrogen bonding patterns.”® Finally, with an approach
closest to ours, in 2017 Benahsese et al. synthesized the hydrated
tetra-nitrate salt of dapsone.* In addition, 3,3'-DDS was reported in
the form of a complex with B-cyclodextrin, which resulted in the
formation of a twisted intramolecular charge transfer state.”®
Alongside these, the interest in such materials was aroused within
our own research group. A series of different organic-inorganic
materials (namely 3-ammoniumphenylsulfone selenate, 3-amino-
phenylsulfone, 3-ammoniumphenylsulfone dihydrogenphosphate
phosphoric acid and bis(3-ammoniumphenyl)sulfone dinitrate)
were firstly obtained with Mahroug et al. in the period of 2011~
20133 By 2017, Kessentini et al. had also confirmed the
formation of an organic-inorganic 3,3'-(DDS)SnClg hybrid system
stabilized by different types of hydrogen bonding that are distin-
guished by their interesting electric properties.*

Hence, we report here the synthesis, detailed crystallo-
graphic analysis, vibrational study, description of the thermal
behavior and the optical properties of two new hybrid organic-
inorganic salts, namely 4,4’-diammoniumdiphenylsulfone
sulfate (4,4/-DDS-S) and 3,3'-diammoniumdiphenylsulfone
sulfate (3,3'-DDS-S). The outcomes serve to build a detailed
background to better understand in which practical applica-
tions the new compounds could preferentially be applied.

2. Experimental

2.1. Synthesis

2.1.1. Synthesis of 4,4-diammoniumdiphenylsulfone
sulfate. An aqueous solution of sulfuric acid (2 mmol, 99.99%,
purchased from Merck) was poured dropwise into 1 mmol of
4,4'-diaminodiphenylsulfone (97%, purchased from Merck)
dissolved in ethanol (99.99%, purchased from Aldrich). All of
the products were used without any further purification. The
resulting solution was stirred continually for around one hour
and then left to evaporate at room temperature for few days
until the appearance of colorless crystals of 4,4'-DDS-S.

2.1.2. Synthesis of 3,3'-diammoniumdiphenylsulfone
sulfate. An aqueous solution of sulfuric acid (2 mmol, 99.99%,
purchased from Merck) was added to 2 mmol of 3,3'-dia-
minodiphenyl sulfone (98%, purchased from Merck) dissolved
in ethanol. The resulting solution was agitated steadily for

© 2021 The Author(s). Published by the Royal Society of Chemistry
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around one hour and then left to evaporate at room temperature
for few days until the appearance of colorless crystals of 3,3'-
DDS-S.

2.2. Experimental

2.2.1. Single-crystal X-ray diffraction analysis. Good-quality
single-crystals of 4,4'-DDS-S and 3,3'-DDS-S were selected for X-ray
diffraction experiments at 7 = 100(2) K. The crystals were moun-
ted with paratone-N oil using the MiTeGen micromount. Diffraction
data were collected on an Agilent Technologies SuperNova Dual
Source diffractometer with Cu Kot radiation (A = 1.54184 A) using
CrysAlis RED software.*® The multi-scan empirical absorption
correction using spherical harmonics, implemented in the SCALE3
ABSPACK scaling algorithm, was applied.* The structural determi-
nation procedure was carried out using the SHELX package.> The
structures were solved with direct methods and then successive
least-squares refinement was carried out based on the full-matrix
least-squares method on F* using the SHELXL program.”® All of
the H atoms linked to the N atoms were located on the Fourier
difference electron density map and refined using Ugo(H) =
1.2Uqq(N). The N-H bond lengths were restrained to 0.87 A. The
remaining H atoms were positioned geometrically with C-H equal
to 0.93 A and constrained to ride on their parent atoms with U
H) = 1.2U.¢(C). Molecular interactions in the crystals of both
compounds were identified using the PLATON program.*® The
figures for this publication were prepared using Olex2, Mercury and
ORTEP-3 programs.”* Simulated PXRD patterns of both
compounds were generated along the refinement process (Fig. S1
and S2t).

2.2.2. Spectroscopic measurements. The infra-red spectra
were recorded, using a JASCOFT-IR-420 spectrometer, on each
of the two crystal samples over the range of wave numbers from
4000 to 400 cm™" with a resolution of about 4 em™".

Furthermore, the Raman spectra were recorded with a Sen-
terra dispersive p-Raman spectrometer (Bruker) in the
frequency range of 1800-100 cm ™. The radiation wavelength of
A = 785 mm was chosen from the excitation and the spectral
resolution was kept between 3-5 cm ™.

2.2.3. NMR spectroscopy. Both NMR spectra were obtained
on a Bruker DSX-300 spectrometer operating at 75.49 MHz, with
a classical 4 mm probe head allowing spinning rates up to 10
kHz. *C chemical shifts are given relative to tetramethylsilane.

2.2.4. Thermal analysis. A thermoanalyzer, SETARAM type
TG-ATD92, was used for the TGA measurements. The manipu-
lations were carried out in air with a constant heating rate of
10 °C min "' on fine samples, arranged in a platinum boat.

The differential scanning calorimetry (DSC) measurements
were carried out using a SETARAM differential scanning calo-
rimeter of the STA 449C type, also used in an air atmosphere.

3. Results and discussion
3.1. Description of the crystal structure

The identities of both investigated compounds were confirmed
by the single-crystal X-ray diffraction analysis. The crystal and
structure refinement details are presented in Table S1 (ESI).t

RSC Adv, 2021, 11, 26368-26378 | 26369
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The full list of bond lengths, valence and torsion angle values is
provided in the ESI (Tables S2-S77).

4,4'-DDS-S and 3,3'-DDS-S crystallize in the monoclinic P2,
and P2,/c space groups, respectively. In both cases, the asym-
metric unit of the crystal lattice comprises two crystallograph-
ically independent ionic pairs of the compound (Fig. 1).

The results of the crystallographic analysis clearly showed
that all amine groups attached to the phenyl moieties within
cations of both analyzed crystals are protonated. Therefore, all
cationic species present in the crystals of 4,4’-DDS-S and 3,3’-
DDS-S have a 2+ charge. Different positions of the -NH;
substituents in the phenyl rings of the diphenyl sulfone moie-
ties result in noticeable changes in the geometry of the above
denoted cations. This difference is well illustrated by the angle
values between the mean-planes of their adjacent phenyl rings.
In 4,4’-DDS-S, the mean planes of the above rings are inclined to
themselves by 120.73(12) and 122.24(13)° for cation A and B,
respectively. Concurrently, in the second compound (3,3’-DDS-
S), the diphenyl sulfone core is much more bent. This feature is
reflected by significantly lower values of the mentioned angle
(91.18(14)° for cation A and 98.64(14)°) for the cation A and B).

el C4B
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Fig.1 Asymmetric unit of the crystal lattice of 4,4'-DDS-S (a) and 3,3'-
DDS-S (b) with crystallographic atom numbering. Displacement
ellipsoids are drawn at the 50% probability level. The H atoms are
shown as small spheres of an arbitrary radius. The intermolecular
N-H---O and C-H---O hydrogen bonds are represented by dashed
lines.
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Whilst analyzing the overall shape of the mentioned moiety,
attention should be drawn to the value of its C-S-C valence
angle. Thus, the values of the given parameter in 4,4’-DDS-S are
107.84(17) for cation A and 107.61(17)° for B; whereas for 3,3’
DDS-S slightly lower values of the above angle are found
(100.28(18) and 103.22(19)° for cations A and B, respectively. By
comparing the values of the above-mentioned parameters for
both investigated compounds with those from other multi-
component systems containing the 4,4’-diamine diphenyl and
the 3,3’-diamine diphenyl sulfone moieties*’ (Table 1), it can be
seen that the cationic moieties within these compounds are
characterized by the considerable variability of their internal
geometry. A possible explanation for this feature might be the
different surroundings of these moieties in their crystals and
the participation of their structural fragments in different
schemes of intermolecular interactions.

In Table 1, A is the distance between the geometric centers of
gravity of the adjacent phenyl rings within the diphenyl sulfone
core and B is the angle between the mean planes of the adjacent
phenyl ring within the diphenyl sulfone core.

As for the anionic species compensating the charge of the
cations in the crystals of 4,4’-DDS-S and 3,3'-DDS-S, all of them
have slightly distorted tetrahedral geometry (Fig. 2 (ref. 41)). The
S-O bond lengths and the O-S-O valence angle values are
within the ranges of 1.462(3)-1.493(3) A and 107.60(16)-
111.34(15)° for 4,4-DDS-S and 1.451(3)-1.501(3) A and
103.30(18)-112.32(18)° for 3,3'-DDS-S.

The packing of ions in the crystals of the examined salts
exhibits interesting structural features. A close look at Fig. 3
reveals that both systems exhibit a layered supramolecular
architecture.

In the case of 4,4-DDS-S, the layers are built exclusively from
cations and anions alternately spread along the (101) direction
(Fig. 3a). The ions labelled as A and B within each cationic or
anionic layer are organized according to an ABAB scheme
(Fig. 3a). The landscape of the intermolecular interactions in
the crystal network is dominated by hydrogen bonds. Adjacent
cations interact via two different weak C-H---O hydrogen bonds
(d(D-+-A) = 3.343(5) and 3.388(5) A; <(D-H---A) = 152 and 161°;
Table S81 and Fig. 4a). In the case of the above mentioned
cationic layers, seven different S-O---1 contacts between the
cations have been additionally identified (d(X---A) = 3.515(3) -
3.861(3) A; <(D-X---A) = 94.86(12)°; Table S9%). These cations
further interact with the neighbouring anions by means of
a dense network of N-H:--O hydrogen bonds (d(D---A) =
2.683(5) - 3.362(5) A; <(D-H---A) = 124(3) and 169(4)°; Table S8
and Fig. 4a). Detailed analysis performed using the PLATON
program allowed the identification of sixteen different interac-
tions of this type. The resultant complex framework of ions is
additionally stabilized by a network of four different C-H---O
hydrogen bonds, which involve neighbouring cations and
anions (d(D--A) = 3.175(5)-3.501(5) A; <(D-H---A) = 123-169°;
Table S8t and Fig. 4a). Interestingly, when looking at the
packing of ions within the crystal of 4,4-DDS-S along the
a direction, it can be seen that the mutual arrangement of the
diamine diphenyl sulfone cations resembles a ‘herring-bone’
(Fig. 4a).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Selected geometrical parameters describing the shape of the diphenyl sulfone core within 4,4'-DDS-S, 3,3'-DDS-S and their close

structural relatives

Compound A[A] B[] C-S-C [°]
4,4-DDS-S 5.218(2)/5.229(2)  120.73(12)/122.24(13)  107.84(17)/107.16(17)
3,3-DDS-S 4.595(2)/4.841(2) 91.18(14)/98.64(14)  100.28(18)/103.22(19)
4,4'-sulfonyldianilinium dinitrate*’ 4.890(2) 100.86(7) 103.44(9)
3,3'-Sulfonyldianilinium bis(dihydrogen phosphate) phosphoric acid solvate®®  5.052(2) 108.92(6) 105.02(7)

4,4'-DDS-S (anion A) 7,= 0.99
4,4'-DDS-S (anion B) 7,= 0.98
3,3'-DDS-S (anion A) 7,= 0.97
3,3'-DDS-S (anion B) 7,= 0.98

Fig. 2 Graphical representation of one of the tetrahedral SO?~ anions
in the crystals of the investigated materials. The values of the 14
parameter* calculated for the individual cations A and B present in the
structure are in the gray box.

The cations and ions in the crystal of the second crystalline
multi-component system, 3,3'-DDS-S, are also arranged in
separate layers (Fig. 3b), however detailed comparison of its
packing with that observed for 4,4’-DDS-S allows us to notice
significant differences between them.

In the case of 3,3'-DDS-S, the infinite layers composed of
both types of ions extend along the (011) plane. Most impor-
tantly, the cationic species are uniquely organized in bilayers
constituted exclusively by cations labelled as A or B. Adjacent A
cations inside these bilayers are linked together by two different
C-H:--O hydrogen bonds (d(D---A) = 3.088(5) and 3.420(6) A;
<(D-H---A) = 133 and 150°; Table S10t and Fig. 4b) and one S-
O---7t contact (d(X---A) = 3.195(4) A; <(D-X---A) = 136.51(16)°;
Table S117). In turn, the cations labelled as B within their
respective bilayers interact with each other by only one weak
C-H---O hydrogen bond (d(D---A) = 3.178(5) A; <(D-H---A) =
133°; Table S10t and Fig. 4b) and one S-O---7 contact (d(X:-
A) = 3.143(3) A; <(D-X---A) = 141.31(14)°; Table S117). Between
the above-defined and parallel to each other cationic bilayers of
A and B, we distinguish a monolayer of anions, where sulfate
ions are arranged in an AABB manner (Fig. 3b). Adjacent cations
and anions in this formed 3D framework interact with them-
selves via sixteen different N-H---O hydrogen bonds (d(D---A) =
2.723(4)-3.165(5) A; <(D-H:--A) = 121(4) - 177(3)°; Table S101
and Fig. 4b). Finally, the whole crystal network is stabilized by
a framework of three different C-H:--O hydrogen bonds (d(D- -
A) = 3.178(5) - 3.357(5) A; <(D-H---A) = 124-154°; Table $101
and Fig. 4b) between species with opposite charges.

The structures of both analyzed hybrid materials have
comparable values for the packing indices. Thus, 4,4-DDS-S
and 3,3’-DDS-S occupy 70.94 and 70.44% of the volume of their
unit cells, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry

3.2. Hirshfeld surface analysis

Hirshfeld surface analysis enables the quantitative description
of intermolecular interactions occurring within the crystal
lattice. Therefore, it allows us to develop more in-depth
conclusions pertaining to the supramolecular architecture of

layers built of the cations arranged in ABAB manner
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Fig.3 General view of the layered supramolecular architecture of ions
in the crystals of 4,4’-DDS-S (a) and 3,3'-DDS-S (b).
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Fig. 4 Supramolecular architecture of crystals of 4,4'-DDS-S (a) and
3,3’-DDS-S (b). The areas where individual types of interactions occur
have been highlighted in orange and grey. The hydrogen bonds are
represented by dashed lines. The H atoms not participating in the
intermolecular interactions have been omitted for clarity.

the investigated systems. In case of the titular compounds, it
was effectively deployed to visualize and formulate the simi-
larities and differences noted in the molecular environments of
their ions. For this purpose, the normalized contact distance
(dnorm) feature of the computed Hirshfeld surface, based on the
internal d; and external d. distance, was employed. The corre-
sponding 3D maps of the Hirshfeld surfaces, where dyorm is
visualized, are shown in Fig. 5 and 6. It should be noted that
regions with an intense red color are located over the oxygen
and the nitrogen atoms pertaining to the organic cations. These
hot spots are attributed to the hydrogen bonds in which these
atoms are participating.

The shape index, a measure of the total Hirshfeld map
curvature, was mapped for both salts in the range of —1 A
(concave) to 1 A (convex) (as displayed in Fig. 5d and 6d). In this

26372 | RSC Adv, 2021, 1, 26368-26378
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Fig. 5 The 3D representation of the Hirshfeld surface of 4,4'-DDS-S,
mapped with dnorm (@), d; (b), de (c), shape index (d) and curvedness (e).

feature of the Hirshfeld surface, the interactions between
molecules are interpreted via the concaveness or convexness of
the surface. Thus, domains presenting a concave curve shape
are associated with acceptor regions (denoted in red), while
those with a convex curve shape are attributed to donor regions
of the molecule (denoted in blue). The curvedness of the surface
in the presented maps ranged from —4 to 4 A. In the cases of
both analyzed systems, the prevailing green flat areas are
separated by convex blue edges characterized by high values of
curvedness (Fig. 5e and 6e).

The analysis of the 2D fingerprint plots of the Hirshfeld
surfaces of both salts (Fig. 7 and 8) confirms that their crystal
networks are dominated by intermolecular hydrogen bonds.
The occurrence of this type of interaction is reflected in the 52.5
and 46.2% contribution of the O---H interatomic contacts to the
total Hirshfeld surface of 4,4-DDS-S and 3,3'-DDS-S, respec-
tively. The presence of the N-H---O hydrogen bonds within the
crystal structures also manifests itself by the presence of two
sharp, symmetric spikes on both plots. Other interatomic
contacts were also identified, however with relatively smaller
shares. Among them, it is worth paying attention to the H---H,
C---O, C---H and C---C interatomic contacts. These types of
interactions make up 22.5, 10.6, 9.2 and 3.9% of the total
contribution to the HS of 4,4-DDS-S and 24.7, 5.5, 16.3 and
3.9% for 3,3'-DDS-S, respectively. Notably, the presence of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The 3D representation of the Hirshfeld surface of 3,3'-DDS-S,
mapped with dnorm (@), d; (b), de (c), shape index (d) and curvedness (e).
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Fig.7 The 2D fingerprint plots of the calculated Hirshfeld surface with
the percentage contribution of various interatomic contacts occurring
in the crystal of 4,4’-DDS-S.
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C---O and C---C interatomic contacts proved the occurrence of
the S-O---7 and 7-m contacts between adjacent cations within
the investigated crystals. Finally, the O---O and C---S contacts

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.8 The 2D fingerprint plots of the calculated Hirshfeld surface with
the percentage contribution of various interatomic contacts occurring
in the crystal of 3,3’-DDS-S.

were identified in the cases of both salts, but their contribution
to the total Hirshfeld surfaces is minor. Their shares are 1.3%
and 0.1% for 4,4-DDS-S and 3.3% and 1.3% for 3,3’-DDS,
respectively.

3.3. Vibrational study

Vibrational study is a handy tool to correlate structural and
physical properties and its major purpose is to determine the
vibrational variations of every group of atoms when they are
irradiated by an electromagnetic wave of adequate frequency.*

The assignment of the different observed bands was carried
out by homologous reference to analogical studies on corre-
sponding organic molecules'****** and sulfuric acid.*

3.3.1. Vibrational study of 4,4'-DDS-S. The IR spectrum of
this organic-inorganic material is illustrated in Fig. S3 (ESIf)
and its Raman spectrum in Fig. S4 (ESI).f Table S12 (ESIf)
brings together the attribution of the different vibration modes
to the corresponding different organic and inorganic groups.

The symmetrical deformation vibration », of the sulfate
group is represented by an average intensity line at 455 cm ™" in
the IR spectrum and at the same value in the Raman spectrum.
The peak with the strongest intensity, located at 1072 cm™ " in
the IR spectrum and observed in the Raman spectrum at around
1072 cm ™, is assigned to the asymmetric elongation mode v of
the SO, moiety. All of the peaks appearing in the 616-550 cm ™
infrared frequency range are attributed to the asymmetric
deformation mode v, of the sulfate group. This vibration mode
appears in the Raman spectrum in the form of a low-intensity
line at 613 cm™'. The symmetrical elongation vibration »; of
the sulfate group appears as two intense peaks in the IR and
Raman spectra at around 963 cm ™. These different attributions
are comparable with the values observed for similar
compounds®*~>',

The vibration modes 65(NH;) and d,5(NH;) appear in the IR
spectrum between 1602 and 1579 cm ™', while in the Raman
spectrum they show up as a single peak at around 1603 cm ™.
Peaks occurring between 2604 and 1936 cm ' in the IR
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spectrum are attributed to the vibrations »(N-H:--O). The two
peaks that appear at 3470 and 3070 cm ™" in the same spectrum
are from the elongation mode »(N-H) of the NH; group. These
modes are most likely caused by the different hydrogen bridges
ensuring the cohesion of the two organic and inorganic entities.
Furthermore, the different vibration modes of the SO, group are
observed at 1297, 1134 and 490 cm ™' in the IR spectrum and at
1220, 1153 and 493 cm ™' in the Raman spectrum. The 6(C-C-
C)ar vibration modes emerge between 455 and 963 cm ™' in the
IR spectrum and in the Raman spectrum between 974 and
455 cm ™. The elongation vibration of the C=C double bond is
manifested in the infrared spectrum as a band with an average
intensity around 1482 cm™' and a less intense band around
1497 cm™". In the Raman spectrum, this vibration mode is
observed at around 1501 c¢m~'. The »(C-S) and »(C-N)
frequencies are mainly visible between 632 and 1057 cm ™" in
the IR spectrum and between 633 and 1193 cm™ ' in the Raman
spectrum. The weak vibrations, observed in the [188, 288 cm ]
area of the Raman spectrum, are related to the translational
motions of the molecular lattice.

3.3.2. Vibrational study of 3,3'-DDS-S. The IR spectrum of
3,3/-DDS-S is illustrated in Fig. S5 (ESI). Compared to that of
4,4-DDS-S, the symmetrical deformation vibration », of the
sulfate group in this case is represented by an intense peak at
458 cm ™. The peak with a strong intensity located at 1151 cm ™"
is assigned to the asymmetric elongation mode »; of SO,4. The
peak appearing at 618 cm™ ' is attributed to the asymmetric
deformation mode v, of the sulfate group. The symmetrical
elongation vibration v, of the sulfate group appears as two
intense peaks at 1077 and 965 cm ™.

The vibration modes 65(NH;3) and 6,5(NH;) appear between
1597 and 1564 cm '. Peaks occurring between 2597 and
1934 cm ™' are attributed to the vibrations y(N-H---O). The
molecules present more atomic inter-vibrations, which is why
there is a rise in these values. The peaks that appear between
3563 and 3056 cm ' are related to the elongation modes of the
(NH;)" group. Moreover, the different vibration modes of the
SO, group are observed at 1219, 1151 and 485 cm ™ *. The §(C-C-
C)ar vibration modes emerge at around 430 cm™'. The elonga-
tion vibration of the C=C double bond is manifested as a band
appearing between 1501 and 1498 cm ™ ". The »(C-S) and »(C-N)
frequencies are mainly visible at 1318, 1206, 1040 and 697 cm ™.

These different attributions, gathered in Table S12 (ESIT) do
agree with those of the first presented compound as well as with
similar systems, taking into consideration the different vibra-
tional effects and distances.**"**

3.4. “3C nuclear magnetic resonance

Nuclear magnetic resonance (NMR) is one of the most powerful
spectroscopic techniques used to determine the structure of
both organic and inorganic species. It relies on the magnetism
of the nucleus.”

3.4.1. NMR study of 4,4-DDS-S. The MAS *C NMR spec-
trum, presented in Fig. S6 (ESIt), reveals the presence of eight
resolved peaks. The performed structural analysis has shown
that, within the organic cation of 4,4-DDS-S, four types of
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carbon atoms with the same chemical environment are present.
Thus, an attempt to attribute such peaks was made based on
similar compounds and on the chemical shift of the organic
molecule alone.””*®

The first two peaks at 124.3 ppm and at 126.32 ppm were
assigned to the nuclei of carbon atoms of the first type (C54,
C3A, C10A and C12A, and C5B, C3B, C10B and C12B, respec-
tively) The second signals centered at 131.21 ppm and at
132.55 ppm were assigned to aromatic carbons of the second
type (C6A, C2A, C9A and C13A, and C6B, C2B, C9B and C13B).
The signals of the third type of carbons (C1A and C8A, and C1B
and C8B) were observed at 137.14, 140.35 and 141.58 ppm. The
fourth peak at 152.33 ppm was assigned to fourth type of
carbons (C4A and C11A, and C4B and C11B). The positions of
the MAS *C NMR peaks, as well as their allocations, are pre-
sented in Table S13 (ESIf).

3.4.2. NMR study of 3,3'-DDS-S. Unlike the first compound,
the MAS *C NMR spectrum of 3,3'-DDS-S, presented in Fig. S7
(ESIT), showed seven resolved peaks, each assigned to
a different carbon type. The first peak, situated at 124.50 ppm,
was assigned to C2A and C9A, and C2B and C9B. The peaks at
125.93 and 129.24 ppm were attributed to C4A and C11A, and
C4B and C11B. The fourth peak, centered at 144.30 ppm, was
assigned to C6A and C13A, and C6B and C13B. C5A and C12A4,
and C5B and C12B were observed at 151.30 ppm. The signal at
156.61 ppm was attributed to C1A and C8A, and C1B and C8B.
And finally, the peak at 161.92 was assigned to C3A and C10A,
and C3B and C10B.

3.5. Thermal study

The thermal behaviors of 13 mg of each of the synthesized
compounds were studied by TGA coupled to DSC in the
temperature range from 25-600 °C under an air atmosphere
with a heating rate of 10 °C min—".

The DSC curve recorded for 4,4'-DDS-S is presented in Fig. 9.
As expected, transformations arise at a temperature of 230 °C,
where the organic entity engages in a combustion process. As
a result, CO,, CO, SO, and H,O are released in the gas form, as
proven by partial thermal specific tracking. Relative figures can

be found in the ESI (Fig. S8-S117).
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Fig. 9 The TGA-DSC analysis curves recorded for 4,4'-DDS-S.
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The endothermic peak at 260 °C in the DSC curve, coupled
with a minor loss of mass, characterizes the departure of water
molecules, supported by data from Fig. S11.F It is followed by
more significant weight loss taking place between 280 °C and
600 °C, which is, consequently, assigned to the degradation of
the material into the previously mentioned gas forms. This
attribution is moreover supported by previous studies on
similar compounds.**-**

As for 3,3-DDS-S, the thermogravimetric analysis curve
(Fig. 10) shows two mass losses. The first small loss, which takes
place between 200 °C and 280 °C, corresponds to the departure
of H,O moieties, as depicted in Fig. S12.1 Whereas the second
important loss, starting from 300 °C, represents the degrada-
tion of the compound into the same released gases as the first
compound (Fig. S13-S157). Other studies have shown similar
thermal behavior.**-*

It is to be noted that the release of SO, gas underlines the
role of S-O---7 contacts in increasing the solidity of the crystal
packing. Due to 3,3'-DDS-S having fewer counted S-O---7
contacts (two S-O---1v contacts), it emits SO, gas in a very tight
range of temperature (between 300-380 °C). This is unlike the
4,4'-DDS-S compound that exhibits a wider temperature range
of the release of this gas, between 300 °C and 460 °C approxi-
mately, owing to the seven S-O---7 contacts.

On the other hand, despite the same counted C-H---O
interactions, 3,3'-DDS-S demonstrates a tighter range of
temperature for the elimination of CO and CO, gases that starts
almost 100 °C later than that for the 4,4-DDS-S sample. This
highlights that C-H---O interactions are much stronger in the
molecular arrangement of 3,3’-DDS-S.

3.6. UV-visible spectroscopy study

In order to investigate the possibility of using our compounds in
NLO applications, we used UV-vis spectroscopy.

The UV-visible spectrum recorded for 4,4’-DDS-S, shown in
Fig. S16 (ESIf), exhibits three different bands in the UV range.
The first one is observed at 2 = 214.83 nm and the second is
observed at 257.06 nm. The last band appears at about
290.00 nm. With reference to similar compounds,®* these
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Fig. 10 The TGA-DSC analysis curves recorded for 3,3'-DDS-S.
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three peaks can be assigned to the ® — m* transitions of the
organic cation. The absence of absorption in the visible region,
as well as the crystallization in the non-centrosymmetric
monoclinic P2, space group, could mean that it is possible to
obtain a microscopic NLO response with non-zero values.”®”* As
a matter of fact, further theoretical calculations (DFT) could
allow us to obtain the values of polarizability and hyper-
polarizability, which would enable us to preview the NLO
response of this non-centrosymmetric material.”

The ultraviolet spectroscopic study carried out on 3,3’-DDS-S
in the wavelength range from 200 to 700 nm is illustrated in
Fig. S17 (ESIT). The peak detected at 215.04 nm can be attrib-
uted to the w — 7 * transition. In the visible region, no optical
transmission has been detected, which suggests the ability of
our compound to be a good crystal for second harmonic
generation (SHG), once some enhancements (such as the
Corona poling technique) are applied, as previously done in
comparable centrosymmetric compounds.””*

4. Conclusions

In this work, the synthesis and physicochemical characteriza-
tion of new organic-inorganic hybrid materials of two dia-
minodiphenyl sulfone derivatives (3,3'-DDS-S and 4,4'-DDS-S)
was reported. The undertaken crystallographic investigations
allowed us to confirm the identity of both systems and to
understand their structural features in the solid state. There-
fore, it was possible to demonstrate the occurrence of cationic
monolayers in the crystal of 4,4’-DDS-S or bilayers in the crystal
of 3,3'-DDS-S intertwined with anionic layers. This supramo-
lecular architecture was found to prompt the formation of
desirable N-H:--O and C-H---O hydrogen bond networks
between adjacent ions in both crystal networks. The cationic
layers in both investigated systems were additionally stabilized
by the presence of S-O---7 contacts between neighboring
cations within these supramolecular entities. The landscapes of
the intermolecular interactions occurring in 4,4'-DDS-S and
3’3’-DDS-S were also corroborated and quantitatively demon-
strated by HS analysis. Additionally, '*;C NMR, IR and Raman
spectral studies were also carried out for substance character-
ization. The temperature stability of the titular compounds was
tested via TGA-DSC analysis and, finally, the optical properties
of the compounds were examined by UV-vis absorption, where
a number of ® — 7* transitions were designated. The NLO
potential activity of the studied compounds could be derived
from further calculations. To sum up, we believe that the
research results presented within this paper enrich the current
state of knowledge concerning hybrid multi-component crys-
talline systems based on diaminodiphenyl sulfones and we
hope that they will draw the attention of other researchers to
this interesting group of compounds.
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