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Abstract. A novel coordinatioh,’polymer (CP) hal, been synthesized and characterized
through a combination of techniques including elemental analysis, Fourier Transform
Infrared (FT-IR) spectroscopy,”X-ray crystallography, and Hirshfeld surface analysis.
The compound, formulated)as [€u2(SSA)4In(MEA)2(H20)4, exhibits a distinctive
“paddle-wheel” or "Chinese lantern” structural motif. In this structure, copper ions
occupy the centraj axis, while sulphosalicylic acid (SSA) ligands bridge these metal
centers, forming'a pb'lymeric chain.“The SSA molecules coordinate to the copper ions in
two distinct ways axial coordination: The oxygen atoms (O10) of the sulfo groups bind to
the metal centers. Equatorial coordination: The carboxy\late ends of the SSA molecules
link neighboring paddle-wheel units, resulting in the formation of polymeric chains
extending along the [100] direction-~tntramolecular hydrogen bonding (O1-H...05) is
observed within the SSA molecules. A Hirshfeld surface analysis was conducted to gain
insights into the intermolecular interactions within the erystal structure. The analysis
reveals significant variationssin the contributions of different elements to both the
internal and external ‘surfaces of the molecule: Hydrogen: Makes substantial
contributions to both the intergaj@%’) and external (59.7‘V@%Urfaces. Oxygen: Plays a
significant role in the internal surface (49%) but a lesser role in the external surface
(29.5%). Carbon: Contributes moderately to the internal surface (15.9%) and minimally
to the external surface’(6.1%). Copper: Has a minor impact on both internal (4.1%) and
external (4%) surfaces.These findings provide valuable information about the packing
arrangement and intermolecular interactions within the crystal lattice of the
coordination polymer.

Introduction. Sulfosalicylic acid (SSA) forms stable complexes with a variety of
metal ions, finding applications in analytical chemistry, medicine, and materials science
[1]. These complexes exhibit diverse properties and functionalities, including
colorimetric detection of metal ions, chelation therapy, drug delivery, and catalysis [2].
The stability, sensitivity, and selectivity of SSA complexes make them valuable tools in
various fields. However, further research is needed to address potential toxicity concerns
and enhance their stability in biological environments [3, 4].
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One of the most prominent applications of SSA complexes is in analytical

chemistry. The formation of colored complexes with several metal ions, such as iron(ll1),
titanium(1V), and vanadium(V), allows for their spectrophotometric determination [5].
This property is exploited in various analytical techniques, including colorimetric
titrations and spectrophotometric assays. Additionally, SSA can serve as a primary
standard in acid-base titrations due to its high purity and stability [6].

Materials science is another area where SSA complexes have found utility. The ability
of SSA to form stable complexes with metal ions has been exploited in the development
of metal ion sensors [7]. By ‘ineorporating SSA into sensor materials, it is possible to
detect and quantify metal ions/in various samples, including water and environmental
samples. Additionally, SSA compléxes have been uged as catalysts and catalyst supports
in various chemical reactions [8]. The unique properties of SSA complexes, such as their
ability to stabilize metal ions® and promote electron transfer, make them attractive
candidates for catalytic applications, [9]. Despite these challenges, the versatility and
potential of SSA complexes make them a promising area of research. Ongoing research
efforts are focused on developing new and improved SSA complexes with enhanced
properties and apprcatlons [10]). By addressmg the limitations and exploring new
opportunities, researchefs aim to unlock the full potential of SSA complexes in various
fields, from analytical chemistry to medicine and materlal§ science [11].

Crystal structure. A polymeric paddle-wheel - copper complex forms upon
crystallization from a media containing”5-sulfosalicylic acid (SSA), monoethanolamine
(MEA), and the salt CuCl2H.O. Paddle-wheel ‘metal complexes are a class of
coordination compounds characterized by a unigue binueleaf=core structure. This core
consists of two metal ions” (aften transition metals) held in close proximity by four
bridging ligands. The gen%raf’formula for these complexes is [M3(L1)«(L2):], where M -
metal ion, L1 - chelating equatorlai—hgand (typically carboxylafe) and L2 - axial ligand.
The L1 ligands coordlnate’to both metal ions in a bidentate mode, forming a planar,
rectangular arrangement.’ Typically, these complexes exhibit inversion symmetry, with
the inversion centerlocated midway between the two métal ions. Each metal ion adopts a
square pyramidal coordination geometry. The name “paddle-wheel" is derived from the
visual resemblance of this core structure to an old-fashioned paddle wheel, with the metal
ions representing the axle and the bridging ligands forming the paddles. Alternatively, it
is sometimes referred to as a "Chinese lantern™ structure [12]. Paddle-wheel complexes
exhibit a wide range of properties and applications. A significant number of these
complexes (1571), particularly those involving copper, manganese, zinc, cobalt,
chromium, nickel, rhodium, and other metals with carboxylic acids, are documented in
the Cambridge Structural Database (CSD) [13]. Approximately half of these complexes
are copper-based, and a substantial portion involves benzoic acid derivatives. Among the
copper-benzoic acid derivative complexes (280), nearly a quarter (78) feature water
molecules, as axial ligand. This prevalence suggests that copper-based paddle-wheel
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complexes with axial water molecules are particularly common. However, no
paddle-wheel metal complexes of SSA are found in the CSD, despite the registration of
its some coordination polymers. [14].
Table 1. Crystal data and structure refinement
Empirical formula C16H18CUNO5S,
Formula weight 591.97
Temperature/K 293(2)
Crystal system .~ 7 trielinic
Space group . pq
a/A D7 94173@Q)
b/A Y3/ 10.3633(2)
c/A S 14,1364(2)
o [ [95.029(2)
Bo e W 90.4340(10)
Ve R\ 109.150(2)
Volume/A®, | Y 4 1297.30(4)
z ) .‘ 2 ~
Pealcg/cm’ I 1515 )
wmm'™* S’ | /8329, B
F(000) £ 604.0
Crystal size/mm® 0.14 % 0.12 %0 1.
Radiation " CuKa (A=1.54184) |
20 range” for Jdata
_rangedor A8 6 080 t0 142,916
collection/® e {V
index ran Sx"'; A1<h<1l,-10<sk<12,-17<
J bt S il P - A
Reflections collected 12534
. 4983 [Rinx= 0.0242, Rsigma=
Independent reflect g
ndependent reflections 0.0271]
Data/restraints/parameters 4983/0/327
Goodness-of-fit on F? 1.083
Final R indexes [I>=26 (1)]| R;=0.0604, wR, =0.1882
Final R indexes [all data] R; =0.0638, wR, = 0.1930
Largest diff. peak/hole / e
L rgest At p 2.65/-0.80
A
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In our case, SSA molecules coordinate to the axial positions (L1=L2),
forming a polymeric paddle-wheel complex. The formula of the compound is

[Cuz(SSA)4]n(MEA),(H20),4 (Fig.1).

Figure 1. Asymmetric part of the crystal structure (left) and formation of the paddle-
wheel complex (right) (ligands'i in axial positions are not shown).

In axial positions, also SSA molecules are coordinated through the O10 oxygen atom
of the sulfo- -group. Th?a'?:arboxylate end of this molecule coordinates with a neighboring
paddle-wheel mole(;me resultlng in-the f})rmatlon of polymeric columns extending along
the [100] direction. There is"intramolecular H- bonds O1-H...05 in the SSA molecules.
This hydroxy group O1-H is also H-bonded to O9 atom of the SSA molecule coordinated
in axial position (Fig. 2). _ f ‘

There are complicated mtermglecuiar’H -bonds betweén*complex molecules, MEA and
2 water molecules (Table 2)- ﬂhese H-bonds mcorporate these fragments into 2-D
network parallel (101) plane (Fig. 3). = ‘

Figure 2. Polymeric column of the compound parallel to the [100] direction.
Table 2. Hydrogen bonds in the crystal structure.

D-H---A D-H, H--A, DAA| < D-| Symme
A H--A,° try
O1-H1-- O5 0.820 1.9300 2.601(4) 138.00
O1-H1-- O9 0.820 2.2400 2.847(4) 131.00 1+x,y,z
0870 | 21800 | 3.029(5) | 167.00) |1 -x.2-,
: .o |
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H1A--O10 0 z
O7-H7-- 08 0.820 2.4800 2.954(4) 118.00 1+x,y,z
0
O7-H7---011 0.820 1.9400 2.628(4) 141.00
0
014- H14A 0.850 2.0200 2.840(8) 161.00
014- 0.850 2.2700 3.005(9) 146.00 X,1-y,1-
H14B-09 0 AL ¥ z
015- 0.85(T , 2.0500 2.873(5) 164.00
H15D-9 R -
C6- H6-"N1 0.930 \) 2.5500 3.4;0(6) 156.00 X,-1+y,z
0 b

Figure 3. Crystal structure of the coordination polymer.

Analysis of Hirshfeld surfaces of discrete coordination compound.

Molecular crystalline structures can be ‘quantitatively analyzed through the Hirshfeld
surface technique. This methodelegyﬂlummates the shifts Iﬁf)'penlng at every point on
the Hirshfeld surface, pertalnlng to neighboring atoms situated-on both the external and
internal surfaces. These ‘distinct attributes have-been pivotal in scrutinizing the selectivity
and specificity of intermolecular forces acting upon molecular arrangements.

The creation of these surfaces involves partitioning the space enclosed by the crystal
using the Hirshfeld ratio, where the procrystal is effectively delineated by employing a
promolecule characterized by an electron density of 0.5. The normalized contact distance,
referred to as d,orm, IS calculated by considering perspectives from both the exterior and
interior of the surface, as outlined below:

vdW vdw
p _di—r d, — 1,
norm vdw vdW
7] 7}

The Hirshfeld surface analysis elucidates the intricate relationships between the
external and internal components of a crystalline structure. The parameter denoted as
dnorm represents the normalized contact distance, where d. signifies the distance from the
leshfeld s%urface to the nearest external nucleus, di denotes the corresponding distance to
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the nearest internal nucleus, and r'™ designates the van der Waals radius of
the atom in question.

The dnorm parameter is visually depicted on the Hirshfeld surface through a color
gradient ranging from red to white to blue. The bright red regions indicate intermolecular
contacts occurring within a distance shorter than the respective van der Waals radii, while
the blue regions signify intermolecular contacts at distances greater than the van der
Waals radii. The white regions correspond to the cumulative van der Waals radii for the
associated atoms. 4

To analyze the short-range’contacts between neighboring molecules in crystal lattice
structures, the researchers utilized CrystalExplorer version 21.5 [15]. This software was
employed to examine the Hirshfeld surfaces of th@) crystal structures and generate the
corresponding two-dimensional (2D) fingerprint plots [16].

Hirshfeld analysis. Hirshfeld" surface analysis was conducted on a coordination
polymer complex using a CIF file. &he asymmetric part of the structure was selected for
the surface analysis, while thg monoethanolamine and water molecules in the external
sphere of the coordination complex were not considered. During the analysis, the
Hirshfeld surface was derrved from the normalized contact distance and its di and de
indices. : 9
Quantitative analysis of the Hirshfelds surface area \(dnorm) revealed that the total
volume is 453.59 A3 and the surface aréa is 418.34 A2 Generally, larger volume and
surface area indicate more extensive-intermolecular bonding and interactions within the
crystal structure. S

The normalized bond distance, which provides a measure-ofatomic size, ranges from -
0.6483 to 2.319 a.u.The parameter di, which represents the distance from the Hirshfeld
surface to the nuclear state’ OT‘the atoms inside and outside the surface, fell in the range
from 0.9084 to 3.6866 a.u., while hile de'ranged from 0.7751 to 3$4099 a.u. (Figure 4).

The 2D fingerprints of the Hirshfeld surface of the polymer coordination compound
are shown in Figure 5;/"Analysis-of. these fingerprint patterns revealed five different
homo- and heterdatomic contact interactions withifand between molecules that
contribute to the overall crystal packing.

The most prominent intermolecular interactions are H-O/O-H contacts, which account
for 37.9 % of the Hirshfeld surface. The second largest contribution is H-H contacts,
accounting for 19.1 % of the surface area. These close hydrogen-hydrogen interactions
also play an important role in intermolecular packing. Other significant contributions
include H-C/C-H contacts (13.9%) and O-O contacts (13.5%). These reflect the various
van der Waals and dipole-dipole interactions present in the crystal.

Slightly smaller proportions include Cu-O/O-Cu contacts (7.1%) and O-C/C-O
contacts (6.5%), all of which also contribute to the Hirshfeld surface. This demonstrates
the diverse molecular interactions that stabilize the crystal structure.
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Figure 4. The appearance of‘t.tlr_e H irshfeld surfaCG}ound in dyorm, d;, and de

Figure 5. 2D represenm the Hirshfeld surfaee) and the contributions of

interatomic mteractlonsm the forrrmtlon of the surface

According to Hnrghfeld surfgce ana1373|s the contribution of similar elements to the
overall surface formation inside and outside the molecular surface varies significantly, as

shown in Table 3. Hydrogen contributes 31% to the internal surface and

59.7% to the

external surface. Oxygen contributes 49% to the internal surface and 29.5% to the

external surface. Carbon contributes 15.9% to the internal surface and
external surface. Copper contributes 4.1% from the internal surface and
external surface.

6.1% to the
4% from the

Table 3. Contribution of atoms of the same element inside and outside the surface to

the formation of the Hirshfeld surface and their differences.

A

~,

H O C Cu
Inside 31 49 15.9 4.1
Outside 59.7 29.5
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Conclusion. In conclusion, a novel coordination polymer (CP) with the

formula [Cu2(SSA)4In(MEA)2(H20)4 has been successfully synthesized and
characterized. The compound exhibits a distinctive "paddle-wheel” or "Chinese lantern™
structural motif, stabilized by both axial and equatorial coordination of sulphosalicylic
acid (SSA) ligands to copper ions. Intramolecular hydrogen bonding further enhances the
stability of the structure. Hirshfeld surface analysis provides valuable insights into the
intermolecular interactions within the crystal lattice. The analysis reveals the significant
contributions of hydrogen and oxygen.to both internal and external surfaces, while
carbon and copper have relatively minor contributions.This study contributes to the
growing field of coordination polymer chemistry, offering potential applications in areas
such as catalysis, gas adsorption;and materials science. Further investigations into the
properties and potential applications,of this novel CP are warranted.
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