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THE SYNTHESIS AND PROPERTIES

OF A SODIUM SUPRAMOLECULAR CRYSTAL
NETWORK CONSTRUCTED WITH FUNCTIONAL
PYRAZINE SULFONIC ACID*

Y.-J. Liang', D. Hu?, L. Zhang', Y. Jiang’,
and J.-X. Li**

Sulfonic acid groups with C;, symmetry can coordinate with metal ions to produce multidimensional
structures due to their flexible coordination modes. They can also penetrate into supramolecular structures
through an intriguing bridging pattern and weak interactions. Herein, a novel heterocyclic sodium sulfonate
supramolecular structure, namely [Na(Pyr-SO;)(H,0)], where Pyr-SOs;H is pyrazine sulfonic acid, is
synthesized by utilizing NaBF, to coordinate with the P-SO;H ligand through the solvent evaporation
method. The single crystal X-ray diffraction (XRD) data indicate that the as-formed structure belongs to the
Pbca space group. Additional properties are characterized by powder XRD, thermal analysis, and solid-
state fluorescence. In particular, the introduction of a soft alkali metal ion can coordinate with the oxygen
atom of the sulfonate ligand and form a Na—O bridging configuration that can not only significantly
improve the pyrazine sulfonic acid ligand coordination ability, but also provide a reference for the extended

study of functional sulfonate polymers in the future.
DOI: 10.1134/S0022476621110172

Keywords: metal-organic architecture, pyrazine sulfonate, alkali metal, bridging pattern, supramolecular

structure.

INTRODUCTION

In recent years, the synthesis, structural modifications, and physicochemical properties of metal-organic based
architectures have received considerable attentions not only because of their diverse structures [1, 2], but also their promising
applications in many areas, such as proton conduction [3], nonlinear optical materials [4], magnetism [5, 6], catalysis [7], ion
recognition and exchange [8, 9], chemical sensing [10, 11], luminescence [12, 13], biomedicine [14], and so on. Among
them, the sulfonate group has recently received much attention for its useful features, such as flexible coordination modes,
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binding preferences to metal ions, and widely bridging extension [15, 16]. For instance, Wu and co-workers [17] used phenyl
sulfonic acid, p-aminobenzene sulfonic acid, and p-methylbenzene sulfonic acid to synthesize three Co(II) coordination
complexes under hydrothermal conditions. They found that the formation of hydrogen bonds and n—mn stacking interactions
can organize the architecture into a 3D supramolecular topology by connecting discrete molecules. In addition, Stock et al.
[18] employed a novel linker molecule that contained both phosphonic and sulfonic acid groups to prepare four new
coordination polymers using high-throughput methods. Interestingly, water sorption measurements confirmed that the
synthesized framework polymers were potentially porous. Just recently, the Li group [19] chose sulfo-functionalized aromatic
carboxylic acid ligands to construct three new Cu(Il) coordination complexes. The resulting polymers exhibit distinct proton
conductivity properties and photocatalytic activities that could be suitable for the development of functionalized sulfonate-
based photocatalytic and proton conductivity coordination complexes.

Nevertheless, the study of heterocyclic sulfonates coordinated with metal ions remains a challenging task. Sulfonic
acid ligands exhibit relatively weak coordination abilities and a spatially diverse structural motif during the coordination
process, as presented by M---M, M---C, X-H---M, or M---7 interactions, where M stands for metal ions [20, 21]. The
previously mentioned factors may contribute to the final structure formation and polymer properties, as well as an increase in
potential applications of heterocyclic sulfonate-based polymers. Our previous experiments successfully produced two silver-
based supramolecular structures and a 3D Cu(Il) sulfonate polymer; the results indicated that they might have potential in
optical sensing and biomedical applications [22, 23].

It is worth noting that alkali and alkaline earth metals can produce stable complexes with high performance [24, 25].
In particular, the sodium ion exhibits a much greater tendency to coordinate with sulfonate ligands compared to transition
metal ions. The radius and charge density of sodium ions may affect the hydration energy and compatibility with sulfonate
anions, resulting in a greater affinity for the sulfonate ligand during the coordination process [26]. Taking into account the
importance of sodium ions in biomedicine, especially the participation in a range of physiological processes, herein, we
employed sodium ions and Pyr-SO;H to design and synthesize the Na" polymer. The as-prepared polymer is characterized by
IR spectroscopy, elemental analysis, and X-ray crystallography. Moreover, the thermal stability and solid-state fluorescent
properties are also investigated. We hope that these results will provide a solid foundation for the extended study of

sulfonate-based functional polymers in the future.
EXPERIMENTAL

Materials and methods. All the reagents were of analytical grade and used as received without further purification.
Notably, the detailed preparation of the ligand, namely pyrazine sulfonic acid (Pyr-SO;H), can be found in our previous
publication [27].

Preparation and characterization of [Na(Pyr-SO3)(H,0)],. Typically, NaBF, (0.3 mmol) and the ligand, pyrazine
sulfonic acid (Pyr-SO;H, 0.2 mmol), were mixed with solvents, which included THF, methanol, and acetonitrile, in a certain
proportion (1:3:1). Subsequently, the mixture was placed in the water bath and stirred at 60 °C for 6 h. Finally, the filtrate
was allowed to evaporate at room temperature in a natural way to get the cube-like crystal after 24 days. Yield 68% (based on
Na). Notably, the IR spectrum was recorded on the FTIR spectrometer (PE Spectrum One, USA) with KBr as the substrate,
and the thermogravimetric analysis was conducted (Labsys Evo-TGA, France). The solid-state fluorescence characterization
was carried out using a HORIBA JOBIN JVON fluorescence spectrophotometer (FL3-P-TCSPC). The powder of the
pyrazine sulfonic acid ligand and as-synthesized [Na(Pyr-SO;)(H,0)], were placed in quartz slides for observation
respectively, and the fluorescence spectra were obtained by scanning at a 3 nm slit width at room temperature. Anal. calcd for
C4Hs5N,NaSO4 (%): C 24.00, H 2.52, N 14.03. Found (%): C 24.38, H 2.89, N 14.24. IR spectra (Supplementary Materials)
(KBr, cm’l): 3446 vs, 1621 vs, 1516's, 1426 w, 1385 s, 1242 m, 1223 w, 1144 s, 1062 m, 859 vs, 728 vs.

X-ray crystallography. The X-ray diffraction data for as-synthesized [Na(Pyr-SOs)(H,0)], were collected at 298 K
using the Agilent Super-Nova diffractometer (MoK,,, A =0.071073 nm). Related crystal data were solved with the Olex2
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software [28]. Notably, the direct method and the full matrix least-squares method within the SHELXTL program package
were used to solve and determine the structure, respectively. Furthermore, all non-hydrogen atoms were used with the
anisotropic thermal parameters [29]. All the non-hydrogen atoms were refined anisotropically. The hydrogen atoms were
generated geometrically and treated by a mixture of independent and constrained refinements. Crystallographic data are listed
in Table 1; the selected bond distances and angles are presented in Table 2; the hydrogen bonds can be seen in Table 3.

TABLE 1. Crystal Data and Structure Refinement for [Na(Pyr-SO;)(H,0)],

Empirical formula C4HsN,NaO,4S
Formula weight 200.15
Wavelength, A 0.71073
Crystal system Orthorhombic

Space group Pbca
a,b,c, A 8.17414(19), 11.7287(3), 15.7452(3)
v, A’ 1509.52(6)
VA 8
Calculated density, g/cm’ 1.761
Absorption coefficient, mm™' 0.459
F(000) 816.0
Crystal size, mm 0.40x0.20x0.12
20 range for data collection, deg 6.604 to 52.74
Reflections collected 14339
Unique data 1541
Rin 0.0431
Completeness to 0, % 100
Refinement method Full-matrix least-squares on F~
Data / restraints / parameters 1541/0/117
GOOF on F* 1.128
Final R indices ({ > 2o([)) R, =0.0322, wR,=0.0842
R indices (all data) R, =0.0345, wR, =0.0858
Largest diff. peak / hole, /A’ 0.25/-0.50

TABLE 2. Selected Bond Distances and Bond Angles of [Na(Pyr-SO;)(H,0)],,

Bond length Distance, A Bond length Distance, A
Nal-04"! 2.3792(15) Nal-Nal*! 3.7111(14)
Nal-03" 2.3945(16) O1-Nal® 2.4594(14)

Nal-02 2.4400(13) 03-Nal” 2.3945(16)
Nal-01" 2.4594(14) 04-Nal”! 2.3791(15)
Nal-O4 2.4899(16) N2-Nal?’ 2.5270(17)
Bond angle Value, deg Bond angle Value, deg
1 2 3 4
04" Na1-03" 106.01(6) 03"-Nal-Nal” 147.08(6)
04" Nal-02 161.80(6) 02-Nal-Nal” 120.77(4)
03"”-Nal-02 91.09(6) 01"-Nal-Nal"! 85.54(4)
04" -Na1-01" 82.16(5) 04-Nal-Nal”! 39.25(3)
03"-Nal-01" 95.99(5) N2*-Nal-Nal™ 94.77(5)
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TABLE 2. (Cont.)

1 2 3 4
02-Nal-01% 102.60(5) S1-01-Nal™ 123.22(8)
04"'-Nal-04 80.71(6) S1-02-Nal 147.28(8)
03"”-Nal-04 171.00(6) S1-03-Nal” 173.77(11)

02-Nal-04 81.66(5) Nal*'-O1-Nal 99.29(6)

01%-Nal-04 90.82(5) Nal®'-O4-H4A 137.8(19)
04" -Nal-N2™ 91.36(6) Nal-O4-H4A 103(2)
03"-Nal-N2" 78.27(5) N1"'-04-H4B 105(2)

02-Nal-N2* 85.96(5) Nal-O4-H4B 108(2)
01"-Nal-N2™ 169.88(6) C3-N2-Nal?’ 118.79(12)

04-Nal-N2™ 95.81(6) C2-N2-Nal?’ 124.68(12)
04" Nal-Na1”! 41.46(4)

Symmetry transformations used to generate equivalent atoms: "' —x+1, —p+1, —z+1; P x+1/2, 5+3/2, —z+1;
B x43/2, y-1/2, z; M x, 4312, 241725 P x43/2, y+172, z; " x =172, 4312, —z+1; M x, 94372, z—1/2.

TABLE 3. Hydrogen Bond Geometries (A, deg) of [Na(Pyr-SO3)(H,0)],

Donor—H- - - Acceptor d(D-H) dH:--A4) d(D---A) Z(DHA)
O4-H4A---N1 0.83(3) 2.06(3) 2.877(2) 168(3)
04-H4B---02" 0.77(3) 2.11(3) 2.864 (2) 165(3)
Symmetry code: ! x —1/2, —+3/2, —z+1.
RESULTS AND DISCUSSION

Structural description. Based on the single crystal X-ray diffraction (XRD) data, two sodium ions in the
asymmetric unit are coordinated with oxygen and nitrogen atoms from the pyrazine sulfonic acid ligands to construct
a distorted octahedral configuration (Fig. 1a). In the horizontal direction, two sodium ions are chelated with oxygen atoms of
two water molecules to form a parallelogram configuration. The related bond lengths and angles are: Nal-04"', 2.379 A;
Nal-04, 2.490 A; Nal'-O1-Nal, 99.29°; 04"'-Nal—04, 80.71°. During the coordination process, Pry-SO; played the role
of an uncoordinated counterbalancing anion and an anionic ligand. In fact, the distance between Nal*' and Nal was measured
as 3.711 A, and the bond lengths and angles mentioned above are consistent with the literature reports [30, 31]. Note that
sodium atoms from the asymmetric unit of the molecule can chelate with oxygen atoms of water molecules and sulfonate to
form the parallelogram in terms of the affinity, and then to create a repeating wavy-like 1D chain in the equatorial plane.
Subsequently, these as formed Na—O bridging configurations further act as the filling layer to extend into a 2D plane
(Fig. 1b). Moreover, numerous intramolecular hydrogen bonds that occur between sulfonic acid groups in the adjacent layers
with lengths of O4-H4A---N1 2.864 A and O4-H4B---02" 2.877 A can be found between the main frame of the as-formed
complex and coordinated water molecules. As can be seen in Fig. lc, the flexible sodium sulfonate frames functioning as
pillars could combine with these hydrogen bonds to facilitate the formation of a 3D structure. It should be noted that the
adjacent pyrazine rings have different orientations between each layer. In particular, the pyrazine rings are staggered during
the layer-to-layer accumulation, so that two kinds of outward and inward orientations within the same layer were shown, then
resulting in their function as novel pillars for the 3D architecture construction (Fig. 1d) [32, 33]. We speculate that these
results may either be closely related to a change in reaction conditions during the coordination process (such as concentration,
pH, etc.) or due to the coordination of nitrogen atoms on the pyrazine ring with sodium ions, thus leading to different
molecular interactions. No matter what is the cause, the interesting accumulation pattern of pyrazine sulfonic acid ligands

described herein should continue to be studied.
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Fig. 1. Crystal structure of [Na(Pyr-SO;)(H,0)],. (Pyr-SO;H = pyrazine sulfonic acid): coordination
environment of Na" ions (a), 2D framework of the interleaved lattice (b), 3D supramolecular structure with
different packing patterns of [Na(Pyr-SO;)(H,0)], (¢), illustration of the rotation of pyrazine rings during the
layer-to-layer accumulation (d).

Powder XRD. Fig. 2 shows the experimental and simulated powder XRD patterns of the polymer. Most of the
peaks are observed to match the positions as their counterparts in the simulated part. However, a few peaks of the
experimental powder XRD pattern in the angle range of 22-40° do not agree with the positions of the simulated pattern. We
think that this can be ascribed to that the single crystal does not fully expose all its crystal faces during the powder XRD data
collection. Therefore, the analysis and verification should be continued.

Thermal analysis. The thermal stability of [Na(Pyr-SO;)(H,O)], could provide useful information in the
development of additional applications. TGA of the polymer was performed from ambient temperatures to 600 °C with
a heating rate of 10 °C/min and under the continuous N, flow. As shown in Fig. 3, the weight loss of [Na(Pyr-SO3)(H,0)],
was initially observed at approximately 140 °C, which was attributed to the release of water molecules. The observed weight
loss percentage was 10.2% versus a theoretical value of 9.0%. The polymer framework decomposed rapidly on continuous
heating, and the maximum weight loss appeared at approximately 400 °C. (The observed weight loss percentage was 82.3%
versus a calculated value for the Na,O substance of 84.5%.) Due to the obvious inflection point, we attributed the weight loss
to pyrolysis of the sulfonic acid ligand. As the temperature increased further, the degradation rate of the polymer decreased
until the pyrolysis residue as exhibited at approximately 600 °C (Obs. 7.6%, caled 7.1%).

Luminescence. The solid-state fluorescence spectra of the sulfonate ligand and [Na(Pyr-SO3)(H,0)],, were recorded
at room temperature. As shown in Fig. 4, at an excitation wavelength of 378 nm, the maximum emission signal of [Na(Pyr-

SO;)(H,0)], was detected at 450 nm. In particular, the fluorescence peaks of the polymer were weaker than those of the

1805



1806

2

z 2

()

E

]

=
= 1

[~

T T T T T T T T T T T T
10 20 30 40 50 60
20, deg

Fig. 2. Experimental (/) and simulated (2) powder XRD
patterns of [Na(Pyr-SOs)(H,0)],..

1004

0 T T T T v T T T T T T T T T T T
80 160 240 320 400 480 560 640
Temperature, °C

Fig. 3. TGA curve of [Na(Pyr-SO;)(H,0)],..

900000+ - 530
| g 1500000 46177,
800000 21000000 Y
700000 & 500000
L £ .
= \\h—- U Sm—————
@ 600000 ' 300 500 700 900
&) T \ Wavelength, nm
= 500000 \
Z 400000
j] N
£ 1
= 300000
200000 - N
100000+
0 T T J T T T T T T T T T
200 300 400 500 600 700 800

Wavelength, nm

Fig. 4. Solid-state photoluminescence spectra of [Na(Pyr-SO;)(H,0)],
(Pyr-SO;H = pyrazine sulfonic acid). Note that solid line indicates the
excitation wavelength and dotted line shows the emission signal of the

polymer. Inset reports the solid-state photoluminescence spectra of the
ligand, PyrSO;H.



sulfonate ligand, and the maximum emission signal underwent a blue shift at approximately 80 nm compared to the ligand
(hex =461 nm, Aqn = 530 nm). We attribute this to the coordination of Na™ ions with the oxygen atoms of sulfonic acid and
solvent molecules. This unique coordination structure reduces the number of degrees of freedom within the molecule and
transfers energy. As a result, the existence of weak intermolecular interactions between Na ™ ions and the sulfonic acid ligand
leads to a further increase in the HOMO-LUMO gap, which in turn leads to a certain degree of fluorescence quenching of the

polymer [34-36]. Nevertheless, more analyses are needed to further support these results.
CONCLUSIONS

In summary, a sodium supramolecular crystal network, namely [Na(Pyr-SO;)(H,0)], was successfully synthesized
via the solvent evaporation method utilizing pyrazine sulfonic acid as the ligand. Although the sulfonate group has certain
stretching and deformation characteristics, the highly symmetrical and rigid structure of the pyrazine ring largely restricts the
variety of coordination modes and building blocks during the synthetic process. Alkaline metal ions have a strong oxygen
affinity and easily form solvated hydrate ions with solvent molecules. Therefore, the introduction of softer alkali metal Na"
ions allow them to function as bridging blocks and a good proton conductor to expand the 3D architecture of the polymer.
Furthermore, Na™ coordination with sulfonate groups might induce an increase in the HOMO-LUMO gap, thus leading to
certain quenching of the polymer fluorescence intensity. We strongly believe that the polymer designed and constructed in
this study is an excellent example of inorganic-organic hybrid materials which may provide a new method to explore the
synthesis of supramolecular sulfonated pyrazine. A further study for the in vitro biomedical behavior of the as-prepared
polymer is currently in progress.

ADDITIONAL INFORMATION

Supplementary data associated with the IR spectra of [Na(Pyr-SO3)(H,0)],, (Pyr-SO;H = pyrazine sulfonic acid) can
be found in the online version. The crystallographic data have been deposited with the Cambridge Crystallographic Data
Center with CCDC deposition number 2076645. Copies of this information may be obtained free of charge from the CCDC,
12 Union Road, Cambridge, CB2 1EZ, UK (Fax: p44 1223336 033; E-mail: deposit@ccdc.cam.ac.uk or

www.ccdc.cam.ac.uk).
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