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Abstract

Four silver-based coordination polymers {[Ag(L1);]NOs}, (1), {[Ag(L1):]ClO4} (2),
{[Ag(L2),]NO3;* H,O},, (3) and {[Ag(L2),]ClO4}, (4) were synthesized using
thiomorpholine-4-carbonitrile (L1) and piperazine-1,4-dicarbonitrile (L2) ligands.
Compounds 1 and 2 are two-dimensional, while 3 and 4 are three-dimensional. L1 and L2
are 1,4-bis-monodentate ligands in all compounds, while Ag(I) ions are four-coordinated in a
slightly distorted tetrahedral geometry. Topological analysis in standard representations
suggests that underlying nets in 1 and 2 have a sql, while 3 and 4 exhibit dia topology.
Thermal analysis shows that 3 loses crystalline water at room temperature, while other
compounds show good thermal stability. All compounds show good photocatalytic activity
for photocatalytic degradation of mordant blue 9 dye, with reaction rates in the range 0.029 to
0.061 min '. The best result was obtained for compound 4, which can be correlated to its

largest lattice volume.

Keywords: Silver complexes; Coordination polymers; Topology; Thermal stability;

Photocatalysis.

Introduction

In recent years, coordination polymers (CPs) have become increasingly important in
material science. Due to their structural diversity,1 they have a wide application such as drug
delivery, gas storage, catalysis, luminescence, redox-active materials for carbon-based
electrodes, removal of pollutants from the environment, etc.”” Also, these materials have
potential application as antibacterial agents®” and high-performance supercapacitors.® The
combination of cations of 3d and 4f-transition metals can lead to the creation of
multifunctional and multidimensional hetero-metalorganic frameworks which may have
photocatalytic, magnetic and combined properties simultaneously.” "'

Analysis of the data deposited in the Cambridge Structural Database'” revealed that 8
% of all CPs in MOFs subset are Ag-CPs. Silver as a metal of choice for construction of CPs
provides a great diversity in coordination numbers (2-6 and even higher), as well as different
types of interactions (Ag---ligand, Ag--'m, Ag---Ag, Ag---C, C-H--'n, n—n stacking and
classical H-interactions) that lead to the creation of self-assembled supramolecular

13, Dalton Trans., 2011, 40, 1224-1226, Inorg. Chem., 2013, 52, 5914-5923
structures, = O TS, S A5 » OTE. A, S, 9% Also, the structures of Ag-CPs
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are influenced by the anion type of silver salt used for their synthesis. Some topologies of 2D
Ag-CPs are sql, heb and fes'*'® while 3D topologies like peu, ths, pts, sra and irl are

19-22 Cryst. Growth Des., 2019, 19, 22
observed, %22 Cryst. Gro es., 2019, 19, 2235

2D Ag-CPs can show potential application as photocatalysts,? ¥ Growth Des. 2020, 20,

1130 luminescent24’ CrystEngComm, 2021, 23, 56, Dalton Trans., 2015, 44, 5837-5847

and nanomaterials.” Also,
2D Ag-CPs can be designed to show detonation performance,”® sorption and selectivity to
certain ions.”” One of the most significant applications of insoluble coordination polymers is
in heterogeneous catalysis because the catalyst can be easily separated and regenerated from
the reaction mixture. There were several reports on Ag-CPs manifesting excellent catalytic
and photocatalytic properties.”**’ One of the significant applications of photocatalytically
active coordination polymers is the oxidation of organic pollutants such as tartrazine,
rhodamine B, and 2,4-dichlorophenol in natural watercourses.”® Additionally, 2D Ag-CPs
show biological potential as antibacterial agents®® and as cytotoxic agents against breast and
colon cancers.”'

The potential application of 3D Ag-CPs is very similar to 2D Ag-CPs. Due to their

properties, 3D Ag-CPs have potential application as photoluminescence materials,’% "¢ Chem-

2021, 60. 37575379 iy an anion exchange, guest inclusion and electrochemical measurements,” as
well as in modern electronic devices as supercapacitors.*** Also, a highly efficient Ag-MOF
based electrochemical sensor, capable of detecting ultra-trace penicillin, was fabricated.>

In our previous work'> we synthesized four Ag-CPs with thiomorpholine-4-
carbonitrile and aromatic polyoxoacids as co-ligands. We showed that all of them have good
thermal stability and reasonable reaction rates in the photocatalytic degradation of mordant
blue 9 (MB9) dye, while two of them showed luminescent properties. As a continuation of
our previous work on Ag-CPs we performed the synthesis of new Ag-based 2D and 3D CPs,
their characterization, crystallographic analysis of intermolecular interactions, investigation
of photocatalytic properties and thermogravimetric analysis. To improve the photocatalytic
properties, two ligands with related cyclic cyanamide structures were used to obtain new Ag-

CPs: the previously reported thiomorpholine-4-carbonitrile (L1) and the newly investigated
piperazine-1,4-dicarbonitrile (L2).



Experimental

Materials and methods

All the employed reagents and solvents were of analytical grade and used without
further purification. AgNO; (= 99.0 %) and anhydrous AgClO4 (97 %) were obtained from
Sigma-Aldrich (Sigma-Aldrich Chemie GmbH, Steinheim, Germany). Elemental analyses (C,
H, N, S) were performed by the standard micro-methods using the ELEMENTARVario ELIII
C.H.N.S=0O analyser. Infra-red (IR) spectra were recorded on a Thermo Scientific Nicolet
6700 FT-IR spectrometer by the Attenuated Total Reflection (ATR) technique in the region
4000—400 cm™'. Abbreviations used for IR spectra: vs, very strong; s, strong; m, medium; w,
weak. Solid state diffuse reflectance UV-Vis spectra were recorded using an Agilent Cary
5000 UV-Vis-NIR spectrophotometer, equipped with an integrating sphere. Data were
collected from 200 to 800 nm, with scan rate 600 nm/min and data interval of 1 nm. A

commercial PTFE cell was used as reference.
Synthesis of the ligand thiomorpholine-4-carbonitrile (L1)

The ligand was synthesized according to our previously reported procedure.” In a
round bottom flask, thiomorpholine (103 mg, 1 mmol), acetonitrile (0.5 mol dm >, 2 mL) and
tetramethylethylenediamine (232 mg, 2 mmol) were mixed. Then CuCN (179 mg, 2 mmol)
was added and the mixture was flushed with oxygen. The reaction solution was then let to stir
under 1 atmosphere of O, for 18 h. After a short filtration over Celite® that was rinsed thrice
with AcOEt (3 x 3 mL), the crude mixture was concentrated under vacuum and purified by
flash column chromatography (Pentane/AcOEt, SiO,) to afford the entitled product. Yield
0.12 g (94%). White solid; m.p.: 41-43 °C. Anal. Calcd. for CsHgN,S (MW = 128.19): C,
46.85; H, 6.29; N, 21.85; S 25.01 %. Found: C, 46.65; H, 6.73; N, 21.74; S 25.12 %. ATR-
FTIR (cm'): 2961 (w), 2921 (w) and 2863 (w) (Csp'—H); 2210 (vs) (C=N). 'H NMR
(CDCls, 500 MHz) & 2.70 (t, J = 5.1 Hz, 4H), 3.46 (t, J = 5.1 Hz, 4H); °C NMR (CDCls,
126 MHz) & 26.1 (2C), 50.8 (2C), 117.4.

Synthesis of the ligand piperazine-1,4-dicarbonitrile (L2)

A solution of sodium hydrogen carbonate (3.9 g, 46.44 mmol) in H,O (10 mL) was
slowly added to a stirred solution of piperazine (1 g, 11.6 mmol) in dichloromethane (25 mL)

at 0°C. A solution of cyanogen bromide (2.58 g, 24.38 mmol) in dichloromethane (10 mL)



was then added to the reaction mixture at 0°C. The mixture was stirred at 0°C for 30 minutes,
then allowed to rise to ambient temperature and stirred for an additional 2 hours. Finally, the
layers were separated, the dichloromethane phase was washed with aqueous saturated
NaHCOj; solution (25 mL), brine (25 mL), dried over MgSO4 and evaporated in vacuo to
obtain an off white solid. The desired compound was obtained in 75% yield (1.18 g, 8.67
mmol) as a white solid after recrystallization from EtOH, m.p.: 165-167 °C. 'H NMR
(CDCl3, 500 MHz) & 3.32 (s, 8H); >*C NMR (CDCls, 126 MHz) § 47.2 (4C), 117.4 (2C).

Synthesis of {{Ag(L1);]NOs}, (1) and {JAg(L1);]ClO4} (2)

1: AgNO5(0.033 g, 1.95 x 10 * mol) was added into the solution of L1 (0.050 g, 3.9 x
10* mol) in H,O (5 mL). Reaction mixture in amber round bottom flask was refluxed for 1 h.
Colorless solution was left and kept away from light for 5 days. White crystals were
separated by filtration and dried in desiccator. Yield: 0.027 g (32.50 %). Anal. calcd. for
C1oH16AgNsS,05 (MW =426.27): C, 28.18; H, 3.78; N, 16.43; S, 15.04. Found: C, 28.05; H,
3.82; N, 16.24; S, 14.99. ATR-FTIR (cm'): 2972 (w) and 2924 (w) (Csp’—H); 2222 (vs)
(C=N); 1362 (vs) and 1343 (vs) (N-O nitrate).

2: The complex was synthesized in a similar way to 1, but using AgClO,4 (0.044 g,
1.95 x 10 mol) instead of AgNO;. Yield: 0.045 g (49.71 %). Anal. Caled. for
C1oH16AgCIN4O4S; (MW = 463.71): C, 25.90; H, 3.48; N, 12.08; S, 13.83. Found: C, 25.89;
H, 3.21; N, 12.04; S, 13.78. ATR-FTIR (cm'): 2997 (w) and 2927 (w) (Csp’—H); 2226 (vs)
(C=N); 1106 (vs) and 1083 (vs) (C1-O perchlorate).

Synthesis of {{Ag(L2);]NO3- H,0}. (3) and {[Ag(L2);]Cl04}- (4)

3: The solid AgNO; (0.012 g, 7.34 x 10 mol) was added into the solution of L2
(0.020 g, 1.46 - 10* mol) in EtOH (10 mL). Reaction mixture in amber round bottom flask
was refluxed for 1 h. Colorless solution was left and kept away from light for 3 days. After 3
days, colorless single crystals suitable for X-ray diffraction analysis, were obtained by slow
evaporation, separated by filtration and dried in desiccator. Yield: 0.019 g (10.62 %). Anal.
Calcd. for C1pH sAgNoOs (MW = 460.22): C, 31.32; H, 3.99; N, 27.39. Found: C, 31.39; H,
3.71; N, 27.69. ATR-FTIR (cm'): 3010 (w) and 2938 (w) (Csp>~H); 2229 (vs) (C=N); 1381
(s) and 1338 (s) (N-O nitrate).

4: The solid AgClO4 (0.025 g, 1.21 x 10 mol) was added into the solution of L2
(0.020 g, 1.46 x 10* mol) in H,O (10 mL). Reaction mixture in amber round bottom flask



was refluxed for 90 min. Colorless solution was left and kept away from light for 5 days.
Colorless single crystals were separated by filtration and dried in desiccator. Yield: 0.007 g
(12.11 %) Anal. calcd. for C,H;sAgCINgOs (MW = 479.65): C, 31.05; H, 3.36; N, 23.36.
Found: C, 30.96; H, 3.20; N, 23.31. ATR-FTIR (cm_l): 2941 (w) and 2875 (w) (Csp3—H);
2232 (vs) (C=N); 1087 (s) (CI-O perchlorate).

X-ray crystallography

X-ray diffraction data for 1-4 were collected at room temperature on a Rigaku
(Oxford Diffraction) Gemini S diffractometer. CrysAlisPro and CrysAlis RED software
packages® were used for data collection and data integration. Space group determinations
were based on analysis of the Laue class and systematically absent reflections. Collected data
were corrected for absorption effects using analytical absorption correction for 1 and 3 and
numerical absorption correction based on Gaussian integration for 2 and 4 applying a
13722

multifaceted crystal mode

edited by F. R. Ahmed, S. R. Hall & C. P. Huber, pp. 255-270. Copenhagen:

(??:Coppens, P. (1970). In Crystallographic Computing,

Munksgaard).Structure solution and refinement were carried out with the programs
SHELXT?® and SHELXL-2018/3,”" respectively. Crystal structure of 3 was solved as a non-
merohedral twin with a BASF factor value of 0.12. MERCURY™ was employed for
molecular graphics and WinGX*' software was used to prepare material for publication. Non-
hydrogen atoms in 1-4 were refined anisotropically. In 3, H atoms were identified on
difference electron density maps and isotropically refined, while H atoms in 4 were treated by
a mixture of independent and constrained isotropic refinement H atoms. In 1 and 2 H atoms
were treated by constrained isotropic refinement. Crystal data and refinement parameters for
1-4 are summarized in Table 1. Topological analysis was performed with the ToposPro
program package and the Topological Types Database collection of periodic network

topologies.*?



Table 1. Crystallographic data and refinement parameters for 1-4

Crystal data

Compound
Chemical formula

My

Crystal system, space group

a(A),

b (A)

c(A)

a(°)

B ()

v (%)

V(A

z

D, (Mgm™)
Radiation type
u(mm™)

Crystal size (mm)

1

2(CsHgAgo 50N»S)-NO;
426.27

Tetragonal, P42,m
13.1512(5)

13.1512(5)

43773(3)

90

90

90

757.07(8)

2

1.870

Mo Ka (4 =0.71073 A)
1.62

0.72 x 0.14 x 0.10

2

2(CsHsAgo 50N2S)-ClO4
463.71

Tetragonal, P42,m
13.1198(3)

13.1198(3)

4.6860(2)

90

90

90

806.60(5)

2

1.909

Cu Ko (A=1.54184 A)
14.18

0.29 x 0.08 x 0.07

3

C1oH sAgN,O,
460.22

Triclinic, P1
6.6706(4)
10.5894(9)
13.5484(11)
91.104(7)
99.965(5)
103.416(6)
915.10(12)

2

1.670

Mo Ko (2 = 0.71073 A)
1.14

0.52 x 0.13 x 0.06

4

C12H6AgCINgO,4
479.65
Orthorhombic, Pnnn
12.6128(3)
13.1579(3)
16.1737(3)

90

90

90

2684.15(10)

6

1.780

Cu Ko (4= 1.54184 A)
10.76

0.70 x 0.38 x 0.27

Data collection

Absorption correction

Analytical

Gaussian

Analytical

Gaussian



T, mins T max
Reflections collected
Independent reflections

Observed reflections

[1>20(D)]
Rint

6 values (°)

0.858, 0.963
1705
837

730

0.022

Ornax = 29.0, O = 3.5

0.161, 0.462
1211
711

654

0.025

Omax = 71.7, Opin = 4.8

0.765, 0.940
6839
6839

5792

0.020

Ommax = 29.1, Opin = 3.1

0.036, 0.200
16023
2641

2088

0.028

Ormax = 72.0, Oppin = 4.3

Refinement

R[F* > 26(F%)], wR(F®)
R[all data], wR2
Goodness-of-fit (S)
No. of reflections

No. of parameters

No. of restraints

Apraxs Aprmin (€ A%)
CCDC no.

0.0284, 0.0532
0.0373, 0.0580
1.043

837

77

25

0.30,-0.53
2068533

0.0250, 0.0617
0.0287, 0.0641
1.057

711

60

0

0.23,-0.49
2068534

0.0425, 0.0978
0.0528, 0.1048
1.096

6839

308

2

0.56, -0.51
2068535

0.0301, 0.0873
0.0368, 0.0961
1.052

2641

196

0

0.65, —0.49
2068536




The Powder X-ray diffraction (PXRD) experiment was conducted on a Rigaku Smartlab
X-ray diffractometer in §— geometry (the sample in horizontal position) in parafocusing Bragg-
Brentano geometry using D/teX Ultra 250 strip detector in 1D standard mode with CuKal,2
radiation source (U = 40 kV and 7/ = 30 mA). The PXRD patterns were collected in 5-65° 26
range, with a step of 0.01°, and the data collection speed of 5 ° min~' with horizontal sample
rotation of 20 rpm. For every compound, a small amount of single-crystal sample was
pulverized, and low background single crystal silicon sample holder was used to minimize the
background. The crystal phases present in the samples were identified in dedicated Rigaku
PDXL 2.0 software, comparing them with a user database comprised of CIFs previously

obtained by a single crystal X-ray diffraction.
Hirshfeld surface analysis and intermolecular interaction energies

Hirshfeld surface analysis was carried out using the CIFs. Before calculating the surfaces,
the lengths of the bonds which include hydrogen atoms were normalized to the standard values
determined by neutron diffraction. The Hirshfeld surfaces visualization and the presentation of
the results as dnom, shape index, and curvedness and the calculation of 2D fingerprint plots with

de and di distances were performed by Crystal Explorer v.17.5.%%

. The parameter dyom
represents the sum of the distance of the nearest nucleus external to the surface (de) and the
distance from the surface to the nearest nucleus internal to the surface (di), normalized by the
van der Waals radius of the atom. The surfaces were mapped over a standard color scale, with
the corresponding 2D fingerprint plots calculated using de and di values in the range 0.4-2.8 A.
The intermolecular interaction energies were determined using CrystalExplorer v17.5, with the
wavefunction calculated using Gaussian09 software with the B3LYP method and DGDZVP
basis set.* The model systems were built from supercells of different sizes by creating a non-
polymeric system. This was achieved by removing the metal centers, preserving whole ligand

molecules, and capping eliminated covalent bonds with hydrogen atoms to preserve the charge

balance.
Photocatalytic and photophysical properties

Mordant blue 9 (MB9) is a commonly used dye in the textile industry and is a very

common environmental pollutant. MB9 has not been widely investigated in much detail, so there



is a relative scarcity of publications investigating its degradation. A volume of 50 mL of dye
solution (¢ = 0.05 mol dm™) in water was mixed with 50 mg of the tested complex. A complex
powder was added to the water solution under constant stirring and left in the dark for 15 min to
equilibrate. The sample was illuminated by a spotlight source (Hamamatsu LC5) from a distance
of 1 cm (light intensity 5.2 mW cm ™). The decomposition rate of MB9 as a function of
irradiation time was measured by a Varian Cary 50 Scan UV-Vis spectrophotometer. Lamp with
emission in UV and visible part of the spectrum is turned on, and 5 mL of solution was extracted
at regular intervals and measured in UV/VIS spectrometer. MB9 has two main absorption
regions: around 330 and around 530 nm. The relative concentration of MB9 is tracked using
absorption intensities in these regions. Measured absorption intensities were used to calculate
relative concentrations of MB9 dye and the corresponding rate constants for the photocatalytic
degradation reaction of MB9 dye.*® Dependence of —In(C/Cy) on time, where the initial part of
the curve shows linear dependence (with R-squared > 99%) in all four complexes, indicates that

the reaction of the photocatalytic degradation of MB9 dye can be treated as a first-order reaction.

To investigate reusability, photodegradation experiment for complex 4 was repeated for
three successive cycles. Particles of 4 were separated from the solution, centrifuged and washed
with water prior to reuse for the next photodegradation cycle. Each photodegradation cycle was
performed under the same conditions. The photodegradation efficiency (n) was calculated
according to the following equation: n = (1 — A/Ap) x 100%, where A, denotes the initial
absorbance of dye’s solution and 4; denotes the absorbance of the dye after irradiation time in
min. The photodegradation efficiency of the complexes after the first cycle was compared to
titania (Degussa p25 titanium dioxide nanopowder, rutile : anatase / 85 : 15, 99.9%, 20 nm)

under the same conditions.

To explore the possible photocatalytic mechanism of 4, active species trapping
experiments were performed. Ethanol (EtOH), benzoquinone (BQ), or ammonium oxalate (AO)
were introduced as scavengers for hydroxyl radicals (‘OH), superoxide ion ('O, ), and holes
("), et Cryst. Growth Des. 2020, 20, T30S pogoctively. During the experiments, EtOH, BQ, or AO was
added to the MB9 solution to obtain a concentration of 1 mM. Otherwise, the method was similar

to the described experiment of photodegradation of the dye.
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TGA-DSC-MS

Thermal data were collected using TA Instruments SDT Q600 thermal analyzer coupled
to Hiden Analytical HPR20/QIC mass spectrometer. The decomposition was followed from
room temperature to 500 °C at 10 °C min ' heating rate in argon carrier gas (flow rate = 50 cm’
min'). Sample holder/reference is alumina crucible/empty alumina crucible. The sample mass
was 3—5 mg. Selected ions between m/z = 1-90 were monitored in multiple ion detection modes

(MIDs).
Results and discussion

Molecular and crystal structures of 1-4

Coordination compounds 1 and 2 crystallize in the tetragonal P42,m space group.
Complex cations consist of Ag atoms and L1 ligands, while anions are nitrate in 1 and
perchlorate in 2. In asymmetric units of 1 and 2, Ag(]) ions are situated on a 2-fold axis along
which two mirror planes intersect. Moreover, L1 lies on the (110) mirror plane with half-
occupancy, except for the C2 and C3 atoms at general positions. The asymmetric unit of 1
contains an Ag(I) atom and a nitrate anion, both of a quarter occupancy, as well as half of the L1
ligand. All nitrate oxygen atoms (O1-03) showed large displacement parameters. As they are
located at a general position, the disordered atoms were flanked with PART -1 and PART 0. The
asymmetric unit of 2 consists of an Ag(I) atom with a quarter occupancy, half of the L1 ligand
and a perchlorate anion. The oxygen atoms belonging to the perchlorate anion are in a general

position, while the occupancy of Cl1 is one quarter.

The molecular structures of 1 and 2, illustrated in Figure 1, show that L1 ligands form a
distorted tetrahedral geometry around Ag(I) atoms. The four-coordinated geometry indices 14"’
are 0.87 in 1 and 0.85 in 2. Each of the Ag(I) in 1 and 2 is coordinated to two nitrogen and two
sulphur atoms from four different L1 ligands. The selected bond lengths are given in Table 2. In
1 and 2, molecules of L1 act as bridging ligands with bis—monodentate coordination modes
connecting the Ag(l) atoms to form a two-dimensional coordination network (Figure 2).
Topological analysis in the standard representation suggests that each Ag(I) atom acts as a 4-

connected node and the overall structures 1 and 2 have a sql underlying net topology.* The

11



structures 1 and 2 comprise layers stacked along the c-axis with a thickness of 4.53 A in 1 and

4.79 A in 2 (Figure 2).

Figure 1. MERCURY™ drawings of the molecular structure of compounds 1 (A) and 2 (B), with
labeled non-H atoms. The atoms of the asymmetric unit are labeled in black. Displacement
ellipsoids are shown at 30% probability level and H atoms are drawn as spheres of arbitrary
radii. Disordered nitrate ion in 1 is omitted for clarity. Lengths of bonds (labelled as 1—4 in blue)
are given in Table 2. Symmetry codes: (1) —x, —y+1, z; (2) y—1, —x+1, —z+1; (3) —p+1, x, —z+1;
(4) —x+2, —y+1, z; (5) y+1, —x+1, —z+2; (6) —p+1, x, —z+2.
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Figure 2. The packing in the crystal structures viewed along the c-axis (right) and stacked layers
viewed along the b-axis (left) for compounds 1 (A) and 2 (B). All hydrogen atoms in presented

extended layers are omitted for clarity.

Coordination compound 3 crystallizes in the triclinic P1 space group, whereas compound
4 crystallizes in the orthorhombic Pnnn space group. Complex cations in these compounds
consist of Ag (I) atoms and L2 ligands, while anions are nitrate in 3 and perchlorate in 4. The
asymmetric unit of 3 contains a single Ag(I) atom and four halves of the L2 ligands, one water
guest molecule, and a nitrate anion. On the other hand, the asymmetric unit of 4 consists of two
crystallographically different Ag(I) atoms, one and a half L2 ligand, and two independent
perchlorate anions. The Agl ion is situated on a site with 222-symmetry (Wyckoff @) with half-
occupancy, while Ag2 lies along a two-fold axis (Wyckoff /). The first perchlorate anion lies
about a twofold axis with Cl1 at Wyckoff position 4k, whereas the half-occupancy Cl12 from the

13



other perchlorate anion is situated on a 222-symmetry site (Wyckoff ). One-half of the L2
ligand coordinated to Agl via N1 lies on the axis containing the Cl1, while the L2 ligand

coordinated to Ag2 via N2 lies about the axis containing the Ag2 ion.

The molecular structures of 3 and 4 shown in Figures 3 and 4 reveal that L2 ligands form
a distorted tetrahedral geometry around Ag (I) atoms. The four-coordinated geometric index ;"'
is 0.92 in 3. In 4, the geometry indices 14" are 0.93 and 0.96 for the Agl, and Ag2 environments,
respectively. Each of the Ag(I) in 3 and 4 is coordinated to four nitrogen atoms from four

different L2 ligands. The selected bond lengths are given in Table 2.

Figure 3. MERCURY™ drawing of the molecular structure of 3, with labeled non-H atoms. The
atoms of the asymmetric unit are labeled in black. Displacement ellipsoids are shown at 30%
probability level, and H atoms are drawn as spheres of arbitrary radii. Lengths of bonds (labelled

as 5—8 in blue) are given in Table 2.
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Figure 4. MERCURY™ drawing of the molecular structure of 4, with labeled non-H atoms. The
atoms of the asymmetric unit are labeled in black. Displacement ellipsoids are shown at a 30%
probability level, and H atoms are drawn as spheres of arbitrary radii. Lengths of bonds (labelled
as 9 and 10 in blue) are given in Table 2. Symmetry code: (7) x—1/2, —y+1, z+1/2.

In 3 and 4, the molecules of L2 act as bridging ligands with bis—monodentate
coordination modes connecting the Ag(I) atoms to form three-dimensional coordination
networks (Figures 5 and 6). In 3, the Ag(I)...Ag(I) separations are 12.0168(12), 11.5727(11),
11.8866(12) and 12.1108(12) A (Figure 3). On the other hand, the Ag(I)...Ag(I) separations in 4
are 12.1840(3) A and 12.1840(4) A for Agl and Ag2, respectively (Figure 4). Topological
analysis in standard representation suggests that each Ag(I) atom acts as a 4-connected node, and
the overall structures of 3 and 4 have a dia underlying net topology.** In 3, the MOF structure
comprises five interpenetrating networks (Figure 7) related by 6.67 A translations along the
[100] direction, thus being characterized by interpenetration class Ia.** The channels along the

a—axis of the framework are occupied by hydrogen-bonded chains consisting of water molecules
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and nitrate anions (Figure 5). Water molecules in 3 are connected by hydrogen bonds (Table S1).
In 4, the MOF structure comprises six interpenetrating networks (Figure 8), two of which are
with Agl nodes related by 12.61 A translations along the [100] direction (interpenetration class
la).* The remaining four networks with Ag2 nodes are related both by 12.61 A translations

along the [100] direction and by an inversion centre (interpenetration class IIla).**
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Figure 5. The crystal structure packing of 3 viewed along the a-axis. Selected hydrogen bonds
are showed as dashed lines. Hydrogen atoms not involved in selected hydrogen bonds are

omitted for clarity. Symmetry code: (i) x—1, y, z

Table 2. Selected bond lengths for 1-4“

Compound | Bond label | Bond type Bond length (A)
1 1 Agl-N1, Agl-N1' 2.324(6)
2 Agl-S1% Agl-S1° 2.5537(15)
2 3 Agl-N1, Agl-N1* 2.317(7)
4 Agl-S1°, Agl-S1° 2.5528(16)
3 5 Agl-N1 2.269(4)
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6 Agl-N2 2.257(5)
7 Agl-N3 2.256(4)
8 Agl-N4 2.248(5)
4 9 Agl-N1, Ag2-N2 2.269(2)
10 Ag2'-N8 2.283(2)

“Symmetry codes: (1) —x, 1-y, z; (2) 1-y, x, 1-z; (3) =14y, 1—x, 1-z; (4) 2—x, 1-y, z; (5) 1+y, 1—=x,
22, (6) 1y, x, 2—2; (7) -Va + x, 1, Vo + z.

Figure 6. The crystal structure packing of 4 viewed along the b-axis. All hydrogen atoms are

omitted for clarity.
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Figure 8. A schematic view of the six interpenetrating networks in 4. Two Agl nets are given in

black and white, while four Ag2 nets are in colour.

Powder X-ray diffraction analysis

All single crystal samples investigated by PXRD analysis represent single-phase systems
(Figure 9). Since the second phase is absent, it can be concluded that the obtained single crystals

are stable in the air under standard conditions and during pulverization.
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Figure 9. Experimental and theoretically obtained powder X-ray diffractograms of 1 (A), 2 (B), 3

(C) and 4 (D).

Hirshfeld and 2D fingerprint plot analysis

The Hirshfeld surface® a type of molecular surface, is often used to investigate, visualize
and interpret all intra- and intermolecular interactions in a crystal structure. For better
quantification of interactions, along with Hirshfeld surfaces, a 2D fingerprint plot is often used.”
The Hirshfeld surfaces and the pseudosymmetric 2D fingerprint plots,’® as well as the existing
classical and non-classical interactions in the crystal structures of 1 and 2 are depicted in Figure
10. In complexes, interactions can be observed in the shape-index plot as red and blue regions, as
well as in the curvature plot as a flat zone in the same position of the surface as in the shape-

index plot. White circles mark the regions of the surfaces through which the complexes interact.
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Complex 1

Figure 10. 2D fingerprint plot, Hirshfeld surface mapped with d,..m, shape index, and curvedness

for 1 and 2. For the interaction types, see Table 3.

Since complexes 1 and 2 are isostructural, it would probably be a good assumption to
expect the same types of interactions, which is true. Generally, fingerprint plot analysis shows a
trend that the percentage representation of all interactions, but the trend of the most engaged
interactions differed. The relative contributions of different types of interactions in 1 and 2 are
shown in Table 3. The O---H interactions are the most represented in 1, while bifurcated S---H
interactions, in which sulfur atom is a double proton acceptor, is the most represented in 2. This
trend is probably caused by the consequence of the difference between the anions of these two
complexes. Analysis showed a trend that the percentage representation of all interactions in the
crystal structure of 1 is greater than in 2, which means that the representation of H---H contacts
is higher in the crystal structure of 2. Also, it was found that there were no interactions involving

the central metal ion.
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Table 3. Relative contributions and (di + de) values of different interaction types in the crystal

structures of 1 and 2.

1 2
) relative contribution  di+de  relative contribution di+de
Interaction Interaction o
with included (A) with included (A)
number type . . . .
reciprocal contacts in reciprocal contacts in
% %

1 O--H 18.2 2.42 10.8 2.46

2 S---H 13.2 2.82 12.8 2.76;
3.36

3 C---H 7.1 3.20 6.0 3.60

4 N---H 6.8 3.50 6.0 3.51

Intermolecular interactions

Since the results of the crystallographic analysis indicate that there are 2D networks in 1
and 2, intermolecular energies were calculated for these two coordination polymers. Table 4
shows an overview of the calculated values of intermolecular interactions in model systems of
these two complexes. Electronic interactions dominate in the structures of both complexes (Table
5), which can be related to the repulsive interactions that exist between the oxygen atoms of
nitrate anions in 1 and perchlorate anions in 2. Since the same trend of intermolecular
interactions exists in 1 and 2, the next most common is dispersion interactions which can be
attributed to the stacking of 2D networks that result from the formation of classical and non-
classical hydrogen interactions in the crystal packing of these polymers.’' The difference in the
values of dispersion interactions (—206.0 kJ mol ™ for 1 and —146.3 kJ mol ™' for 2) stems from
the presence of different anions in the crystal structures of these polymers. Also, this correlates
with the distances between the 2D layers in 1 and 2 (4.377 A for 1 and 4.686 A for 2) and with
the fact that in 2 the S---H interactions are more represented in relation to O---H, while in 1 the
trend is reversed.

Although 1 and 2 are isostructural, their structural differences contribute to polarization

interactions, which differ by 10.5 kJ mol™'. The relative contributions of these interactions are
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the same (Table 5) in both cases. Still, the existence of an energy difference indicates the
importance of qualitative structural differences and the geometric difference of the anions in the
crystal structure of 1 and 2. Qualitative differences and the orientation of donors and acceptors of
hydrogen interactions are crucial for the existence of differences in the values and contributions

of different types of intermolecular interactions.

Table 4. Overview of calculated values for intermolecular interactions (in kJ mol ') in model

systems of 1 and 2.

1
Electron  Polarization Dispersion Repulsion Total
564.90 —43.20 —206.00 129.60 445.30
2
Electron  Polarization Dispersion  Repulsion Total
469.20 —32.70 —146.30 66.94 357.14

Table 5. Relative contributions (in %) to interactions in the crystal structures of 1 and 2.

Complex Electron Polarization Dispersion
1 59.86 4.58 21.83
2 65.61 4.57 20.46

UV-visible spectra and optical band gaps

The optical diffuse-reflection spectra for crystalline samples of 1-4 were measured at
room temperature. With the assistance of the Kubelka—Munk function, the absorption (o/S) data
were then calculated from the reflectance (Figure S1). All CPs showed absorption in the range
200—400 nm and have a pronounced peak around 230 nm, originating from the nitrile group
common to both ligands. 1 and 3 exhibit a characteristic peak around 310 nm which can be
correlated to the presence of the NO3; anion. The band gap energies (E£g) of 1-4 were obtained
from the steep absorption edge (Figure S2). The Eg values for all CPs are similar (4.5—4.7 eV)

and correspond to wide band gap semiconductors.
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Photocatalytic properties

Photocatalytic properties were investigated in the reaction of photocatalytic degradation
of MB9 dye (Figure 11). Since all complexes are insoluble in water, they were tested as
heterogeneous catalysts in powder form for a degradation reaction in water. The progress of the
degradation reaction was monitored using UV/VIS spectroscopy (Figure 12), and the results are
shown in Table 6. Apparent first-order rate constants are in the 0.029 to 0.061 min ' range,
indicating good photocatalytic properties. This is comparable to or better than Ag-based
coordination polymers' reported activities for photocatalytic degradation of organic dyes.”*>
The lowest values were obtained for 2, and the highest was obtained for 4. Complexes 1 and 2
differ only in the counter-ion (NO3; and ClO, , respectively). However, their rate constants show
a considerable difference. This suggests that the oxygen from NOs3; anion is probably more
reactive since this would be expected to be the main reactive species. 3 exhibits similar
photocatalytic activity as 1, which can be correlated with the presence of the same NO3; anion.
Structure. 4, which contains ClO4, shows the highest photocatalytic activity, which can be
correlated to its larger lattice volume. Other compounds are more compact, so it is likely that 4

benefits from its less tightly packed structure, allowing faster penetration of dye molecules into

the three-dimensional network.

Table 6. Calculated apparent first-order rate constants corresponding to each compound

Complex Rate constant
(min")
0.049+0.006
0.029+0.003
0.045+0.003
0.061+0.002

AW N -
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Figure 12. UV-VIS spectra showing the progress of photocatalytic degradation of MB9 dye for
1-4.

The concentration ratios of MB9 (Cy/Cy) against irradiation time (min) in the presence of
1-4 were plotted (Figure S3), where C; denotes a concentration of the dye after irradiation time t,
while Cy is the initial concentration of MB9 after stirring in the dark for 15 min. The results
obtained in the dark showed significant adsorption (more than 30 %) of MBO for 1 and 3. After
60 min the dye was degraded almost completely using all CPs (more than 90 %), while Degussa
p25 (titania) removed 65 % (Figure S3). Taking into account that the apparent first-order rate
constant was the highest for 4 and adsorption of the dye was relatively low, this complex was
selected for testing of the reusability and further exploration of the photodegradation by radical
trapping experiments. The changes in photodegradation percentage of MB9 after each cycle
under the same experimental conditions are shown in Figure S4. There was no significant loss of

photocatalytic activity of 4 in the first two cycles, while after the third cycle there was a drop of
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activity. After the third cycle, the FTIR spectrum of 4 was nearly identical to the one before the
first cycle (Figure S5).

A photodegradation mechanism using semiconducting materials as heterogeneous
photocatalysts can be classified as direct or indirect dye degradation, the latter being more
dominant.™ RSC Adv- 2014, 4. 37003 6 jndirect photodegradation of organic dyes usually occurs by
the formation of reactive species such as superoxide radicals ('O, ), hydroxyl radicals ((OH),

: +
photoexcited electrons, and holes (h*). ™ RSC Adv- 2014, 4, 37003

Thus, radical trapping experiments
were conducted to check the possible active species formation during the MB9 degradation
process photocatalyzed by 4. Ethyl alcohol (EtOH), benzoquinone (BQ), or ammonium oxalate
(AO) were introduced in the reaction system as quenchers of ‘OH, ‘O, and h", respectively
(Figure S6).1f Cryst. Growth Des. 2020, 20, 113071138 pho regylts showed that all the quenchers had
negligible influence on the photocatalytic activity of 4, implying that ‘OH, O, and h" are not the
intermediate species, and that none of the mechanisms associated with them apply to this
reaction. Therefore, since a direct degradation mechanism is less likely in a system like this, it is

most likely that the degradation occurs through creation of photoexcited electrons.

Thermal characterization of 14

For compounds with potential applicability, it is crucial to determine their thermal
stability and thermal properties in the planned applications' temperature range.’®>’ Discussed
compounds represent two pairs of coordination polymers with analogue structures — 1 and 2, and
3 and 4, respectively. Figure 13 shows the TG and DTG curves of all four complexes. During the
samples' thermal treatment in the first step, the evaporation of the solvent is expected. TG and
DTG curves in Figure 13 show that only compound 3 contains a solvent which, according to
single crystal X-ray diffraction (SCXRD) data, is water. The amount of water determined by TG
is higher (Am = 5.2 %) than that determined by SCXRD (Am = 3.92 %). This means that
compound 3 is hygroscopic. The DTG curve of 3 shows two peaks before 180 °C, and the mass
loss is continuous. The origin of the DTG peak at 154 °C cannot be explained without the
simultaneously recorded MS data. In compounds 2 and 4, the mass loss to 150 °C is less than 0.5
%, indicating a negligible amount of adsorbed water from the air, while 1 shows no solvent
traces. After evaporation of adsorbed water, compounds 2 and 4 are stable with decomposition

onset temperatures of 179 and 266 °C, respectively. As the decomposition of 3 is continuous,
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before practical application, it would be necessary to test its stability using isothermal

measurements.

Since the cation of 1 and 2 is the same, and their structures are similar (Figure 1), the
different thermal stabilities and different decomposition mechanisms are caused by the different
anions, NO3; (1) and ClO4 (2). The nitrate compound is less stable. A similar trend is actual for
compounds 3 and 4: the nitrate compound's decomposition starts at a significantly lower

temperature (~170 °C) than the perchlorate compound (TG onset: 266 °C, see Figure 13).

Both anions are strong oxidizing agents. The corresponding DSC curves better present
the effect of oxidation with their exothermic peak temperatures, as shown in Figure 14. In the
nitrate compounds, the exothermic peaks show up at 221 °C (1) and 213 °C (3), while for the
perchlorate compounds, they are at 275 °C (2) and 294 °C (4). As only compound 3 contains

water molecules, the sharp endothermic peak at 170 °C may indicate its melting, followed by

decomposition.
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Figure 13. TG (A) and DTG (B) curves of the CPs 1-4.
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Figure 14. DSC curves of compounds 1—4 in N,.

The decomposition mechanism was studied by coupled TGA-MS measurements. Since
the coordinated ligands L1 and L2 consist of C, N, H, and S (only L1) (Figures 1 and 3), their
thermal decomposition products can be H, C", N, N," and S" (m/z = 1, 12, 14, 28 and 32,
respectively). The only fragment detected in all four spectra is N, but the peak for N," is missing
(Figure 15a). The TG-MS curves in Figure 15A show the evolution of a fragment with m/z = 14
in all CPs in the temperature range of 120 — 200 °C, which may indicate the scission of a
nitrogen atom of the ligand, thus resulting in the partial destruction of the polymeric structure of
all four complexes. Namely, it is implausible that the fragment is related to the evolution of
CH,", requiring the scission of the N-CH, bond of the ring. Interestingly fragment m/z = 14 was
detected in the case of 4 at ~150 °C, too. Due to the lower sensitivity of TG measurements, the
corresponding mass loss was not detected. Only a small endothermic DSC peak can be attributed
to the process (see Figure 15B). The only reasonable explanation of this peak's appearance could
be the scission of one of the nitrogen atoms from the terminal NH groups, which are not
stabilized by inter- or intramolecular interactions. In 1 and 2, the evolution of S* is detected at
226 °C (1) and 271 °C (2), which is in accordance with the structure of the ligand. Other possible
fragments of L1 and L2 are CN', HCN', and C,H,N" (m/z = 26, 27 and 40, respectively), but the
last one cannot be identified because it has the same molar mass as argon used as a purge gas.
Fragments with m/z = 26 and 27, which, besides CN" and HCN", may belong to ring fragments
(C2H2+ and C2H3+), were detected only in 2 and 4.
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Figure 15. DSC curves of m/z = 14 in all four compounds (A); Curve of 4 and its signal for m/z =

14 (B).

Since all CPs contain highly oxidative anions, intramolecular redox reactions and their
products are expected in the form of H,O, CO or/and CO, and nitrogen oxides. All these signals'
intensity was monitored in all the compounds (see Figures 16 and 17). The evolution of the
signals at m/z = 18 and 17 characteristic for water (Figure 16) at the beginning of the heating
program show that all the compounds absorbed small amounts of water during the storage, which
evaporates from room temperature. Peaks of m/z 18 and 17 during the decomposition of CPs
with the fragments of m/z = 44 (CO, or N,0) are the results of the oxidation of the ligands L1
and L2 due to the anion. Also, 1 and 2 due to sulfur content of L1 give fragments of SO and SO,
with m/z = 48 and 64, respectively, detected at ~300 °C. MS curves of 2 are presented in Figure
18. The signal m/z = 36 detected in perchlorate compounds (2 and 4) most probably belongs to

evolved HCI. Its intensity increased with increasing temperature (Figure 19).
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Figure 18. Peaks of SO and SO, evolution (m/z = 48 (SO") and 64 (SO,")) of 2.
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Figure 19. Peaks for m/z = 36 of CPs 2 and 4.

Conclusion

Four new Ag(I) coordination polymers with thiomorpholine-4-carbonitrile (L1) and
piperazine-1,4-dicarbonitrile ligands (L2) were synthesized and characterized. Compounds 1 and
2 crystallize in the tetragonal P42,m space group, while 3 and 4 crystallize in the triclinic P1 and
orthorhombic Pnnn space groups, respectively. In all four structures, L1 and L2 behave as 1,4-
bis-monodentate ligands, while the Ag(I) ion is four coordinated in a slightly distorted geometry.
Topological analysis in standard representations suggests that each Ag(I) atom in 1-4 acts as a 4-
connected node, and the structures 1 and 2 have sql, while 3 and 4 have dia underlying net
topology. Thermal analysis showed a trend in thermal stability where 1 and 3 (NO;™ based) have
lower onset temperatures (150 °C and r.t.) than 2 and 4 (CIO4 based; 179 and 266 °C), which
indicates the influence of the oxidizing ability of the anions on thermal stability. Photocatalytic
properties were measured for the photocatalytic degradation of MB 9 dye and show that all
compounds exhibit good reaction rates, superior to Degussa titania powder. The results are

correlated with the size and compactness of the unit cell.
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Graphical abstract

2D and 3D Silver-Based Coordination Polymers with Thiomorpholine-4-

carbonitrile and Piperazine-1,4-dicarbonitrile:

Interactions, Photocatalysis, and Thermal Behavior

Predrag Risti¢, Nenad Filipovi¢, Vladimir Blagojevic,

Structure, Intermolecular

Jovana Cirkovi¢, Berta Barta Hollo,

Morgan Donnard, Mihaela Gulea, Ivana Marjanovi¢, Olivera R. Klisuri¢, Tamara R. Todorovi¢

The reaction of thiomorpholine-4-carbonitrile and piperazine-1,4-dicarbonitrile ligands afforded

four Ag(I) coordination polymers with excellent photocatalytic activity in the degradation of

mordant blue 9 dye.
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