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A B S T R A C T   

The sonochemical reaction between silver salt, 1,3-bis(4-pyridylpropane (bpp) and trans,trans-muconic acid 
(H2muc) formed an Ag(I) coordination polymer with a 3D supramolecular sandwich architecture, {[Ag8(bp
p)8(H2O)3].(muc)4.29(H2O)}n, (1) consisting of the silver-bpp cationic host that alternates with 2D water–muc 
guest anionic layers. The latter is formed by H-bonded water molecules-anions comprising hexagonal (H2O)6 
clusters. The Hirshfeld surface and fingerprint plots have been used to quantify the weak intermolecular in
teractions in the crystal packing arrangement. The study showed that intermolecular hydrogen bonds are the 
most critical in constructing the titled supramolecular complex, accounting for 51.2% of the total Hirshfeld 
surface. Several spectrofluorimetric methods have been employed to investigate the binding interaction between 
Bovine Serum Albumin (BSA) and the titled complex. The complex induced significant fluorescence quenching of 
BSA, indicating a strong binding affinity for the protein. Static or ground state complex formation was envisaged 
as the primary quenching mechanism when the complex interacts with BSA. In addition, the Ag compound also 
offers photocatalytic properties by degrading the toxic organic methylene blue dye.   

1. Introduction 

The importance of coordination polymers (CPs) in materials science 
is rapidly increasing [1]. Coordination polymers have drawn attention 
due to their attractive architectures [2] and potential applications in 
luminescence, magnetic materials, gas storage, non-linear optics, LEDs, 
conducting materials, heterogeneous catalysis, and antibacterial mate
rials [3–12]. The d10 electronic configuration of silver(I) in coordination 
polymers offers several coordination numbers and diverse coordination 
geometries around the metal center [13,14]. Silver ions can give rise to 
coordination polymers with suitable polydentate neutral/ionic N and 
O-containing organic ligands [13,14], and 1,3-bis(4-pyridylpropane) is 
an effective neutral ligand for building these assemblies that continue to 
fascinate for the structural diversity and potential physical and chemical 
functions [15,16]. The formation of supramolecular structures in these 
coordination polymers is favored by non-covalent interactions, like 
argentophilic (Ag….Ag) interactions [17], hydrogen bonding, 

π-stacking, and self-assembly of metal ions [18]. Generally, heterocyclic 
systems are the building blocks for various physiologically significant 
and naturally occurring chemicals. As a result, Metal coordinated het
erocyclic polymers are frequently used as building blocks for catalysis, 
medicinal chemistry, material science, and nanotechnology. And these 
compounds have been shown to have biological properties like inter
acting with BSA [18]. Bovine serum albumin (BSA) is the most investi
gated protein having a wide range of physiochemical, biochemical, and 
biophysical functions [19,20]. It plays an active role in the binding, 
transporting, and delivering steroids, fatty acids, porphyrins, food 
colors, and different types of drugs [21–23]. This multifunctional serum 
albumin is homologous to human serum albumin (HSA) with structur
ally similar three domains (I, II & III) [24]. Since BSA and HSA have 
excellent ligand adaptability, the binding and transportation of any drug 
are investigated by utilizing these proteins as model systems in inter
disciplinary research fields such as pharmaceutical chemistry, 
biophysics, clinical physiology, etc [25]. 
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On the other hand, industrial water treatment has become one of the 
significant environmental issues in recent years. In this connection, 
catalytic photodegradation is a potential approach for treating and 
purifying wastewater because it can mineralize organic contaminants 
into organic chemicals [26–31]. Different low-cost procedures, 
including filtering, biological treatment, activated charcoal adsorption, 
coagulation, and reverse osmosis, have proven ineffective, as the created 
solid wastes cause further pollution and environmental hazards . Cata
lytic photodegradation, sometimes known as "green technology," is one 
of the promising strategies for breaking harmful organic pollutants 
because of its trouble-free operation conditions and low prices [32]. 
Some silver (I) coordination polymers have been effectively applied as a 
catalyst in the decomposition of dyes [33–35]. 

Considering the considerations mentioned earlier, in the present 
work, we report the synthesis of a new Ag(I) coordination polymer and 
its binding ability to interact with the BSA protein using multiple 
spectrofluorimetric methods. In addition, we thoroughly studied the 
coordination polymer’s catalytic property in connection with methylene 
blue’s degradation. This toxic and carcinogenic organic dye can cause a 
severe threat to human health and environmental safety. 

2. Experimental 

2.1. Chemicals 

Silver nitrate (AgNO3), trans, trans-muconic acid (muc), 1,3-bis(4- 
pyridylpropane) (bpp) methylene blue, (C16H18ClN3S.xH2O), and 
methanol (CH3OH) were of high purity and purchased from Sigma 
Aldrich India. All other chemicals were commercially purchased and 
used without further purification. 

2.2. Instrumentation 

Elemental analyses (C, H, and N) were performed using a Perki
nElmer 240C analyzer. Absorption spectral studies were recorded on a 
Shimadzu Pharma specUV-1800 spectrophotometer (Shimadzu Corpo
ration, Kyoto, Japan) at 25 ◦C using a paired 1 cm light path length 
quartz cuvettes, a 3 cm3 volume were used for all measurements. 

FT-IR spectra were collected using a Perkin-Elmer Spectrum, two FT- 
IR spectrophotometers equipped with a diamond head attenuated total 
reflectance (ATR) accessory, LiTaO3 detector, and a KBr beam splitter at 
room temperature (Perkin Elmer, Inc., USA). All fluorescence spectral 
studies were recorded on Hitachi F-7000 Spectro-fluorimeter in a 1 cm 
(path length) quartz cell at 25 ◦C. Fluorescence lifetime data were 
collected using the Delta Flex™ Modular Fluorescence Lifetime system 
(Horiba Scientific, UK). Decay data were counted by time-correlated 
single photon counting (TCSPC) procedure. The actual data were eval
uated with EZ-time software. Thermogravimetric analysis (TGA) was 
carried out using a Perkin Elmer Pyris Diamond TG/DTA thermal 
analyzer. The powder X-ray diffraction (PXRD) was performed on a 
Bruker D8 Advance X-ray diffractometer at a scan rate of 2◦ per minute. 

2.3. Synthesis of {[Ag8(bpp)8(H2O)3].(muc)4.29(H2O)}n (1) 

A mixture of trans, trans-muconic acid (0.071 g, 0.5 mmol), silver 
nitrate (0.17 g, 1 mmol), and 1,3-bis(4-pyridyl propane) (0.198 g, 1 
mmol) was dissolved in 1:1 methanol-water mixture (20 mL) into a 50 
mL round bottom flask. The mixture was treated for 15 min at ambient 
temperature under ultrasonic irradiation (160 W, 40 kHz). An aqueous 
NH3 solution (25%) was added dropwise to the turbid solution resulting 
in a clear solution that was kept in the dark for five days to get 
diffraction-quality colorless single crystals of complex 1 (Scheme 1). 
Yield: 81%. Anal. Calc. For C128H192Ag8N16O48 (M = 3585.92): 
C,42.86%, H, 5.39%, N, 7.42%, Found: C, 42.90%, H, 5.38%, N, 7.45%. 

2.4. Crystallographic data collection and refinement 

Data collection of complex 1 was carried out at 150(2) K on a Bruker 
APEX-II CCD diffractometer, all equipped with Mo-Kα graphite mono
chromatized radiation (λ = 0.71073 Å). Cell refinement, indexing, and 
scaling of the data set were carried out using Bruker APEX2 and Bruker 
SAINT packages [36]. The structure was solved using the direct method 
and subsequent Fourier analyses [37] and refined by the full-matrix 
least-squares method based on F2 with all observed reflections [38]. 
Hydrogen atoms were placed at calculated positions except for water 
molecules on the difference Fourier map with some O-H distances 
restrained at 0.85(1) Å. Calculations were performed using the WINGX 
package [38] and molecular graphics using the Diamond program [39]. 

Crystal data and details of refinement. 1: C128H192Ag8N16O48, M =
3585.92, monoclinic, space group P 21/c, a = 24.685(2), b = 17.9698 
(15), c = 35.490(4) Å, β = 110.268(3)◦, V = 14768(2) Å3, Z = 4, Dc =
1.613 g/cm3, μ(Mo-Kα) = 1.125 mm− 1, F(000) = 7328, θ max = 25.82◦. 
Final R1 = 0.0832, wR2 = 0.1903, S = 1.097 for 1987 parameters and 
28,304 unique reflections [R(int) = 0.0658], of which 22,803 with I> 2σ 
(I), max positive and negative peaks in difference F map 3.820, –3.841 e. 
Å-3. 

2.5. Harshfeld surface analysis 

This analysis represents an attempt beyond the internuclear dis
tances and angles, crystal packing diagrams with molecules represented 
via various models, and the identification of close contacts thought 
necessary, thereby fundamentally altering the discussion of intermo
lecular interactions through an unbiased identification of all close con
tacts. The Hirshfeld surface emerged from an attempt to define the space 
occupied by a molecule in a crystal to partition the crystal electron 
density into molecular fragments [40a]. Harshfeld surface analysis was 
performed using the Crystal Explorer program [40b]. 

2.6. TGA study 

Thermogravimetric analysis (TGA) was carried out using a Perkin 
Elmer Pyris Diamond TG/DTA thermal analyzer in a nitrogen 

Scheme 1. Synthesis of Complex 1.  
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atmosphere (flow rate: 50 cm3 min− 1) at a temperature range 30–810 ◦C 
with a heating rate of 20 ◦C/min. 

2.7. Study of photocatalytic property 

The photocatalytic activity was evaluated towards methylene blue 
(MB) under UV light irradiation through a typical process. For this 
experiment, a standard solution (1 mM) of MB was prepared by dis
solving 16 mg of solid MB in 50 mL water. Then 14.30 mg of complex 1 
was added to 4 mL of the standard MB solution, and the mixture was 
stirred for 15 min to get the surface adsorption equilibrium of the 
compound in the dark. Then the solution was irradiated with UV 250 W 
high-pressure Hg lamp under stirring conditions up to the complete 
degradation of the dye. The photodecomposition of MB was studied with 
a UV-Vis spectrophotometer. 

3. Results and discussion 

3.1. Crystal structure description {[Ag8(bpp)8(H2O)3].(muc)4.29 
(H2O)}n (1) 

The single crystal structural analysis of complex 1 (crystallizing in 
the monoclinic system, space group P21/c) evidences a supramolecular 
architecture (Fig. 1) consisting of cationic undulated 1D coordination 
polymers –[Ag(bpp)]n- (bpp = 1,3-bis(4-pyridyl propane), extended in 
the direction of b axis. The chains are well separated and sandwiched by 

layers of water molecules and trans, trans-muconato (muc) anions linked 
by an extensive scheme of H-bonding. 

Similar crystal networks have already been reported, for example, in 
{[Ag3(bpp)3(H2O)2](bpydc)1.5.(H2O)6}n (H2bpydc = 2,2’-bipyridine- 
5,5’-dicarboxylic acid)36, {[Ag2(bpp)2(H2O)](adip).(H2O)9}n, (adip =
adipate anions)37, {[Ag2(bpp)2(H2O)2](CO3)(H3BO3)3.(H2O)2}n

38, 
{[Ag3(bpp)3(ctc)].(H2O)16}n, (H3ctc = 1,3,5-cyclohexane-tri carboxylic 
acid) [41]. The formation of these architectures can be explained by 
Hard and Soft Acids and Bases (HSAB) theory [42], indicating silver 
atoms are preferentially coordinated by nitrogen ligands rather than 
carboxylate groups. 

The asymmetric unit contains eight silver(I) ions, which form four 
cationic polymers with trivial differences in conformation, stacking in 
the ab plane. The arrangement is such that in one case, the sequence of 
polymers is –Ag(a)⋅Ag(b)-, while the other chains alternate in pairs, i.e., 
-Ag(c)2⋅Ag(d)2- (Fig. 2). The Ag-N bond lengths fall in the range 2.107 
(6)–2.149(6) Å (Table 1), with the metals spaced in the range 
12.283–12.411 Å. However, out of eight silver atoms, Ag1a, Ag2a, and 
Ag2b are weakly coordinated at long distances by a water molecule (Ag- 
Ow of 2.660(6), 2.659(6), and 2.800(7) Å, respectively). This affects the 
geometry of the N-Ag-N angle for these metals that are in between 164.6 
(3) and 167.2(3)◦, while for other silver atoms, the N-Ag-N bond angles 
are almost linear (range 172.3(3)–179.0(3)◦). The coordination geom
etries are in agreement with previous structures reported [16,41–43]. Of 
the different conformations (TT, TG, GG, and GG’) that the bpp ligand 
can assume [45], here, the N-to-N distances of ca. 9.25 Å confirm an 
anti–anti (TT) conformation. No relevant π-π interactions are detected in 
the structure as the distance between ring centroids of the py rings is 

Fig. 1. Crystal packing viewed down axis a showing polymer that alternates 
with the plane of muconate anions and lattice water molecules. 

Fig. 2. Undulated polymers built by the eight independent silver ions.  

Table 1 
Selected coordination bond lengths (Å) and angles (◦) for complex 1.  

Ag(1a)-N(4a)#1 2.137(6) Ag(1c)-N(4c)#2 2.118(7) 
Ag(1a)-N(1a) 2.149(6) Ag(1c)-N(1c) 2.126(7) 
Ag(2a)-N(3a) 2.137(6) Ag(2c)-N(2c) 2.107(6) 
Ag(2a)-N(2a) 2.140(6) Ag(2c)-N(3c) 2.118(7) 
Ag(1b)-N(1b) 2.108(6) Ag(1d)-N(1d) 2.109(7) 
Ag(1b)-N(4b)#2 2.124(7) Ag(1d)-N(4d)#1 2.111(7) 
Ag(2b)-N(3b) 2.117(6) Ag(2d)-N(3d) 2.123(7) 
Ag(2b)-N(2b) 2.119(6) Ag(2d)-N(2d) 2.124(7) 
Ag(1a)-O(1w) 2.660(6) Ag(2b)-O(3w) 2.800(7) 
Ag(2)a-O(2w) 2.659(6)   
N(4a)#1-Ag(1a)-N(1a) 164.6(3) N(4c)#2-Ag(1c)-N(1c) 175.3(3) 
N(3a)-Ag(2a)-N(2a) 166.0(3) N(2c)-Ag(2c)-N(3c) 173.0(3) 
N(1b)-Ag(1b)-N(4b)#2 172.3(3) N(1d)-Ag(1d)-N(4d)#1 173.6(3) 
N(3b)-Ag(2b)-N(2b) 167.2(3) N(3d)-Ag(2d)-N(2d) 179.0(3) 

Symmetry codes:. 
#1 ) x-1, y, z. 
#2 ) x+1, y, z. 
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larger than 4.23 Å. On the other hand, all pyridine moieties are involved 
in ring-Ag interactions with 3.30–3.62 Å distances. 

Within the water–muc anionic layer, fully deprotonated dicarbox
ylate species act as counteranions to guarantee the electroneutrality of 
the whole structure. The 32 water molecules (29 lattices plus 3 coordi
nated to Ag ions) are orderly distributed and structured around the 
dicarboxylate anions (Fig. 3). Thus, the three aqua ligands participating 
in the H-bonding scheme reinforce the overall crystal structure. Despite 
a disagreement factor of ca. 8%, all H atoms of water molecules were 
detected in the difference Fourier map and gave rise to an ordered 
arrangement of H-bonding. The O⋅⋅⋅O distances vary from 2.696(8) to 
2.907(11) Å (Table 2S), with an average value of 2.78 Å. It is worthy of 
note within the layer the formation of octameric water clusters, where 
the 6-membered ring of water oxygens assumes a distorted boat 

conformation (Fig. 3B), having the motif designated by a R 6
6 (12) graph- 

set notation [46]. It is evident that, as described earlier by Luo et al., the 
number of water molecules and the H-bonding pattern is governed by 
the different organic anionic templates [42–44]. 

3.2. Analysis of IR spectra 

The IR spectrum of complex 1 revealed broadband (ESI) appearing in 
the 3200–3600 cm− 1 due to ν(O-H) stretching [35b]. The ν(Csp

3 -H) 
stretching vibration bands at 2920–2941 cm− 1 are seen in the complex. 
Robust and sharp peaks at 1620 cm− 1 and 1440 cm− 1 may be due to 
carboxylate’s asymmetric and symmetric vibration modes [35c]. Aro
matic ν (Ar C=C) stretching band appears at 1370 cm− 1. A sharp band at 

1042 cm− 1 indicates the presence of ν(C-N) aliphatic stretching. It is 
further reported that the IR spectrum of the titled complex is recorded in 
the liquid state by dissolving the complex in 5% DMSO solvent. After 
comparing the results (ESI), it was evident that the complex has main
tained its structure in the solution phase (in which its interaction with 
BSA was studied). 

3.3. Hirshfeld surface analysis 

The Hirshfeld surface and fingerprint plots have been used to eval
uate the strength of close contacts and quantify weak intermolecular 
interactions in the 3D metal-coordination polymer. The present com
plex’s asymmetric unit has been studied using this approach to illustrate 
the intermolecular interactions through a balanced identification of all 
close contacts. The representations are made transparent to support the 
observer in understanding the calculations by considering the view of 
the surrounding structural environment. The X-ray single crystal struc
ture analysis demonstrated that the dicarboxylate muc anion is trapped 
between two Ag-bpp layers. The 3D Hirshfeld surface showed the 
presence of (A) O⋅⋅⋅H intermolecular H-bonding interactions, (B) H⋅⋅⋅H 
contacts, (C) C-H⋅⋅⋅C weak hydrophobic interactions, and, Ag⋅⋅⋅O(w) 
interactions (Fig. 4E) which are indicated in red colour on the Hirshfeld 
surface of Fig. 4. The corresponding level of the three significant in
teractions (a)–(c) is maintained in Fig. 4(D). From the structural anal
ysis, it is observed that the muconate anion is stabilized with peripheral 
water molecules through extensive hydrogen bonding interactions. The 
Hirshfeld surface analysis justifies that the whole hydrogen-bonded 
network between the two layers is held by Ag⋅⋅⋅O(w) interactions 

Fig 3. A. 2D hydrogen-bonded anionic layer in 1 formed by 29 water molecules and four muconate anions (A-D). The three green-colored water oxygens are those 
weakly coordinated to Ag atoms. B. Details of one of the octameric water clusters in the layer. 

Table 2 
Time-resolved decay parameters of BSA and BSA-complex 1 conjugate.  

System ɑ1 τ1 (ns) ɑ2 τ2(ns) ɑ3 τ3(ns) τavg(ns) χ2(best fitting) 

BSA(10µM) 0.09 1.03 0.21 3.34 0.70 6.74 5.51 1.14 
BSA+Complex1 0.11 0.802 0.27 4.03 0.61 6.85 5.35 1.10  
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(Fig. 4E). The Hirshfeld surface analysis leads to the conclusion that the 
dicarboxylate species hold to the metal complex through different in
teractions, of which the most important contributions were that opera
tive between H and O atoms of the Ag compound. 

The corresponding 2D fingerprint plot (Fig. 5) indicates that O⋅⋅H/ 
H⋅⋅O interaction account for 51.2% of the total Hirshfeld surface with a 
lower spike (di = 1.3, de = 0.7 Å) and upper spike (di = 1.15, de = 1.4 Å). 
Similarly, H⋅⋅⋅H interactions contribute 31.8 % with high concentration 
spiking at di – de =1.02 and C⋅⋅H/H⋅⋅C interactions include 17% of the 
Hirshfeld surface spiking at di = 1.34, de = 1.72 Å, respectively. From 
the fingerprint plot, it is clear that O⋅⋅⋅H interaction contributes the most 
among all interactions. 

3.4. Thermogravimetric analysis 

To know the thermal stability of the titled complex thermogravi
metric analysis (TGA) was performed on the powdered sample in a ni
trogen environment in the temperature range of 30 ◦C to 810 ◦C. The 
TGA curve (Fig. S4) shows the dehydration process at 89◦C, corre
sponding to the loss of thirty-two water molecules (weight loss 13.5%, 
calculating 16%), indicating the presence of coordinated and non- 
coordinated water molecules. The eventual step between 265◦C and 
395◦C is associated with losing the bpp ligand with a weight loss of 45% 
(Calc. 44.2%). Then the 14.4% weight loss occurs for muc, (Calc. 15.9%) 
between 500◦C and 590◦C. Finally, the formation of residual Ag2O 
(residue; experimental, 6.2%; calculating, 6.45%) [46]. The frameworks 
are stable up to 210 ◦C, providing decent stability [46]. 

3.5. Interaction with BSA 

3.5.1. Steady-state fluorescence measurements 
Fluorescence emission spectroscopy is one of the most powerful tools 

for studying the interaction of the synthesized polymeric complex with 
BSA via the quenching mechanism [47,48]. BSA has three domains, each 
containing two subdomains, with three types of fluorophores, i.e., 
tyrosine (Tyr), tryptophan (Trp), and phenylalanine (Phe). The con
centration of BSA was determined spectrophotometrically using a molar 

absorption coefficient of 43,824 M− 1 cm− 1 at 280 nm in 10 mM 
citrate-phosphate buffer at pH 7.4 [48]. The stock solution of Complex 1 
was prepared by dissolving it in 10% DMSO solution. All fluorescence 
spectra were recorded in the citrate-phosphate buffer. Fluorescence 
studies were performed at a 12 μM concentration of BSA, while the 
concentration of complex 1 was varied from 0 to 11.43 μM. When BSA 
was excited at 295 nm, there was an emission maximum of around 340 
nm, primarily due to the most crucial Trp-212 residue of the second 
domain [49–55] of BSA. Upon successive additions of complex 1, a 
significant intrinsic fluorescence quenching of BSA was observed 
(Fig. 6A). 

A systematic decrease of fluorescence intensity was observed with 
increasing concentrations of complex 1 without any significant alter
ation in the position of emission maxima. Since different quenching 
mechanisms, such as static or dynamic quenching or inner filter effect, 
can be responsible for the quenching of the fluorescence spectra [51], an 
inner filter correction was performed using the following equation: 

Fcorr = Fobs × e
(Aexi+Aemi)

2 

Fcorr and Fobs are the corrected and observed emission fluorescence 
intensities, respectively, and Aemi and Aexi are the absorbance values of 
the interacting species at emission and excitation wavelengths. 

To assess the quenching mechanism, we used the Stern–Volmer 
equation: 

F0

F
= 1 + Kqτ0[Q] = 1 + KSV [Q] (1)  

where, F0 and F are the fluorescence intensities of BSA in the presence 
and absence of complex 1. Kq and KSV are the bimolecular quenching 
rate constant and Stern–Volmer constant quenching constant, 
respectively. τ0 is the average lifetime of the sample in the absence of a 
quencher, and [Q] is the concentration of the quencher, i.e., complex 1. 
The quenching constant Kq was evaluated to be (3.18±0.0048) × 1011, 
considering an average lifetime of 10− 8 s (Fig. 6B). Literature data in
spection reveals that the maximum limit of scattered collision quenching 
constant of various quenchers with the biopolymer is 2.0 × 1010 

Fig. 4. The three-dimensional Hirshfeld surface of the free muc2− species within the Ag polymers of the complex, plotted over dnorm viewed down (A) a-axis, (B) b- 
axis, (C) c-axis, and (D) Local (a) O-H⋅⋅⋅⋅⋅O, (b) H⋅⋅⋅⋅⋅H, (c) C-H⋅⋅⋅⋅⋅C (hydrophobic) interactions of one free muc2− anion in the complex, (E) Ag—O(w) interaction. 
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[34–52]. The higher calculated value of Kq compared to the literature 
values indicated that the binding mechanism is static,i.e., a ground state 
complex formation takes place between BSA and the complex [54,55]. 
Lifetime studies further justify it. 

3.5.2. Fluorescence lifetime study 
BSA has two fluorescence active tryptophan residues at positions 134 

and 21246. So fluorescence lifetime measurement using Trp as the 
intrinsic probe is reliable for determining the quenching mode (static or 
dynamic) of BSA–complex 1 adduct [56]. The lifetime of BSA was 
measured before and after the addition of complex 1 (Fig. 6C). 
Time-resolved decay profile F(t) was determined through Horiba EZ 
time software using the following expression [57]. 

F(t) =
∑n

i=1
αiexp

(

−
t
τi

)

Here αi and τi are the ith component’s pre-exponential factors and 
excited state lifetime. For multi-exponential analysis, τavg is given by 

τavg =
∑n

k=0
αiτi 

The experimental data of the fluorescence lifetime of BSA and BSA- 
Complex 1 were recorded using the Time-Correlated Single Photon 
Counting technique in a citrate-phosphate buffer. The fluorescence 
decay profile best fits the sum of three exponential functions with an 
average lifetime of 5.51 ns for pure BSA and 5.35 ns for the BSA-complex 
1 conjugate [58,59]. The fluorescence lifetime of BSA in the absence and 
presence of complex 1 proved that ground-state complexation occurred 
between BSA and complex 1, and the quenching was static. 
Time-resolved decay parameters of BSA and BSA-complex 1 conjugate 
are given in Table 2. 

3.5.3. Estimation of the binding constant and binding site 
After the establishment of the binding mechanism, the equilibrium 

binding constant and the number of binding sites were calculated using 
the following equation: 

Fig. 5. 2D fingerprint plots: (A) Total, (B) O⋅⋅⋅H/H⋅⋅⋅O, (C) C⋅⋅⋅H / H⋅⋅⋅C (D) H⋅⋅⋅H interactions in the total Hirshfeld surface area.  
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log
(F0 − F)

F
= logKA + nlog[Q] (2)  

where, KA and n are the binding constant and number of binding sites, 
respectively [60,61]. 

From the plot reported in Fig. 6(D), KA and n were evaluated as (9.54 
±0.18) × 105 and (1.23±0.002), respectively, indicating cooperative 
binding between BSA and complex 1. 

3.5.4. Synchronous fluorescence study 
Microenvironmental change in the vicinity of fluorophores can be 

studied with the help of synchronous fluorescence spectroscopy. The Δλ, 

i.e., the difference between the excitation and emission wavelengths, 
determines the nature, shape, and intensity of synchronous fluorescence 
spectra. Synchronous fluorescence spectra yield information about the 
microenvironment around the Tyr residues at Δλ =15 nm, while at Δλ =
60 nm we get information about Trp residues [62,63]. 

Synchronous fluorescence spectra of BSA (10 µM) were quenched by 
complex 1 (Fig. 7) and showed a 5 nm red shift when Δλ operates at 60 
nm in the citrate-phosphate buffer. This indicates that Trp residues of 
BSA are shifted towards a more hydrophilic core, which implies that it is 
more exposed to solvent, whereas, at Δλ=15 nm, there was a slight red 
shift. Thus, Tyr residues are less affected than Trp ones during the 
complexation process. 

Fig. 6. (A) Fluorescence quenching spectra of BSA (12 μM, curve 1) on treatment with 1.1 μM complex 1 (2-10), (B) Stern–Volmer plot for binding of complex 1 with 
BSA, (C) Time-resolved decay profile of native BSA (10 µM) and BSA (10 µM) + 1 (1 µM) with instrumental resonance function (IRF), and (D) Estimation of binding 
constant of BSA and complex 1. 

Fig. 7. Synchronous fluorescence spectra of BSA (A)Δλ=60 nm, (B) Δλ=15 nm.  
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Fig. 8. 3D matrix contour (A and C) and bird’s eye view (B and D) of BSA in the absence (above)and the presence of complex 1 (below).  

Fig. 9. (A) Absorption spectra of MB aqueous solution with complex 1 during irradiation, (B) Decrease in normalized absorption intensity of MB vs. time for 1, (C) 
Comparison of the photodegradation efficiency vs. time under irradiation of complex 1, (D) C/CO plot of MB vs. time using IPA, AO, and BQ quenchers in the presence 
of complex 1, (E). Trapping experiment of active species during photocatalytic degradation of MB dye, (F) Schematic representation of degradation of MB. 
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3.5.5. Spectroscopic analysis of excitation–emission matrix 
3D fluorescence spectroscopy is an advanced method to study the 

conformational changes induced in the protein during BSA-ligand 
binding. The excitation-emission matrix was analyzed by comparing 
the emission intensity of an intrinsic fluorophore by simultaneously 
varying the excitation and emission wavelengths. Fig. 8A and B show the 
contour map and corresponding bird’s eye mode of pure BSA (10 µM), 
respectively, and Fig. 8C and D represent that of the 1:1 BSA-complex 1 
conjugate in the citrate-phosphate buffer. Peak "a" represents the Ray
leigh scattering peak where λex=λem and appears due to the π-π* tran
sition of the polypeptide backbone of BSA. Peak 1 (λex= 278 nm; λem=

342 nm) is mainly due to Trp and Tyr residues of BSA, while peak 2 
(λex= 227 nm; λem= 343 nm) is generally due to n-π* transition of the 
amide group of the polypeptide backbone of BSA [58,64]. The 3D 
fluorescence spectra of BSA-complex 1 conjugate exhibited fluorescence 
quenching of peaks but no significant change in peak position. This 
study indicates the existence of sufficient binding interaction between 
complex 1 with Trp and Tyr residues of BSA without any apparent 
modification. 

3.6. Study of photocatalytic behavior of the titled complex 

3.6.1. Band gap energy calculation 
Using Tauc’s relationship, the optical band gap of a photocatalyst 

can be evaluated with the following equation [65]: 

(αhν)n
= C

(
hν − Eg

)

where, α is the absorption coefficient of the semiconductor at a 
specific wavelength λ, h is Planck’s constant, ν is the frequency of light, 
C is the proportionality constant, Eg is the energy difference between the 
valence band (VB) and conduction band (CB) and n = 1/2 and 2 for 
direct and indirect transition mode material, respectively. The band gap 
energy of complex 1 is calculated by extrapolating the plot of (αhν)2 vs. 
hν (the photon energy) (Fig. S5). The band gap energy of complex 1 is 
4.34 s eV. 

3.6.2. Photocatalytic property 
Methylene blue (MB) is one of the primary prevalent environmental 

organic dye pollutants in the textile industry due to its poor biode
gradability and chemical stability [66,67]. Photocatalytic properties 
could be explored by photocatalytic degradation of organic dye under 
UV irradiation through a UV lamp (250 W). As the titled complex is 
insoluble in water, it was investigated as a heterogeneous catalyst for the 
degradation reaction of MB in water [68–70]. In the presence of complex 
1, the absorbance peak of MB declined continuously with time, as seen 
through the plot of (C/C0) against time (Fig. 9). (C/C0) values remain 
constant with time in the absence of a catalyst, while they decline when 
the catalyst is present. With complex 1, the degradation efficiency of MB 
is 98.06% in 220 min, representing an excellent result against MB dye. 
Photocatalytic degradation of silver polymer follows first-order kinetics. 
So, using the relationship ln(C/C0) = - kt, where C0 and C are the initial 
dye concentration and at instant t, respectively, and k is the rate con
stant. The degradation rate constant of 1 was calculated at 0.0179 min− 1 

[70], indicating a high catalytic activity for complex 1. A comparison of 
some of the Ag(I) coordination polymer-based photocatalysts reported 

earlier, along with the titled complex is given in Table 3. 
The purity and stability of the bulk material are essential for practical 

application. To confirm the virtue of the bulk for further catalytic 
studies, powder diffraction patterns were performed before and after the 
catalytic degradation study, which showed no significant change in the 
crystallinity of the complex (Fig. S6). 

To find out the active species generated during the photocatalytic 
degradation of MB, the reactions were carried out in the presence of 
isopropyl alcohol (IPA), ammonium oxalate (AO), benzoquinone (BQ) 
that act as a scavenger for ȮH, H+, Ȯ2

− , species, respectively [71–73]. 
The degradation efficiency of MB by complex 1 was strongly inhibited in 
the presence of IPA,62, whereas the effect of AO and BQ is lower. 
Therefore, we may conclude that ȮH is the species responsible for the 
photocatalytic degradation of dye (Fig. 9D and E). 

During UV light irradiation, electron transfer from the valence band 
(VB) to the conduction band CB occurs in the complex, forming a hole 
(h+) in the VB. To offset their inequity, one electron from CB is trapped 
by O2 to form Ȯ2 that is reduced further to form ȮH. The generated holes 
in VB induce the capture of one electron from H2O to create active 
species ȮH that might degrade MB in the aqueous solution upon light 
irradiation (Fig. 9F). 

4. Conclusion 

A new Ag(I) coordination polymer comprising 1,3-bis(4-pyridyl 
propane (bpp) heterocyclic ligand and trans, trans-muconic acid anions 
is synthesized by sonication method and is successfully characterized by 
single crystal XRD study. The 3D Ag(l)-CP network is enforced by H- 
bonding, hydrophobic, and Ag-O interaction. Interestingly the Ag(l)-CPS 
showed a significant binding affinity towards protein BSA. Fluorescence 
emission spectra evidenced significant quenching with a Kq constant of 
(3.18±0.0048) × 1011, and fluorescence lifetime value indicated a static 
quenching. Quenching of BSA is also confirmed by the excitation- 
emission matrix (3D). From synchronous fluorescence spectral study, 
we find that Trp residues BSA are more exposed to the solvent system in 
the BSA-compound 1 complex. In addition, the Ag polymeric structure 
exhibited moderate catalytic activity towards the photodecomposition 
of methylene blue under UV irradiation following first-order kinetics. 

Note 

CCDC deposition No. 2234012 contains the supplementary crystal
lographic data for this paper. The data can be obtained from the Cam
bridge Crystallographic Data centre (CCDC): www.ccdc.cam.ac.uk. 

Supplementary Information Summary: Absorption spectra of MB, 
Time-resolved decay profile, Lifetime profile, and IR spectra of the 
complex before and after the catalytic process. 
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Table 3 
Comparison of reported Ag(I) CPs based photocatalysts  

Photocatalyst Organic dye Time (hours) Degradation (%) Refs. 

Ag(I)-CP MB 2 59 [70] 
Ag(I)-CP MB 3.5 56.9 [70] 
Ag(I)-CP MB 5 – [70] 
Ag(I)-CP MB 6 54.8 [70] 
Ag(I)-CP MB 3.16 94 [70] 
Ag(I)-CP MB 3.6 98.06 This work  
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