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Abstract. The 2-D polymeric complex (I) has the formula [Ag(phSE)(NO;)],, which has been crystallized
from methanol-acetonitrile mixture and characterized by elemental analysis and single-crystal X-ray diffraction
analysis. In this polymer, each Ag(I) ion occupies distorted trigonal pyramidal geometry coordinating with two
sulphur atoms from two different ligands and two oxygen atoms from two NO; groups. Each NOj acts as a
bridging ligand coordinating through its two oxygen atoms to different Ag(I) ions. The Ag(I) ion and NO3 group
are in plane with torsion angle 176.43°. All the ligands adopt anti-conformation but the relative orientation of
two -S-C-C-S units is perpendicular to one another such that two phenyl rings attached to the two sulphur atoms
coordinating to a particular Ag ion lie on the same side. Each NOj3 bridges two neighbouring Ag ions belonging
to two different -S-Ag-S-C-C-S-Ag-S- tapes running along a-axis where two phenyl rings are not parallel to
each other to reduce the steric hindrance and maximize packing. The adjacent chains are fused to form 2D sheet
by bridging both through bidentate phSE ligand and NOj3 anion stacking in ab plane. The structure consists of
4-c uninodal net where Point symbol for Ag (I) ion and net is (4*.6?) with sql type topology. X-ray diffraction
analysis and Hirshfeld surface analysis give rise to comparable results but in Hirshfeld surface analysis, two-
third times more close contacts are obtained. The fingerprint plots demonstrate that these weak non-bonding
interactions are important for stabilizing the crystal packing.
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1. Introduction

Ag(I) being soft acid is often used for coordination to
soft bases such as ligands containing sulphur and nitro-
gen donor atoms.!”® Flexible ligands derived by the
introduction of R into pyridyl rings of 4, 4-bpy and
certain thioethers have been employed for the con-
struction of polymers with Ag(l) salts. A series of
complexes ranging from 1D to 3D architectures viz.,
{[Ag(bpp)(CF;S05)].EtOH},, [Ag(bpp)(CF;S03)]., [Ag:
(bpp)s(CF5S03),.bppl,, [Ag(bpp) (C104)], and [Ag(bpp)
(PFg)], (bpp = 2,2’-bipyridine) exhibiting different
conformations of bpp have been synthesized. All the
three triflate polymers have been obtained from same
reaction mixture where bpp exhibits different con-
formations (TT, GG and TG respectively) in these
networks.” However, no polymer with GG confor-
mation has so far been prepared. [Ag(bpp)(ClOy4)],

*For correspondence

Distorted trigonal pyramidal geometry; anti-conformation; steric hindrance; sql type topology;

can be transformed into [Ag(bpp)(NOs)], via anion
exchange.® Similarly, complexes containing thioether
ligands CgHs-S-R-S-C¢Hs are reported for R =
methyl and butyl with AgNO; and AgClO,. A chiral
non-interpenetrated 3D helical cyclic network
[Ag>(phSM);(Cl0O,)], is prepared by reacting AgClO,
with phSM [Bis(phenylthio)methane].® The analo-
gous reaction of AgNO; with phSM resulted in 1D
pseudo helical architecture because of coordination of
NO; to Ag(I) ion.!'® However, [Ag,(phSB)3(ClO,),],,
[Ag(phSB),(ClO,)], and [Ag(phSB)(NOs)], [phSB =
Bis(phenylthio)butane] are non-interpenetrated 2D
networks. Out of the several probable conformations
of butyl ligand only TTT and GTG conformations
are observed in these complexes. Ag complexes with
ethyl analogues of these ligands have been reported
in literature.”!" In order to investigate the influence
of the length of spacer and increasing flexibility of
ligand on the final architecture of the polymer, their
ethyl analogues were prepared and compared with
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literature. In the study of coordination networks based
on phSM, 1D-coordination polymers were obtained
because the spacer length is too short and a central
aliphatic segment containing odd number of methylene
groups. It has been noted that chemically symmetri-
cal molecules containing a central aliphatic segment
with an even number of methylene groups often have
a crystallographic centre of symmetry in the mid-
dle of the central CH,-CH, bond. The free ligands
bis(phenylthio)X (where X = butane, hexane, octane,
etc.), which all contain an aliphatic sequence with an
even number of CH, groups, are in the fully extended
conformation. So we can say that by increasing the
length of spacer, extended form of conformations are
obtained because of the flexibility in the aliphatic
segment and several torsion angles.' To synthesize
the complex (I), AgNO; was reacted with phSE
[Bis(phenylthio)ethane] in CH3;0H- CH3;CN mixture.
The elemental analysis for the complex (I) corresponds
to formula [Ag(L)(NO;)], (L = phSE) in CH;OH-
H,O solution. This complex is non-interpenetrated
two-dimensional (2D) network in solid state with 1,2-
bis(phenylthio)ethane (L) ligand as a building block.
Molecular Hirshfeld surfaces calculations of complex
(I) were performed by using the Crystal Explorer 3.1
which give details on non-bonding or weak inter-
actions as well as interactions around Ag(I) metal
ion.

@Sﬂ@ Y

Complex (I)

2. Experimental
2.1 Synthesis of [Ag(phSE)(NO»)],

To an aqueous solution of AgNO; (0.17 g, 1.0 mmol in
10mL) was added methanol solution of phSE (0.46 g,
2.0 mmol in 15). The reaction mixture was refluxed
for one hour. White precipitate of complex separated
out upon cooling, which was filtered, dissolved in
CH;0H-CH;CN mixture and left undisturbed for a
period of one week to get crystals suitable for X-ray
studies. Yield 70%, found (%) for C14H14AgNO;3S;;
C, 39.2; H, 3.6; N, 3.7; caled. C, 40.3; H, 3.3;
N, 3.3.

2.2 Physical measurements

All the starting reagents of analytical grade were used
without further purification. C, H, N elemental analyses
were obtained with a CHNS-O analyzer flesh-EA-1112
series. Single crystal structural X-ray diffraction was
carried out on a Bruker’s Apex-II CCD Diffractometer
using Mo Ko (A = 0.71069) at temperature of —100 K.
Molecular Hirshfeld surface calculations of complex (I)
were performed by using the Crystal Explorer 3.1. The
3D d,,» surfaces are mapped over a fixed colour scale
of —1.25 (red) to 1.52 A (blue), Shape index mapped in
the colour range of —1.0 to 1.0 A and Curvedness in the
range of —4.0 to 0.4 A. The 2D fingerprint plots are dis-
played by using the standard 0.58-2.7 A view, with the
d. and d; distance scales as displayed on the graph axes.

2.3 X-ray diffraction

The crystals were grown by slow evaporation at room
temperature and X-ray data of this complex was col-
lected on a Bruker’s Apex-II CCD diffractometer using
Mo Ka (A = 0.71069) at temperature of —100K.
The data collected by CCD diffractometer were pro-
cessed by SAINT."” Lorentz and polarization effects
and empirical absorption corrections were applied using
SADABS' from Bruker. The structure was solved by
direct methods, using SIR-92" and refined by full-
matrix least squares refinement methods'® based on
F2, using SHELX-97."7 All non-hydrogen atoms were
refined anisotropically. All hydrogen atoms of bipyridyl
ring were fixed geometrically with their U, values
1.2 times of their carrier carbons. Geometry of this
complex and hydrogen bonding interactions were cal-
culated using PARST programme.'® All the draw-
ings of complexes were made using ORTEP! and
MERCURY?® programs. All calculations were per-
formed using Wingx package.?!

2.4 Hirshfeld surface calculations

A Hirshfeld surface analysis®®* is a technique used
to visualize the different intermolecular interactions
within molecule employing to find out the 3D molecu-
lar surface contours. The Hirshfeld surfaces in the crys-
tal structure of particular complex are constructed on
the basis of calculated electron distribution calculated
as the sum of spherical atom electron densities. Inside
the Hirshfeld surface, the electron distribution due to
a sum of spherical atoms for the molecule (the pro-
molecule) dominates the corresponding sum over the
crystal (the pro-crystal). The 2D fingerprint plots have
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also been used to examine molecular shapes and give
the exact percentage of all important intermolecular
contacts. Many applications in the recent past demon-
strated that this analysis can be very valuable in the
exploration of the packing modes and intermolecular
contacts.”? Distances from points on the surface to a
nucleus (atom) inside (d;) and outside (d.) the mean sur-
face are determined by the differing vdW radii of atoms,
whereby the contact distances d; and d. can be nor-
malized (d,,.). Therefore, intermolecular interactions
(short, moderate, long) in a crystal structure resulting
from hydrogen bond donors/acceptors can be visually
represented by Hirshfeld surfaces. The value of d,,,,, is
—ve or +ve when intermolecular contacts are shorter
or longer than van der Waals radii, respectively. The 2-
D fingerprint plots summarize the nature and type of
intermolecular contacts experienced by the molecules
in the crystal. For each crystal structure, the Hirshfeld
surfaces as well as fingerprint plots are unique, and the
number of unique Hirshfeld surfaces depends on the
number of crystallographically independent molecules
in the corresponding asymmetric unit.

3. Results and Discussion
3.1 Crystal structure of [Ag(phSE)(NO3)],

Single crystal X-ray diffraction studies reveal that
[Ag(phSE)(NO;)], crystallizes in Monoclinic cen-
trosymmetric space group P2;/c (space group no.
14). Figure 1 depicts the asymmetric unit along with
numbering scheme where each Ag(l) ion involves a

Figure 1. ORTEP showing asymmetric unit of complex (I)
(with 20% probability).

distorted trigonal pyramidal coordination geometry
(figure 2a) comprising two sulphur atoms from two dif-
ferent ligands and two oxygen atoms from two NO;
groups. Each NOj; acts as a bridging ligand coordinat-
ing through its two oxygen atoms to different Ag(I)
ions. The Ag(I) ion and NO; group are in plane with
torsion angle 176.43° and distortion around Ag(I) ion
can be understood from the base angles S(2)-Ag(1)-
S(1) is 137.43°, O(2)-Ag(1)-S(1) is 104.71° and O(2)-
Ag(1)-S(2) is 105.19°, sum of which is 347.33°. The
apical site is occupied by oxygen atom from NO; ion
of another layer with bond angle of O(2)-Ag(1)-O(3)"
is 90.60(4)°, O(3)"-Ag(1)-S(2) is 106.3(3)° and O(3)*!-

Ag(1)- S(l) is 103.0(3)° (#1: x-1,y,z). The Ag S distance
(2.51 A average) and Ag-O distance (2.46 A average)
are in accordance with the earlier reported thioether
and NOs-briged complexes.!! Each phSE ligand bridges
two adjacent Ag ions to form a zigzag tape along b
axis with S....S separation is 4.676 A (figure 2b). All
the ligands adopt anti-conformation but the relative ori-
entation of two -S-C-C-S units is perpendicular to one
another such that two phenyl rings attached to the two
sulphur atoms coordinating to a particular Ag ion lie
on the same side (figure 3a). Each NO; bridges two
neighbouring Ag ions belonging to two different -S-Ag-
S-C-C-S-Ag-S- tapes running along a-axis where two
phenyl rings are not parallel to each other to reduce
the steric hindrance and maximize packing are clearly
shown (figure 3b). The adjacent chains are, therefore,
fused to form 2D sheet by bridging both through biden-
tate phSE ligand and NO; anion stacking in ab plane
(figure 4a-b). In the criss-cross chains formed by (-S-
Ag-S-C-C-S-Ag-S-) and -O-Ag-O-N-O-Ag-, there is a
long cavity along b-axis where phenyl rings are placed
and are within 7-7 interaction range i.e., 3.851 A
(figure 5a). In another description of the crystal struc-
ture of complex, the Ag(I) ions and coordinated nitrate
groups alternate in a linear arrangement and L cross-
links adjacent chains to form a 2D network. In the two
types of repeating units, four Ag(I) atoms are nearly
coplanar, and the dihedral angle between the mean
planes of the two types of units is 152.69(6)°. The
two phenyl rings at the ends of the ligands are paral-
lel to each other and alternate ‘above’ and ‘below’ the
repeating unit. Units A (L) and B (NO; anion) stack
alternately along the crystallographic b—axis, and each
propagates along the a- and b-axes to form an infi-
nite 2D framework. The structure consists of 4-c unin-
odal net where Point symbol for Ag (I) ion and net is
(4*.6%) with sql type topology (figure 5b). Crystal data
and structure refinements for complex (I) are given in
table 1, while weak H-bonding interactions between O
atoms of NO; group and protons of the phenyl ring of
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Figure 2. (a) Polyhedra around Ag(I) ion show distorted trigonal pyramidal geometry; (b)
1-D linear tape is formed along b axis in complex (I).

(a)

Figure 3. (a) Planes of different colour show anti-conformation of L in the complex due to
flexibility and to reduce the stearic hindrance; (b) 1-D linear chain is formed along a axis in
complex (I).

(a) (b)

Figure 4. (a) Ball-n-stick model; (b) Polyhedral representation of 2-D sheet or network as
shown in ab plane of complex (I).

(b)

Figure 5. (a) m-m interactions between two phenyl rings are shown in the range of
3.851 A. (b) 4-c uninodal net is shown; (4*.62) point symbol for net with sql type
topology in complex (I).
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Table 1.
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Crystal data and structure refinement for complex (I).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

D
C14H14Ag1N; O3S,
416.27
173(2)K
0.71069 A
Monoclinic
P2l1/c

a=35.668(5) A, @ = 90.000°.

b =14.532(5) A, B = 90.627(5)°.

Volume

zZ

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 24.95°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Final R indices [I > 2sigma(])]
R indices (all data)

Largest diff. peak and hole
CCDC number

¢ = 18.600(5) A, y = 90.000°.

1531.9(15) A3
4
1.805 Mg/m?
1.596 mm™!
832
0.13 x 0.09 x 0.05 mm?
3.01 to 24.95¢°.

—6 <=h<=6,-16 <=k <=16, =21 <=1<=21

4805
2580 [R(int) = 0.0309]
96.3 %

Semi-empirical from equivalents

0.7455 and 0.5347

Full-matrix least-squares on F?

2580/0/190
R1 = 0.0952, wR2 = 0.2501
R1=0.1117, wR2 = 0.2596
1.781 and —1.385e.A3
1015744

adjacent chain are shown in table 2. Complete listings
of the bond distances, bond angles and torsion angles
around Ag (I) ion are included in the supplemental
material (table TS1).

Bu et al. have earlier reported [Ag(phSM)(NO3)],
and [Ag(phSB)(NOs)], complexes which exhibits 1D
pseudo helical and 2D frameworks respectively.’-!! The
pseudo helical structure instead of 2D architecture in

case of phSM can be attributed to smaller length of
spacer. The NOj; bridging might have been avoided due
to greater steric hindrance of the phenyl groups of lig-
and. However, in case of ethyl analogues of phSM,
the length of ligand is sufficiently large to allow the
NO; ion to bridge two neighbouring chains without
any crowding of the phenyl groups to generate non-
interpenetrated 2D networks.

Table 2. Important H-bonding interactions of complex (I).

X-H...Y X...H X...Y H...Y /X-H...Y
C6-H6...01 0.95 3.66 2.78(10) 155
C7-H7B...01 0.99 3.54 2.82(11 129
C4-H4...02! 0.95 3.31 2.62(12 130
C5-H5...02! 0.95 3.46 2.94(12 116
CI1-H11...02! 0.95 3.44 291(13 117
C10-H10...03? 0.95 3.29 2.74(11 117
C4-H4...03? 0.95 3.32 2.60(11 132
C11-H11...03? 0.95 3.28 2.67(12 122
Cl14-H14A...013 0.99 3.46 2.69(11 135
C14-H14B...03* 0.99 3.51 2.62(12 150

1) x,-y+172,42z-112  (2) x-1,-y+1/2,42z-1/2  (3) x-1,4+y,+z (4) -x+2,-y,-z+1
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3.2 Molecular Hirshfeld surfaces

Hirshfeld surface is a useful tool for describing char-
acteristic of the molecules. In this work we performed
Hirshfeld surfaces to complex (I) and compared it with
earlier reported complexes [Ag(phSD)(NOs)], (II) and
[Ag(phSE)(CF;S03)], (IIT)!¢ with the purpose to inves-
tigate the influence of spacer length and nature of anion
on the intermolecular interactions experienced in these
three complexes. The 3D d,,,, surfaces are mapped
over a fixed colour scale of —1.25 (red) to 1.52 A (blue),
Shape index mapped in the colour range of —1.0 to
1.0 A and Curvedness in the range of —4.0 to 0.4 A.

In these complexes, owing to the presence of O, N,
S, F (in the (II) complex), C, Ag and H atoms, a
large number of van der Waals interactions viz., H. . .H,
O...H,F..H, C..H, S...H, N...H, C.. C, S...0,
C...N, 0...0, Ag...O and Ag...H are observed.
Figure 6 depicts the molecular Hirshfeld surfaces d,,,,,
Shape indexes and Curvedness of the complexes. Rel-
ative contributions to the Hirshfeld surface area for the
various intermolecular contacts in complexes are given
in table 3.

Rahul K Mudsainiyan et al.

Table 3. Summary of various contact contributions to the
complexes (I)—(I1I).

(% age) D (In (I
H..H 40.2 61.7 10.7
0..H 23.7 17.8 19.4
C..H 17.1 10 11.1
S..H 8.5 47 1.3
C..C 43 1.2 15
S..0 2 0 13
N...H 1.2 1.8 0

0...0 1.1 0.1 32
Ag...0 0.6 25 6.7
Ag..H 0.6 0.1 2.5
H.. F 0.0 0.0 30.3

The d,,., surface is used for the identification of
very close intermolecular interactions and their val-
ues are mapped onto the Hirshfeld surface by using
a redblue-white colour scheme, where red concave
regions correspond to dominant interactions with neg-
ative d,,, value; the blue regions correspond to
weaker contacts and positive d,,,,, value; and the white

d Shape Index

norm

@

an

(I10)

Curvedness |G

(a)

Figure 6.

(b)

(a) Molecular Hirshfeld d,,,,, surfaces, Shape index and Curvedness of complexes (I),

[Ag(phSD)(NO3)], (II)'¢ and [Ag(phSE)(CF3S03)], (IIT)'¢, where d. surfaces have been mapped between
d. 0.58 and 2.7 A; (b) 2D fingerprint plot of complexes (I)-(III) where areas of different intermolecular

contacts are clearly shown.



2D coordination polymer of Ag(I) with 1,2-Bis(phenylthio)ethane 855

regions correspond to the contacts where the distance
is exactly the van der Waal separation with zero d,,,
value. -2

In our study, the concave red patches on the d,,,,
surfaces (figure 6a) reveal strong interactions from
O...H, N...H bonding in these complexes. How-
ever, the corresponding red area in complex (III)
is significantly larger suggesting strong F...H bond-
ing apart from O...H and N...H contacts. Actually
hydrogen bonding interactions to electronegative atoms
like O, N, F contribute 24.9, 19.6 and 49.7% to the
Hirshfeld surfaces in complexes (I), (II) and (III)
respectively.

The Shape index is most sensitive to very subtle
changes in the shape of surface; several small scat-
tered yellow-red concave patches on them reveal weak
intermolecular interactions from phenyl, C, S, Ag and
H atoms of the complexes.”’” Curvedness conveys the
similar information as Shape index, which is the mea-
surement of ‘how much shape.” The Curvedness sur-
faces of all the complexes exhibit several small flat
segments delineated by blue outline which suggest the
absence of 7 . .. stacked molecules inside the surface
and indicate that S...H, C...C, S...0, C...N, Ag...O
and Ag. . .H interactions are appreciable in all the three
complexes.

To highlight various intermolecular contacts like
H...H, O...H, C.. H, S...H, N...H, C.. C, S...0,
C...N, Ag...O and Ag.. .H, etc., decomposed finger-
print plots were generated (figures S1-S4). Such dis-
integration allows the separation of contribution from
different kind of interactions. The outline of full fin-
gerprint is shown in grey. The H...H interactions are
reflected in the middle of scattered points in 2D plot
and have the most significant contribution to Hirsh-
feld surfaces in complexes (I) and (II). These fig-
ures show that H. . .H interactions are noticeably more
in complex (II) which can be accounted due to the
large number of hydrogens in phSD[(-C H,—)o] lig-
and. Although both complexes (I) and (III) have —
CH,-CH,— chain in the ligand but H...H interactions
are 40.2% and 11.7% respectively. This can be argued
that due to the presence of F in the anion of (III),
H...F bonding predominates (30%) which results in
decreasing H. . .H contacts. The O...H interactions also
show significant participation in crystal structure. For
all the three complexes proportion of S.. .H, and C...C
bonding is larger than other weak interaction kinds
like C...C, S...0, C...N, Ag...O and Ag...H, etc.
The inspection of contacts between other atom types
point out that there are no other significant interactions.
They collectively make 5.5, 4.5 and 13.7% of surface
area.

4. Conclusion

The 2-D polymeric complex (I) has been crystallized
in methanol-acetonitrile mixture, where each Ag(I) ion
occupies distorted trigonal pyramidal geometry. Ag(I)
is coordinating with two sulphur atoms from two dif-
ferent ligands and two oxygen atoms from two NO;
groups. Each NO; acts as a bridging ligand coordinating
through its two oxygen atoms to different Ag(I) ions.
The Ag(I) ion and NO; group are in plane with torsion
angle 176.43°. All the ligands adopt anti-conformation
but the relative orientation of two -S-C-C-S units is per-
pendicular to one another such that two phenyl rings
attached to the two sulphur atoms coordinating to a par-
ticular Ag ion lie on the same side. Each NOj; bridges
two neighbouring Ag ions belonging to two different -
S-Ag-S-C-C-S-Ag-S- tapes running along a-axis where
two phenyl rings are not parallel to each other to reduce
the steric hindrance and maximize packing. There is a
long cavity along b-axis where phenyl rings are placed
and are within -7 interaction range i.e., 3.851 A. The
structure consists of 4-c uninodal net where Point sym-
bol for Ag (I) ion and net is (4*.6%) with sql type topol-
ogy. X-ray diffraction analysis and Hirshfeld surface
analysis give rise to comparable results but in Hirsh-
feld surface analysis, two-third times more close con-
tacts are obtained. The finger print plots demonstrate
that these weak non-bonding interactions are important
for stabilizing the crystal packing.

Supplementary Information

CCDC No. 1015744 contains supplementary crystal-
lographic data for (I). This data can be obtained
free of charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html, or from the Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK, fax: (4+44) 1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk. Figures S1-S4, table S1 can
be seen in Supplementary I formation available at www.
ias.ac.in/chemsci.
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