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Abstract: Three 2,1,3-benzothiadiazole-based ligands decorated with two pyridyl groups, 4,7-di(2-
pyridyl)-2,1,3-benzothiadiazol (2-PyBTD), 4,7-di(3-pyridyl)-2,1,3-benzothiadiazol (3-PyBTD) and
4,7-di(4-pyridyl)-2,1,3 benzothiadiazol (4-PyBTD), generate Zn"' and Ag' complexes with a rich
structural variety: [Zn(hfac)2(2-PyBTD)] 1, [Znz(hfac)s(2-PyBTD)] 2, [Ag(CFsSOs)(2-PyBTD)]2 3,
[Ag(2-PyBTD)]2(SbFe)2 4, [Ag2(NOs)2(2-PyBTD)(CH3CN)] 5, [Zn(hfac)2(3-PyBTD)] 6, [Zn(hfac)2(4-Py-
BTD)] 7, [ZnCl2(4-PyBTD)] 8 and [ZnCl2(4-PyBTD)] 9 (hfac = hexafluoroacetylacetonato). The na-
ture of the resulting complexes (discrete species or coordination polymers) is influenced by the rel-
ative position of the pyridyl nitrogen atoms, the nature of the starting metal precursors, as well as
by the synthetic conditions. Compounds 1 and 8 are mononuclear and 2, 3 and 4 are binuclear spe-
cies. Compounds 6, 7 and 9 are 1D coordination polymers, while compound 5 is a 2D coordination
polymer, the metal ions being bridged by 2-PyBTD and nitrato ligands. The solid-state architectures
are sustained by intermolecular m—mt stacking interactions established between the pyridyl group
and the benzene ring from the benzothiadiazol moiety. Compounds 1, 2, 7-9 show luminescence in
the visible range. Density Functional Theory (DFT) and Time Dependent Density Functional Theory
(TD-DFT) calculations have been performed on the Zn"' complexes 1 and 2 in order to disclose the
nature of the electronic transitions and to have an insight on the modulation of the photophysical
properties upon complexation.

Keywords: benzothiadiazole; pyridine; nitrogen ligands; coordination polymers; crystal structure
determination; photophysical properties

1. Introduction

The 2,1,3-benzothiadiazole (BTD) unit is an electron acceptor fluorophore [1], which
has been extensively used in the structure of derivatives and materials for various appli-
cations such as organic field-effect transistors [2—4], light emitting diodes [5,6], photovol-
taics [7-11], redox switchable donor-acceptor systems [12,13], fluorescent probes [14,15]
and so forth. In the solid state, the BTD fragment generally engages in a variety of supra-
molecular interactions such as hydrogen bonding, chalcogen N--S bonding and m—m
stacking interactions [14,16,17]. Moreover, the presence of two sp? nitrogen atoms on the
thiadiazole ring confers coordinating properties to the BTD unit, which have been ex-
ploited, for example, in several transition metal complexes where BTD acted as monotopic
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[18] or ditopic ligand [19-23]. On the other hand, introduction of coordinating groups on
the benzene ring affords neutral or anionic ligands allowing the formation of luminescent
discrete complexes or coordination polymers in which the thiadiazole nitrogen atoms can
take part, or not, to the coordination of metal centers [24]. In this respect, 4,7-substituted
BTD derivatives with carboxylate or carboxylate containing fragments have been used as
divergent anionic linkers towards various metal-organic frameworks (MOFs) which
showed, for example, luminescence sensing properties in the presence of water [25], or-
ganic amines [26], organic dyes [27] or metal ions [28], while neutral 4,7-di(4-pyridyl-vi-
nyl)-BTD ligands, with vinyl spacers between the pyridine rings and the BTD unit, pro-
vided luminescent zinc(Il) coordination polymers in the presence of dicarboxylate linkers
[29]. Particularly interesting is the direct connection of pyridines on the 4,7-positions of
BTD, as it allows the access to the series of ditopic ligands 4,7-di(2-pyridyl)-2,1,3-benzo-
thiadiazol (2-PyBTD), 4,7-di(3-pyridyl)-2,1,3-benzothiadiazol (3-PyBTD) and 4,7-di(4-
pyridyl)-2,1,3-benzothiadiazol (4-PyBTD) (Scheme 1), the first one having the possibility
to act as ditopic bis(chelating) ligand if the BTD nitrogen atoms are involved in coordina-
tion.

2-PyBTD 3-PyBTD 4-PyBTD

Scheme 1. 4,7-dipyridyl-BTD ligands used in the present study.

The synthesis of the three ligands is straightforward, consisting of the Stille coupling
of 4,7-dibromo-2,1,3-benzothiadiazole with the series of 2-, 3- and 4-tributylstanyl-pyri-
dines, respectively [30]. The three ligands are highly fluorescent, with quantum yields in
acetonitrile solutions ranging between 68 and 90%. Rather surprisingly, when considering
their promising coordination abilities, only the 4-PyBTD ligand has been used so far to
prepare 3D coordination polymers of Zn!, Cd", Co" and Ni", also containing benzene-
dicarboxylate linkers, showing modulation of emission properties in the presence of metal
ions or picric acid [31,32].

We report herein a first combined coordination chemistry study of the three ditopic
ligands 2-PyBTD, 3-PyBTD and 4-PyBTD (Scheme 1) towards zinc(Il) and silver(l) based
fragments with the objective to explore the topicity of the ligands and the dimensionality
of the resulting complexes, for which the crystal structures are described in detail, with a
special focus on the supramolecular interactions in the solid state. Moreover, the photo-
physical properties of the Zn" complexes are reported and compared to those of the lig-
ands.

2. Materials and Methods

The reagents employed were purchased from commercial sources and used without
further purification.

2-PyBTD, 3-PyBTD and 4-PyBTD were synthesized according to the literature proce-
dure [30].

[Zn(hfac)2(2-PyBTD)] 1: 0.0011g (0.0038 mmol) 2-PyBTD in 4 mL CHCls and 2 mL
methanol were added to a solution of 0.0039 g (0.0075 mmol) of [Zn(hfac)2(H20)2]-H20 in
2 mL methanol and stirred for one hour. After filtration, the solution was left to slowly
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evaporate. Yellow needle like single crystals were formed in a few days (0.0023 g, yield
79%). Selected IR data (KBr, cm?): 3066(w), 2955(m), 2921(m), 2851(m), 1655(s), 1617(m),
1573(m), 1553(m), 1528(m), 1486(m), 1465(m), 1348(w), 1260(s), 1203(s), 1143(vs), 1099(s),
1067(s), 909(m), 880(m), 842(m), 795(w), 779(w), 743(m), 666(m), 584(m) (Figure S1). Ele-
mental analysis calcd for C2sH12ZnF12N4OsS: C, 40.56; H, 1.57; N, 7.28; S, 4.17%. Found: C,
40.51; H, 1.26; N, 7.24; S, 4.11%.

[Zn2(hfac)s(2-PyBTD)] 2: 0.0035 g (0.0067 mmol) of [Zn(hfac)2(H20):]-H20 and 0.001g
(0.0034 mmol) 2-PyBTD were solubilized in a mixture of 4 mL n-heptane and 2 mL CHxCl»
and then heated to the n-heptane boiling point. Upon cooling to room temperature, 2 mL
of CH2Cl2 were added and the solution was left to slowly evaporate. Yellow single crystals
were formed within a few days (0.0034 g, yield 81%). Selected IR data (KBr, cm™): 3123(w),
3045(w), 1655(s), 1600(m), 1558(m), 1531(m), 1479(s), 1457(m), 1348(w), 1253(vs), 1216(vs),
1144(vs), 1097(m), 1064(m), 1020(w), 949(m), 907(m), 866(w), 796(m), 782(m), 741(m),
665(m), 585(m) (Figure S2). Elemental analysis calcd for CssHi14Zn2F2aN4OsS: C, 34.61; H,
1.13; N, 4.48; S, 2.57%. Found: C, 33.99; H, 0.94; N, 4.38; S, 2.49%.

[Ag(CFsS0s)(2-PyBTD)]2 3: An ethylacetate solution (2 mL) of AgCFsSOs (0.0021g,
0.0081 mmol) was left to slowly diffuse through a 4 mL layer of ethylacetate and dichloro-
methane (1:1 v/v) into a solution of 0.0012g (0.0041 mmol) 2-PyBTD solubilized in 2 mL
CHzClL. Yellow single crystals were formed within a few days (0.0013 g, yield 59%). Se-
lected IR data (KBr, cm™): 3313(w), 3053(w), 2920(w), 1720(w), 1582(m), 1549(m), 1462(m),
1434(m), 1384(m), 1262(vs), 1175(s), 1035(vs), 948(w), 890(w), 775(m), 737(m), 646(s),
578(w) (Figure S3). Elemental analysis calcd for CivHi10AgFsN4OsS2: C, 37.31; H, 1.84; N,
10.24; S, 11.72%. Found: C, 37.22; H, 2.04; N, 9.86; S, 11.62%.

[Ag(2-PyBTD)]2(SbFs)24: Crystalline 4 have been prepared in the same manner as 3,
except that an ethylacetate solution of AgSbFs (0.0026g, 0.0075 mmol) and dichloro-
methane solution of 2-PyBTD (0.001g, 0.0034 mmol) were used. Yellow single crystals of
4 crystalized in a week (0.0018 g, yield 84%). Selected IR data (KBr, cm™): 3109(m),
3050(m), 2991(m), 2934(m), 1721(w), 1596(s), 1553(s), 1527(s), 1464(s), 1433(s), 1373(s),
1350(w), 1284(w), 1256(m), 1159(m), 1094(m), 1054(m), 1018(m), 994(m), 948(m), 892(w),
858(m), 772(s), 747(m), 657(vs), 550(m) (Figure S4). Elemental analysis calcd for
Ca2H20Ag2F12NsS2Sbe: C, 30.31; H, 1.59; N, 8.84; S, 5.06%. Found: C, 30.69; H, 1.72; N, 8.45;
S, 4.77%.

[Ag2(NOs)2(2-PyBTD) (CHsCN)] 5: A solution of AgNOs (0.005 g, 0.029 mmol) in 2
mL ethylacetate and 2 mL acetonitrile was left to slowly diffuse through a 4 mL layer of
ethylacetate and dichloromethane (1:1 v/v) into a dichloromethane solution (2 mL) of 2-
PyBTD (0.0043 g, 0.014 mmol). Yellow single crystals appeared in three weeks (0.0014 g,
yield 15.5%).

[Zn(hfac)2(3-PyBTD)] 6: A solution of 0.0041 mmol (0.0012g) 3-PyBTD in 4 mL CHCls
is added to a solution containing 0.0081 mmol [Zn(hfac)2(H20)2]-H20 (0.0042 g) in 2 mL of
methanol. The mixture is stirred for 2 h and then filtered. Yellow single crystals of 6 are
formed in few days by slow evaporation of the solvent (0.0013 g, yield 42%). Selected IR
data (KBr, cm™): 3064(w), 2920(w), 1682(m), 1652(m), 1550(m), 1525(m), 1510(m), 1485(m),
1438(m), 1254(s), 1194(s), 1142(s), 1122(s), 1095(s), 847(w), 790(m), 746(m), 725(m), 694(m)
(Figure S5).

[Zn(hfac)2(4-PyBTD)] 7: A solution of 0.0034 mmol (0.001g) 4-PyBTD in a mixture of
4 mL CHCls and 2 mL methanol was mixed with a solution containing 0.0067 mmol
[Zn(hfac)2(H20)2]-H20 (0.0035 g) in 2 mL methanol and then stirred for 2 h. After filtration,
the solution was left to slowly evaporate. Yellow needle like single crystals were formed
in few days (0.0020 g, yield 77%). Selected IR data (KBr, cm™): 1650(s), 1613(m), 1558(s),
1533(m), 1495(s), 1460(s), 1430(s), 1375(m), 1259(vs), 1219(vs), 1144(vs), 1019(m), 850(m),
821(m), 808(m), 727(w), 669(s) (Figure S6). Elemental analysis calcd for C2sH12ZnF12N4OsS:
C,40.56; H, 1.57; N, 7.28; S, 4.17%. Found: C, 40.13; H, 1.42; N, 6.96; S, 4.53%.

[ZnCl2(4-PyBTD):] 8: 0.0024g (0.0082 mmol) 4-PyBTD in 4 mL CH2Clz and 2 mL meth-
anol were added to a solution of 0.0012 g (0.0088 mmol) of ZnClz in 2 mL methanol and
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stirred for 10 min, when the mixture became opaque. After adding 2 mL DMF and heating
at 60 °C for 30 min, the precipitate was solubilized and the light-yellow solution was left
to slowly evaporate. Dark-yellow single crystals were formed within a few days (0.0025
g, yield 85%). Selected IR data (KBr, cm™): 3460(m), 1638(s), 1616(s), 1594(m), 1548(m),
1478(w), 1429(m), 1409(m), 1220(m), 1071(m), 1029(m), 883(w), 829(m), 815(m), 721(m),
629(w) (Figure S7).

[ZnCl2(4-PyBTD)] 9: Light yellow single crystals of 9 were synthesized in the same
manner as 8, except that the opaque solution was further stirred for one hour before 2 mL
DMF were added, followed by two hours stirring at 60 °C (0.0019 g, yield 54%). Selected
IR data (KBr, cm™): 3288(m), 2964(m), 2918(m), 1668(m), 1552(m), 1392(m), 1261(s),
1094(vs), 1027(vs), 805(vs), 700(w) (Figure S8).

IR spectra (KBr pellets) were recorded on a Bruker Tensor 37 spectrophotometer in
4000 to 400 cm™ frequencies range. Diffuse reflectance spectra were performed on a
JASCO V-670 spectrophotometer. Elemental analysis was carried out on a EuroEa Ele-
mental Analyzer. The fluorescence spectra were carried out on a JASCO FP-6500 spectro-
fluorimeter.

X-Ray data for compounds 2-6 and 8 were collected on an Agilent Supernova dif-
fractometer with CuKa (A =1.54184 A) and for compounds 1, 7 and 9 on a Rigaku XtaLAB
Synergy, Single source at offset/far, HyPix diffractometer using a graphite-monochro-
mated Mo K radiation source (A =0.71073 A). The structures were solved by direct meth-
ods and refined by full-matrix least squares techniques based on F2. The non-H atoms
were refined with anisotropic displacement parameters. Calculations were performed us-
ing SHELXT and SHELXL-2015 crystallographic software packages [33,34]. A summary of
the crystallographic data and the structure refinement for crystals 1-9 is given in Tables
S1 and S2.

Crystallographic data for the nine structures have been deposited with the Cam-
bridge Crystallographic Data Centre, deposition numbers CCDC 2056006 (1), CCDC
2056007 (2), CCDC 2056008 (3), CCDC 2056009 (4), CCDC 2056010 (5), CCDC 2056011 (6),
CCDC 2056012 (7), CCDC 2056013 (8), CCDC 2056014 (9). These data can be obtained free
of charge from CCDC, 12 Union road, Cambridge CB2 1EZ, UK (e-mail: de-
posit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).

DFT and TD-DFT calculations have been performed with the Gaussian 09 program
[35] using the DFT method with the PBE1PBE functional and the augmented and polar-
ized Ahlrichs triple-zeta basis set TZVP [36]. The full molecular reports, molecular orbit-
als, electron density differences pictures and calculated spectra have been automatically
generated by a homemade Python program, quchemreport [37], based on cclib [38].

3. Results and Discussion

The ligands 2-PyBTD, 3-PyBTD and 4-PyBTD (Scheme 1) have been synthesized ac-
cording to the literature procedure described by Yamashita et al. [30]. To compare their
coordination modes, the precursor {Zn(hfac)z} (hfac=hexafluoroacetylacetonate) has been
used throughout the whole series, thus ensuring, in principle, the preparation of neutral
complexes and the coordination of two additional ligands in either cis or trans positions.
The coordination ability of the metal center is enhanced thanks to the electron withdraw-
ing effect of the fluorinated hfac ligands [39,40]. Furthermore, while the Zn" ion provides
a more rigid system upon coordination, it does not present any d-d transition which could
interfere with the ligand based emission. Then, the scope of the study has been extended
towards the use of ZnCl, as it provides tetrahedral ZnCl:L> complexes with pyridine
based ligands [41], at the difference with the {Zn(hfac):} fragment which favors the for-
mation of octahedral Zn(hfac):L> complexes. Finally, silver(I) precursors have been eval-
uated in coordination with 2-PyBTD in order to take advantage of the propensity of this
metal center to adopt various coordination modes as a consequence of the interplay be-
tween the coordination flexibility of the 2-PyBTD ligand, that is, chelating vs. divergent
ditopic and the coordination behavior of the anionic ligand of the Ag! precursor. In the
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following discussion we describe in detail the crystal structures of the complexes obtained
with each of the three ligands, together with the photophysical properties of the zinc(II)
complexes with 2-PyBTD and 4-PyBTD.

3.1. Discrete Complexes and Coordination Polymers with the 2-PyBTD Ligand

3.1.1. Mononuclear [Zn(hfac)2(2-PyBTD)] 1 and Binuclear [Znz(hfac)s(2-PyBTD)] 2 Com-
plexes

The reaction between 2-PyBTD and the [Zn(hfac)2(H20)2]-H20 precursor in a ratio of
1:2 afforded either the mononuclear complex 1 or the binuclear complex 2 depending on
the reaction solvent mixture, that is, methanol/chloroform and heptane/methylene chlo-
ride, respectively. Complex 1 crystallized in the monoclinic space group P2i/c, with one
independent complex molecule in the asymmetric unit. The metal center shows octahe-
dral coordination stereochemistry, with the coordination sphere generated by four oxygen
atoms (O1-O4) from the hfac anionic ligands and two nitrogen atoms from a pyridine
(N1) and the BTD unit (N2) (Figure 1a, Tables 1 and S3).

Table 1. Selected bond lengths (A) for compounds 1 and 2.

1 2
Zn1-N1 2.105(6) Zn1-N1 2.104(2)
Zn1-N2 2.101(7) Zn1-N2 2.171(2)
Zn1-0O1 2.092(5) Zn1-01 2.115(2)
Zn1-02 2.092(6) Zn1-02 2.111(2)
Zn1-03 2.135(6) Zn1-03 2.088(2)
Zn1-O4 2.087(6) Zn1-O4 2.064(2)

Figure 1. (a) Crystal structure of [Zn(hfac)2(2-PyBTD)] (1) with a focus on the coordination sphere
of Zn" and partial atom numbering scheme; (b) Supramolecular dimer built out of mononuclear
units of opposite chirality (green—/ configuration, violet—A configuration) through m—m stacking
interactions.

The pyridine units of the ligand are cis-trans oriented and are slightly twisted with
respect to the BTD plane, with values of 14.1° (PyN1) and 15.3° (PyN4) for the correspond-
ing dihedral angles. The mononuclear units arrange in supramolecular dimers, with op-
posite chiralities A and A of the octahedral configuration of Zn", thanks to 7 stacking in-
teractions between the uncoordinated pyridine and BTD phenyl rings (Figure 1b).
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The binuclear complex 2 crystallized in the monoclinic space group C2/c with half a
molecule of complex in the asymmetric unit, the other half being generated by the C: axis
crossing the BTD unit through the S atom located on a special position (Table 1 and Figure
2). Zn-0O and Zn-N bond lengths are comparable in the two complexes. However, the Py
rings in 2, having now a cis-cis arrangement due to the bis-chelation, are more strongly
twisted when compared to 1, as attested by the value of +26.9° for the Py-BTD dihedral
angle.

Ia¥a

ﬁﬁ?x - 5

Znl
‘\{i
a)

b)

Figure 2. (a) Crystal structure of [Znz(hfac)4(2-PyBTD)] (2) with a partial atom numbering scheme;
(b) View of the packing diagram illustrating the opposite chirality of the metal centers from neigh-
boring binuclear complexes (green—/ configuration, violet—A configuration) (CFs groups have
been omitted for clarity).

Whereas both metal centers of the binuclear unit show the same A or /A configuration,
the complexes form supramolecular chains through offset m—m stacking interactions be-
tween the pyridyl rings (centroid—centroid distances = 3.64 A), with an alternation of A
and A configurations (Figure 2b).

3.1.2. Binuclear [Ag(CFs50s)(2-PyBTD)]2 3 and [Ag(2-PyBTD)]2(SbFs)2 4 Complexes

Reaction of 2-PyBTD with the silver(I) salts AgCF3sSOs and AgSbFs provided the yel-
low crystalline binuclear complexes [Ag(CFsSOs)(2-PyBTD)]2 3 and [Ag(2-PyBTD)]2(SbFe)2
4, respectively. The isostructural compounds crystallized in the monoclinic space group
P21/c with one centrosymmetric dimeric complex in the unit cell (Figure 3). In the ligand
2-PyBTD the pyridine rings are in cis-cis configuration to allow chelation of silver(I), yet
the twist between Py and BTD rings is much larger than in complex 2, with dihedral angles
of 39.0° (PyN1) and 38.9° (PyN4) in complex 3 and 44.1° (PyN1) and 31.1° (PyN4) in com-
plex 4. As a consequence, while the pyridine nitrogen lone pairs point towards the metal
center, the coordination with the BTD nitrogen atoms seems reminiscent to Ag(I)-r inter-
actions [42]. In complex 3 the silver ions are pentacoordinated within a slightly distorted
square pyramid, with the basal plane formed by three nitrogen atoms from two molecules
of BTD (Ag1-N1=2.274(3), Agl-N2 =2.361(3), Ag1-N42=2.216(3) A, 2= 1-x, 1-y, 1-z) and
an oxygen atom from a triflate anion (Ag1-O1 = 2.658(3) A), while in the apical position a
semi-coordinated nitrogen atom of a thiadiazole ring (Ag1-N32=2.770 A, 2= 1-x, 1-y, 1-z)
is located (Figure 3a, Tables 4 and S4). The value of s parameter defined as [(0—¢)/60]
[43], estimating the degree of trigonal distortion from the square pyramid geometry,
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amounts to 0.08 in complex 3. In complex 4, the SbFs~ anion is not coordinated to the metal
center, therefore the coordination stereochemistry can be described as see-saw, according
to the value of T4 parameter [44] (Tsag1 = 0.58), with four nitrogen atoms from pyridine and
thiadiazole rings of two ligands (Ag1-N1=2.192(5), Ag1-N2=2.287(5), Ag1-N32=2.415(5)
Agl1-N4e=2221(5) A, = 1-x, -y, 1-z) (Figure 3b, Tables 2 and S4).

Figure 3. (a) Crystal structure of complex [Ag(CFsS0s)(2-PyBTD)]2 3. Symmetry operation @ = 1-x,
1-y, 1-z; (b) Crystal structure of complex 4. Symmetry operation = 1-x, -y, 1-z; (c) View of a one-
dimensional assembly in compound 3 highlighting the m—mt stacking interactions between neigh-
boring binuclear species.

Table 2. Selected bond lengths (A) for compounds 3 and 4.

3 4
Agl-N1 2.274(3) Agl-N1 2.192(5)
Agl-N2 2.361(3) AINZ 2 587(5)
Agl-N3 2.770(3) ABLN3: 241505
Agl-Nds 2.216(3) ApLN 2221(5)
Agl-O1 2.657(3)
a=1-x,1-y, 1z a=1-x, -y, 1-z

The intermolecular Ag-+Ag distances are 5.91 A in 3 and 5.95 A in 4, thus precluding
the existence of any argentophilic interaction. The packing diagram reveals the formation
of one-dimensional stair-like supramolecular motifs upon m—m stacking offset interactions
between pyridine (centroid—centroid distance 3.59 A (3) and 3.72 A (4)) and phenyl (cen-
troid—centroid distance 3.62 A (3) and 3.66 A (4)) rings belonging to neighboring binuclear
species (Figures 3c and 59).

3.1.3. Coordination Polymer [Ag2(NOs)2(2-PyBTD)(CH3CN)] 5

Reaction between 2-PyBTD and AgNOs provided a 2D coordination polymer with a
2:1 metal to ligand ratio. The compound crystallized in the monoclinic space group P21/c,
with one ligand, two silver(I), two nitrate ions and one acetonitrile molecule in the asym-
metric unit. The structure of the coordination polymer can be described as follows: the
nitrate anions link the silver(I) ions in double chains (Figure 4a) and 2-PyBTD acts as tri-
dentate ligand, thus connecting the inorganic chains in bidimensional layers (Figure 4b).
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The two metal centers are crystallographically inequivalent and present different coordi-
nation geometry. Accordingly, Agl ions are hexacoordinated and their coordination ste-
reochemistry can be at best described as pentagonal pyramid following the SHAPE anal-
ysis [45,46] (Table S5). Five oxygen atoms, with three shorter distances (Ag1-O1=2.471(5),
Agl1-0O4 = 2.575(3), Agl-O62 = 2.441(3) A) and two longer ones Agl-O3 = 2.795(3), Agl-
052 = 2.768(3) A, a=1-x, 0.5+y, 0.5-z), indicative of semi-coordination, together with a
pyridine nitrogen atom (Ag1-N1 =2.304(3) A) form the coordination environment of Agl
(Tables 3 and S6). Ag2 ions are pentacoordinated and adopt a distorted square pyramid
stereochemistry, with tsag2=0.49. The basal plane is formed by one pyridine nitrogen atom
(Ag2-N4b=2.370(5) A, b=1-x, 1-y, 1-z), one thiadiazole nitrogen atom (Ag2-N2 =2.299(4)
A), one acetonitrile nitrogen atom (Ag1-N7=2.264(6) A) and one semi-coordinated nitrato
oxygen atom (Ag1-06 = 2.737(3) A), while the apical position is occupied by a semi-coor-
dinated nitrato oxygen atom (Ag2-O5¢=2.653(2) A e=1-, -0.5+y, 0.5-z). The BTD ligand
adopts a cis-trans conformation and shows a tridentate coordination mode, connecting
two metal centers of the same double chain through a pyridine (N1) and a thiadiazolyl
(N2) nitrogen atom and a third silver ion from a neighboring chain through the second
pyridine nitrogen atom (N4) (Figure 4c). The two nitrate anions adopt as well different
coordination modes, with N5 being bidentate chelate to Agl and N6 linking four metal
centers. Within a chain n—mt stacking contacts establish between pyridine rings (centroid—
centroid distance of 3.54 A) and also short Ag-Ag distances of 3.55 A for Agl-Ag2 are
observed.

N2 G ’
C) Ag2

Figure 4. (a) Structural detail of a double chain formed by Ag(I) and nitrate ions in the crystal
structure of compound 5. Symmetry operations ? = 1-x, 0.5+y, 0.5-z; > = 1-x, 1-y, 1-z; = 1-x, -0.5+y,
0.5-z; (b) 2D layer resulting from the cross-linking of double chains with 2-PyBTD ligands; (c) Tri-
dentate coordination mode adopted by 2-PyBTD in 5.
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Table 3. Selected bond lengths (A) for compound 5.

5

Agl-N1 2.302(6) AgZN2 2294(4)
Agl-O1 2.474(5) Ag2 N 2374(6)
Agl-03 2.793(6) Ag2N7 2.275(6)
Agl-O4 2.571(6) Ag206 2736(6)
Agl-05¢ 2.767(5) Ag2 05 2.654(5)
Agl-06 2.436(5)

a=1-x,0.5+y,05-z;, °b=l-x,1-y,1-z; c<=1-x, -0.5+y,0.5—z

3.2. Coordination Polymer with the 3-PyBTD Ligand

Reaction between 3-Py-BTD and [Zn(hfac)2(H20)2]-2H20 afforded yellow crystals of
the coordination polymer formulated as [Zn(hfac)2(3-PyBTD)] (6). The compound crystal-
lized in the monoclinic space group P2i/n with one ligand and one Zn(hfac) fragment in
the asymmetric unit. The ligand adopts a ditopic coordination mode through the pyridine
nitrogen atoms, connecting the Zn(hfac) nodes to form wavy chains in spite of the cis
arrangement of the pyridine ligands in the coordination sphere of Zn(II) (Figure 5). The
coordination geometry of the metal ions is octahedral, with four hfac oxygen atoms (Znl-
O1 =2.120(3), Zn1-02 = 2.124(3), Zn1-03 = 2.112(3) A, Zn1-04 =2.119(3) A) and two pyr-
idine nitrogen atoms from two different 3-PyBTD ligands (Zn1-N1 =2.124(4) A, Zn1-N42
=2.120(4) A,a=-05+x, 1.5-y, -0.5+z) (Tables 4 and S7), disposed, as already mentioned, in
a cis configuration. The two pyridine rings of the ligand are arranged in trans-trans with
respect to the BTD unit, with dihedral angles of 40.5° (N1) and 39.9° (N4).

Table 4. Selected bond lengths (A) for compound 6.

6

Zn1-O1 2.120(3)
Zn1-02 2.124(3)
Zn1-03 2.112(3)
Zn1-O4 2.119(3)
Zn1-N1 2.124(4)
Zn1-N4 2.120(4)

a=-0.5+x, 1.5-y, -0.5+z
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Figure 5. (a) Structural detail of a chain built from Zn(hfac)2 nodes and 3-PyBTD spacers in the
crystalline structure of compound 6 illustrating the opposite chirality of the alternated metal cen-
ters (green—/ configuration, violet—A configuration). Symmetry operations * = -0.5+x, 1.5-y,
—0.5+z; (b) View along the a direction of the 2D layers assembled through m—mt stacking between
adjacent chains (CFs groups have been omitted for clarity).

The metal nodes within the chains show opposite alternated chirality and the chains
are associated in supramolecular layers thanks to —m stacking between the pyridine (3.50
A) and benzene (3.69 A) rings (Figures 5b and S10).

3.3. Discrete Complexes and Coordination Polymers with the 4-PyBTD Ligand
3.3.1. Coordination Polymer [Zn(hfac)2(4-PyBTD)] 7

Compound 7 has been obtained as yellow crystals in a similar manner as compound
6. It crystallized in the triclinic space group P-1, with one independent ligand 4-PyBTD in
general position, two Zn(II) ions located on inversion centers and one hfac ligand on each
metal center, the other hfac ligands being generated through the inversion centers. At the
difference with complex 6, in 7 the pyridine ligands are located in trans positions (Figure
6). As expected, the coordination geometry around the metal centers is octahedral, with
the equatorial positions occupied by four hfac oxygen atoms (Zn1-O1 = 2.041(3), Zn1-O2
=2.035(3), Zn1-03 = 2.057(3) A, Zn1-04 = 2.053(3) A) and the axial ones by two pyridine
nitrogen atoms (Zn1-N1 = 2.084(3) A, Zn1-N2 = 2.042(3) A) (Tables 5 and S8). Again, the
pyridine rings are twisted with respect to the BTD unit, the corresponding dihedral angles
amounting at 39.0° (N1) and 41.6° (N4), values which are slightly superior to those ob-
served in the free ligand (36.8°) [30].

<y o RS =
R e s i\ ZT S g SN {
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Figure 6. Linear chain in the crystal structure of compound 7. Symmetry operation * = —x, 2-y, 2-z;
b=2-x, -y, 1-z.
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Table 5. Selected bond lengths (A) for compound 7.

7
Zn1-O1 2.076(3)
Zn1-02 2.075(2)
Zn1-N1 2.161(2)
Zn2-03 2.073(2)
Zn2-O4 2.096(2)
Zn2-N4 2.136(2)

3.3.2. Coordination Complexes of 4-PyBTD with ZnCl:

The reaction of 4-PyBTD with ZnCl: afforded either the mononuclear complex
[ZnCl2(4-PyBTD):] 8 or the coordination polymer [ZnCl2(4-PyBTD)] 9 by slightly varying
the experimental conditions. The former crystallized in the monoclinic space group P21/c
with one complex in general position in the asymmetric unit, while the latter crystallized
in the non-centrosymmetric orthorhombic space group P212121, with one 4-PyBTD ligand
and one ZnCl: fragment in the asymmetric unit. In both complexes the coordination ge-
ometry around the metal center is tetrahedral, with values of the bond lengths Zn—Cl and
Zn-N in the usual range (Tables 6 and S9).

Table 6. Selected bond lengths (A) for compounds 8 and 9.

8 9

Zn1-N1 2.049(2) Zn1-N1a 2.064(5)
Zn1-N5 2.060(2) Zn1-N4 2.068(5)
Zn1-Cl1 2.217(2) Zn1-Cl1 2.202(2)
Zn1-CI2 2.214(1) Zn1-CI2 2.232(2)

a=1.5-x,1-y, 0.5+z

The pyridine rings of the two 4-PyBTD ligands show large distortions with respect
to the BTD units in complex 8, with dihedral angles of 46.3° (N1), 39.4° (N4), 38.6° (N5)
and 39.8° (N8) (Figure S11a), and, comparable, much weaker distortions in the coordina-
tion polymer 9 (23.2° (N1) and 16.9° (N4)) (Figure 7). In the structure of 8 a 2D network is
established thanks to m—mt stacking interactions between pyridine rings, with centroid—
centroid distances of 3.79 and 3.78 A (Figure S11b). In the coordination polymer 9, the
bidentate tecton connects the metal ions in zig-zag chains (Figure 7a).
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Figure 7. (a) Structural detail of a zig-zag chain in compound 9; (b) Supramolecular layer from 7—
nt stacking interactions. Symmetry operation @ = 1.5-x, 1-y, 0.5+z.
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The chains arrange in layers upon m—mt stacking interactions between pyridine and
benzene rings, with an interplanar distance of 3.89 A (Figure 7b).

The purity of the different complexes have been checked, when the amounts were
sufficient, by elemental analysis and powder X-ray diffraction (PXRD) analysis, by com-
paring the experimental PXRD diffractograms with those simulated from the single crys-
tal X-ray data (Figures S12-516).

3.4. Photophysical Properties

As mentioned in the Introduction, the Py-BTD ligands are luminescent. Their coor-
dination to metal ions with d'° configurations such as Zn(Il) should provide luminescent
complexes with, in principle, an increase of the emission efficiency as a consequence of a
more rigid structure [47-50]. Moreover, emission wavelength could vary because of the
different dihedral angles between the pyridine and BTD units, influencing the extension
of the m-conjugated system. We have therefore investigated the photophysical properties
of the Zn(II) complexes of ligands 2-PyBTD and 4-Py-BTD and compared them with those
of the ligands, previously reported [30]. In order to have reliable comparisons between
ligands, molecular complexes and coordination polymers, all the measurements have
been performed in the solid state.

3.4.1. Complexes 1 and 2

The ligand 2-PyBTD presents in the UV-Vis absorption spectrum a very broad in-
tense band with a maximum at 420 nm and another distinct weaker band at 258 nm en-
compassing several m—7t* transitions [30] (Figure S17). Upon excitation at Aex =400 nm, an
intense emission band centered at Aem = 523 nm is observed, which, interestingly, is
strongly bathochromically shifted when compared to the value Aem = 469 nm (Aex = 299
nm) measured in acetonitrile solutions [30] (see Figure S18 for spectra measured in CH2Cl2
solutions). Clearly, packing effects have a strong influence on the absorption and emission
wavelengths. However, a direct comparison between the photophysical properties of 2-
Py-BTD and its zinc(II) complexes 1 and 2 is not straightforward since in the former the
pyridine rings adopt a trans-trans conformation [30], while in the complexes the respective
conformations are cis-trans and cis-cis.

The Zn(II) ion does not possess any d-d transition, therefore, following its coordina-
tion to 2-PyBTD, ligand based m—mt* transitions centered at 247, 343 and 440 nm are ob-
served in the UV-Vis spectrum of complex 1 (Figure 8). In its emission spectrum, the band
observed at Aem = 526 nm upon excitation at Aex = 440 nm is much more intense than the
one of the free ligand.
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Figure 8. Solid state UV-Vis absorption (solid lines) and emission (dashed lines) spectra of com-
plexes 1 (red) and 2 (blue).
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Coordination of two Zn(hfac): fragments induces massive changes in the photophys-
ical properties of complex 2 compared to the free ligand and complex 1. In the diffused
reflexion UV-Vis absorption spectrum of 2, three bands at 379, 313 and 226 nm are ob-
served, while the emission spectrum shows an intense band centered at Aem =495 nm upon
excitation at Aex = 380 nm (Figure 8). The blue-shift of the absorption and emission bands
of complex 2 compared to complex 1 can be tentatively explained, on the one hand, by the
different conformations adopted by the pyridine rings, that is, cis-cis in 2 and cis-trans in
1 and also by the decrease of planarity in the former system upon coordination of 2-PyBTD
to two metal centers. Indeed, in complex 2 the twist between the two pyridine rings
amounts to 52.9° compared to 7.3° in 1 and the distortion with respect to the BTD chro-
mophore are 26.9° in 2 and 14.1° and 15.3° in 1 (see Figures 1 and 2). On the other hand,
photophysical properties measured in the solid state can be strongly influenced by the
intermolecular interactions in the packing. As discussed above, in complex 1 there is for-
mation of supramolecular dimers through n—mt stacking interactions between the uncoor-
dinated pyridine and BTD, while in 2 the complexes form supramolecular chains through
ni—mt stacking between the pyridine units (vide supra). The influence of all these factors on
the absorption/emission properties is difficult to be disclosed.

In order to have an insight on the nature of the electronic transitions involved in the
absorption and emission bands, we have performed DFT and TD-DFT calculations on
both complexes 1 and 2 (see the details in the SI). The optimized geometries are in agree-
ment with the experimental ones obtained by X-ray structure analysis. The simulated UV-
Vis absorption spectra of complexes 1 and 2 are shown in Figure 9.
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Figure 9. Calculated UV-Vis absorption (solid lines) and emission (dashed line) spectra of com-

plexes 1 (red) and 2 (blue) with a gaussian broadening (FWHM = 3000 cm™); TD-DFT / PBE1PBE /
TZVP.

The first calculated allowed transition in complex 1, occurring at 413 nm (SI), corre-
sponds to a HOMO — LUMO excitation of —mt* type (Figure 10 left), HOMO being based
mainly on the pyridine and benzene rings, while LUMO is mainly delocalized on the BTD
unit, with a large participation of the thiadiazole ring. The corresponding calculated emis-
sion wavelength values amounts to 478 nm, hence blue-shifted compared to the experi-
mental value measured in the solid state but in agreement with the value of 467 nm for
the emission in CH2Cl2 solution (Figure S19). One can thus hypothesize that the red-shift
for the absorption/emission bands observed in the solid state is the consequence of inter-
molecular m—mt stacking interactions, all the more since HOMO and LUMO are localized
on the m system involved in the corresponding electronic transition. In complex 2 the
highest four occupied orbitals, that is, from HOMO-3 to HOMO, are in-phase and out-of-
phase combinations of hfac based orbitals, while the LUMO has a similar distribution as
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in complex 1, namely on the BTD unit, with a large participation of the thiadiazole ring.
Consequently, the first four singlet excited states, which are HOMO-n — LUMO excita-
tions (1 = 0-3), present very weak oscillator strengths. The first intense absorption band is
described by a HOMO—4 — LUMO excitation, as shown by the electron density difference
(EDD) between the 5th excited state and the ground state (Figure 10 right) and corre-
sponds, as the Si-So transition in complex 1, to a charge transfer from the benzene-dipyri-
dine skeleton to thiadiazole. The calculated wavelength value for this absorption is 397
nm, thus slightly blue-shifted compared to 1, yet remaining consistent with the experi-
mental absorption band measured in CH2Cl: solution occurring at Amax = 387 nm (Figure
520). Unfortunately, the optimization of the excited emissive state for complex 2 could not
be carried out due to interstate mixing. It should be emphasized once again, that it is not
straightforward to directly compare the absorption/emission wavelengths values between
ligand 2-PyBTD, complex 1 and complex 2, as they show the three possible conformations
trans-trans, cis-trans and cis-cis, respectively. However, as stated above, the blue-shift ob-
served in the solid state for the absorption/emission bands of 2 compared to those of 1 is
very likely due to the different m—m stacking interactions involving the aromatic rings re-
sponsible for the corresponding electronic transitions.

Figure 10. Representation of the Electron Density Differences (EDD) for the S1-So transition of com-
plex 1 (left) and the Ss-So transition of complex 2 (right). The excited electron and hole regions are
indicated by, respectively, blue and white surfaces.

3.4.2. Complexes 7-9

The UV-Vis spectrum of 4-PyBTD ligand, which provided complexes 7-9, shows the
presence of one very broad band with a maximum at 397 nm and an additional weaker
band at 260 nm. In the emission spectrum an intense band centered at Aem =472 nm (Aex=
370 nm) is observed (Figure S21), in agreement with a previous report [31]. At the differ-
ence with ligand 2-PyBTD (vide supra), a much weaker bathochromic shift is observed now
for the solid state emission of 4-PyBTD compared to the emission band in acetonitrile so-
lution occurring at Aem =448 nm (Aex =299 nm) [30].

Coordination of Zn(hfac): fragments to provide the coordination polymer 7 is accom-
panied by a strong bathochromic shift of the luminescence, as witnessed by the emission
band centered at 527 nm (Aex=460 nm) and an increase of the emission intensity compared
to the free ligand (Figure 11). A similar bathochromic shift has been observed for a mixed
coordination polymer of Zn(Il), 4-PyBTD and isophthalic acid [31].
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Figure 11. Solid state UV-Vis absorption and emission spectra of complex 7.

Complexes 8 and 9, containing ZnClz fragments instead of Zn(hfac)z, show strong
blue luminescence at emission wavelengths of Aem = 476 nm (Aex = 410 nm) and Aem = 471
nm (Aex =400 nm) (Figure 12, see Figure S22 for the absorption spectra), respectively, com-
parable to the emission wavelength of the free ligand (vide supra). The excitation spectra
of both complexes overlap with the corresponding wavelength regions of the absorption
spectra.
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Figure 12. Emission (dotted curves, Aex =410 nm for 8 and Aex = 400 nm for 9) and excitation (solid
curves, Aem =475 nm for 8 and Aem = 470 nm for 9) for complexes 8 (blue) and 9 (green).

The absence of bathochromic shift of the luminescence in the case of complexes 8 and
9 when compared to complex 7, might have its origin, besides the different molecular
packing in the solid state, in the difference of molecular orbital levels involved in the emis-
sion, as a consequence of the strong electron withdrawing effect exerted by the hfac lig-
ands with respect to the chloride ligands which have a m-donating effect.

4. Conclusions

4,7-dipyridyl-2,1,3-benzothiadiazol ligands 2-PyBTD, 3-PyBTD and 4-PyBTD have
been used to prepare coordination complexes with d° transition metals group in order to
take advantage of their flexible topicity and luminescence properties. Compounds 1-5
with 2-PyBTD and 6 with 3-PyBTD represent the first reported complexes based on these
ligands. While ligand 2-PyBTD showed chelating behavior towards zinc(II) and silver(I)
ions, involving coordination by the pyridine and thiadiazole nitrogen atoms, in the zinc(II)
complexes based on 3-PyBTD and 4-PyBTD the ligands act as bridges through the pyri-
dine nitrogen atoms to provide the coordination polymers 6, 7 and 9. Moreover, the mon-
onuclear complex [ZnCl2(4-PyBTD):] 8 has been prepared as well, as a brick model for the
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coordination polymer 9. In the crystal structures of all the complexes the occurrence of
supramolecular interactions directing the overall architecture has been thoroughly dis-
cussed. A very peculiar coordination behavior of 2-PyBTD has been revealed in the coor-
dination polymer 5 with silver nitrate, where the ligand shows a tridentate coordination
mode leading to the formation of an original 2D structure. A striking difference has been
observed between 3-PyBTD and 4-PyBTD towards the Zn(hfac): fragments in complexes
6 and 7, since in the former the pyridine nitrogen atoms are in cis configuration, while in
the latter they coordinate the metal ion in axial positions. Solid state photophysical prop-
erties of the zinc(I) complexes of ligands 2-PyBTD and 4-PyBTD indicate an enhancement
of the emission intensity when compared to the free ligands. The emission wavelength
shows modulation with the nuclearity of the complexes, that is, blue-shift in 2 compared
to 1 very likely because of the different intermolecular m—mt stacking interactions, and with
the coordinated fragment, that is, red-shift in 7 compared to 8 and 9. DFT calculations on
complexes 1 and 2 shed light on the nature of the electronic transitions involved in the
low energy absorption band responsible for the emissive properties. This first coordina-
tion chemistry study of PyBTD with d'° metals clearly highlight the interest of these lig-
ands for the access to multifunctional ligands and open the way towards the preparation
of whole series of complexes. Particularly attractive, for example, is the use of 2-PyBTD
ligand as bridge between paramagnetic metal centers where the magnetic interaction can
be mediated by the oxidation state of the ligand [51], when considering the possibility to
reduce the BTD unit into radical anion species. These directions are currently explored in
our groups.

Supplementary Materials: The following are available online at www.mdpi.com//3/1/20/s1. Table
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Figure S2. IR spectrum of compound 2. Figure S3. IR spectrum of compound 3. Figure S4. IR spec-
trum of compound 4. Figure S5. IR Spectrum of compound 6. Figure S6. IR spectrum of compound
7. Figure S7. IR spectrum of compound 8. Figure S8. IR spectrum of compound 9. Figure S9. Per-
spective of the 1D supramolecular assembly in 4. Figure S10. Schematic representation of the supra-
molecular layer in crystal structure of 6. Figure S11. (a) Molecular structure of complex [ZnCl(4-
PyBTD):] 8; (b) Perspective view of the 2D layers resulting from m—m stacking between pyridine
rings from adjacent mononuclear species. Figure 512. Simulated (black) and experimental (red)
powder X-ray diffractograms for compound 1. Figure S13. Simulated (black) and experimental (red)
powder X-ray diffractograms for compound 2. Figure S14. Simulated (black) and experimental (red)
powder X-ray diffractograms for compound 4. Figure S15. Simulated (black) and experimental (red)
powder X-ray diffractograms for compound 7. Figure S16. Simulated (black) and experimental (red)
powder X-ray diffractograms for compound 8. Figure S17. UV-Vis absorption spectrum (red curve),
emission spectrum (blue curve, Aex = 400 nm) and excitation spectrum (green curve, Aem = 525 nm)
of ligand 2-PyBTD. Figure S18. Absorption (red), emission (blue) and excitation (green) spectra of
2-PyBTD recorded in CH2Clz. (Absorption: A = 236, 290, 382 nm; Emission: Aex = 380 nm, Amax = 466
nm; Excitation: Aem = 465 nm, A =292, 385 nm). Figure S19. Absorption (red), emission (blue) and
excitation (green) spectra of compound 1 recorded in CH2Clz. (Absorption: A = 265, 314, 381 nm;
Emission: Aex = 390 nm, Amax = 467 nm; Excitation: Aem = 465 nm, A = 282, 305, 329, 398 nm). Figure
S20. Absorption (red), emission (blue) and excitation (green) spectra of compound 2 recorded in
CH:Cl2. (Absorption: A =272, 321, 387 nm; Emission: Aex = 390 nm, Amax = 470 nm; Excitation: Aem =
470 nm, A =273, 330, 389 nm). Figure S21. UV-Vis absorption spectrum (red curve), emission spec-
trum (blue curve, Aex = 370 nm) and excitation spectrum (green curve, Aem = 470 nm) of ligand 4-
PyBTD. Figure 522. (a) UV-Vis absorption spectra of complex 8; (b) UV-Vis absorption spectra of
complex 9. Figure S23. Two views of the optimized geometry of 1 together with the atom numbering
scheme. Figure 524. HOMO, LUMO, HOMO-1 and LUMO+1 (from top to bottom, two views each)
of complex 1. Figure S25. Representation of the F+ function (two views) for complex 1. The blue
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color indicates the most electrophilic regions. Figure S526. Representation of the F- function (two
views) for complex 1. The blue color indicates the most nucleophilic regions. Figure 527. Represen-
tation of the Electron Density Difference (S1-S0 left) and (S2-S0 right) for complex 1. The excited
electron and the hole regions are indicated by, respectively, blue and white surfaces. Figure 528.
Calculated UV-visible absorption spectrum of complex 1 with a gaussian broadening (FWHM =
3000 cm™). Figure S29. Calculated UV-visible emission spectrum of complex 1 with a gaussian
broadening (FWHM = 3000 cm™). Figure S30. Two views of the optimized geometry of 2 together
with the atom numbering scheme. Figure S31. HOMO, LUMO, HOMO-1 and LUMO+1 (from top
to bottom, two views each) of complex 2. Figure S32. Representation of the Electron Density Differ-
ence (S1-S0 left) and (S2-SO0 right) for complex 2. The excited electron and the hole regions are indi-
cated by, respectively, blue and white surfaces. Figure S33. Calculated UV-visible absorption spec-
trum of complex 2 with a gaussian broadening (FWHM = 3000 cm™).
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