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Abstract: Three amidine-based ligands were used in the crystal design of a series of mononu-
clear Zn(II) complexes. Interaction of zinc chloride, ZnCl,, with N-2-pyridylimidoyl-2-pyridylamidine
(Py,ImAm) resulted in complexes [Zn(Py,ImAm),] (1) and [ZnCly (Py,ImAm)] (2). In [Zn(Py,ImAm);]
(1, monoclinic, P21 /c), the metal ion was coordinated with the bidentate pocket of the anionic form
of Py,ImAm, while in [ZnCl,(Py,ImAm)] (2, monoclinic, P21 /n), the tridentate coordination to a
neutral Py, ImAm was completed by two chloride anions. This structural variation was achieved
by a pH-controlling strategy using the weak base triethylamine (TEA). Otherwise, three ionic com-
plexes were obtained with 2-amidinopyridine (PyAm) and Zinc(II), [ZnCl(PyAm),]Cl (3, triclinic,
P-1), [ZnCl(PyAm);]>[ZnCl4]-CoHsOH (4, monoclinic, P21 /1), and [ZnCl(PyAm);],Cl-CH30H (5,
triclinic, P-1). They comprised the same [ZnCl(PyAm);]* monocation with a butterfly-like shape
provided by the bidentate chelate coordination of two PyAm neutral entities and a chloride ligand. In
a similar butterfly shape, ionic complex [ZnCl(PmAm);],[ZnCl4] (6, monoclinic, C2/c) comprised the
mononuclear [ZnCl(PmAm);]* cations with two bidentate chelate-coordinated 2-amidinopyrimidine
(PmAm) as neutral ligands. The Zn(II) pentacoordinated arrangement in 3—6 was variable, from
square pyramidal to trigonal bipyramidal. The reported compounds’ synthetic protocols, crystal
structures and photoluminescence properties are discussed.

Keywords: zinc; multidentate ligands; X-ray crystallography; photoluminescence; coordination
compounds; pseudopolymorphs

1. Introduction

Zinc, the 23rd most abundant element in the earth’s crust, is essential for human being
and modern living and stands fourth among all metals in world production, thus being
exceeded only by iron, aluminum, and copper. The importance of Zn(Il) coordination com-
plexes becomes apparent from many applications, like in therapeutic roles against biologi-
cally relevant peptide/protein targets [1], anticancer agents [2], in chemo/biosensors [1,3,4],
magnetic resonance imaging (MRI) contrast agents [5,6], as catalysts in organic chem-
istry [7], and low-cost organic light-emitting devices (OLEDs) [8]. All the aforementioned
applications make use of many Zn advantages, particularly highlighting its low toxicity
and photoluminescence (PL) properties. Specifically, complexes based on Zn(Il) cation are
widely utilized due to their luminescent properties, enhancing the versatility of luminescent
levels in both solution and the solid state. Notably, various Zn(II) complexes played crucial
role in these breakthroughs when the powerful luminophores were attached to the d'°
close-shell Zn(Il) atom [9-14].

Amidine chromophores, due to their multidentate scaffold and possibility to take dif-
ferent tautomeric forms, have been documented as good complexing agents [15]. In contrast
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to amidine chemistry, only a few reports exist for the synthesis of aryl N-imidoylamidines [16],
and until recently, ligand framework N-2-pyridylimidoyl-2-pyridylamidine (Py,ImAm) was
generated only through one-pot metal-assisted transformations [17]. Brusso’s group [18,19]
reported the reliable synthesis of Py,ImAm on a large scale without the necessity for metal
ion assistance [18] and explored its selective coordination in a bidentate and/or tridentate
fashion [19]. Ever since the synthesis and isolation of Py,ImAm and PmyImAm (N-2-
pyrimidylimidoyl-2-pyrimidylamidine) were reported, mono- di-, tri-, and tetranuclear
complexes with various first-row transition metals, like manganese [19,20], iron [19,20],
cobalt [19,21], copper [22], and nickel [22], have been documented by Castafieda et al.
The same group of authors succeeded in the synthesis of lanthanide complexes with
2-amidinopyridine (PyAm) and 2-amidinopyrimidine (PmAm) as the products of metal-
assisted hydrolysis of Py,ImAm and PmyImAm. The Eu(III), Tb(III), and Dy(III) complexes
exhibited characteristic emissions of red, green, and yellow light reinforced by the coordi-
nated PyAm and PmAm ligands as suitable sensitizers [23,24].

The lack of structural information on Zn(Il) complexes with Py,ImAm, PyAm, and
PmAm ligands (Scheme 1), and the reported examples of the blue emitted Zn(II) complexes
with N-donor bases [12-14], sparked our interest in this research. The synthetic protocols,
crystal structures, and photoluminescence properties of a series of Zn(Il) complexes with
these three ligands, which are novel and promising in their applications, are presented here.

NH NH NH

FeaNeens

PyAm PmAm Py>ImAm

Scheme 1. Structural formulas of the ligands used for synthesis of Zn complexes.

2. Materials and Methods
2.1. General

All solvents and reagents were of reagent grade and used without further purification,
unless stated otherwise. Zinc(Il) chloride (ZnCly) was purchased from Ward’s Science and
used as Lab Grade. Triethylamine (TEA) was purchased from Alfa Aesar with a purity
of 99%. N-2-pyridylimidoyl-2-pyridylamidine (Py,ImAm) was synthesized according to
a procedure from the literature [18]. 2-Amidinopyridine (PyAm) was purchased from
AmBeed. 2-Amidinopyrimidine was synthesized according to the reported procedure [25].

FT-IR spectra were collected on a Perkin Elmer-Spectrum Two FT-IR Spectrophotome-
ter (4000-450 cm 1) loaded with Perkin Elmer UATR Two, featuring a diamond prism
center for solid-state IR measurements. Raman spectra were recorded on a Thermo-scientific
DXR3 Smart Raman instrument fitted with a 180-degree accessory, a DXR 785 nm HP laser,
and Omnic spectroscopy software (Thermo-scientific, Waltham, MA, USA). Solid-state
emission spectra were recorded on a Shimadzu RF-5301PC spectrofluorophotometer loaded
with a Xe lamp and RFPC software Rev. B.01.01 at Aexc = 250 nm for 1 and 3, and Aexc
330 nm for 2 and 6. Microscopic images of crystals were obtained using the 4X Plan N lens
on the Olympus BX51TRF Digital Microscope, which uses ImageView (version X64, 3.7)
software (Figure S1). I'H NMR was collected on a Bruker Advance III 300 MHz NMR.

2.2. Synthesis
2.2.1. Synthesis of [Zn(Py,ImAm);] (1)
The metal salt ZnCl, (0.0386 g, 0.283 mmol) was dissolved in 4 mL of methanol in a

glass tube. In a separate tube the ligand Py,ImAm (0.1979 g, 0.880 mmol) was dissolved in
21.6 mL of acetonitrile (MeCN) and 2.4 mL of TEA. Then, the ZnCl, solution was slowly
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and carefully layered on top of the Py,ImAm solution. After that, the tube was sealed
with a stopper and left for six days. Compound [Zn(Py,ImAm),] crystallized as colorless
block-like crystals. After crystallization, the crystals were filtered off using gravitational
filtration. Yield 0.1003 g (0.195 mmol, 68.9%). IR (cm~!): v 3314 (w), 3298 (w), 3261 (m),
1574 (w), 1544 (m), 1476 (s), 1447 (s), 1424 (s), 1290 (w), 1265 (m), 1229 (m), 1154 (w),
1051 (my), 996 (m), 875 (w), 851 (w), 815 (m), 748 (s), 701 (s), 649 (m), 623 (m), 568 (m). Raman
(em™1): 1599 (s), 1548 (m), 1480 (s), 1417 (w), 1205 (s), 1189 (m), 1101 (w), 1058 (m), 999 (s),
919 (w), 627 (w), 278 (w), 197 (s).

2.2.2. Synthesis of [ZnCl,(Py,ImAm)] (2)

The metal salt ZnCl, (0.0667 g, 0.492 mmol) was dissolved in 4 mL of methanol
in a glass tube. In a separate tube, the ligand Py,ImAm (0.1738 g, 0.772 mmol) was
dissolved in 10.8 mL of MeCN. Then, the ZnCl, solution was slowly and carefully layered
on top of the Py,ImAm solution. Crystal formation was seen upon layering. Compound
[ZnCl,(Py,ImAm)] was crystallized as colorless rod-shaped crystals. After crystallization
completed, the crystals were filtered out using gravitational filtration. Yield: 0.0641 g
(0.486 mmol, 36.2%). IR (cm™!): v 3269 (m), 3077 (w), 3058 (w), 1635 (s), 1594 (s), 1584 (s),
1567 (s), 1496 (m), 1467 (m), 1436 (s), 1361 (s), 1295 (m), 1261 (m), 1200 (m), 1184 (s), 1141 (m),
1048 (w), 1024 (m), 1015 (s), 1006 (s), 900 (s), 781 (s), 753 (s), 703 (w), 662 (w), 638 (s), 596 (s).
Raman (cm™1): 1590 (s), 1500 (s), 1360 (w), 1206 (w), 1144 (m), 1048 (m), 1017 (m), 791 (w),
702 (w), 640 (w), 489 (w).

2.2.3. Synthesis of [ZnCl(PyAm),]CI (3) and ZnCl(PyAm);]»[ZnCl4]-CoHsOH (4)

In separate vials, 2-aminopyridine hydrochloride (73 mg; 0.46 mmol) and ZnCl,
(136.6 mg; 1 mmol) were dissolved using 4 mL and 2 mL of ethanol, respectively, under
atmospheric conditions. To the ligand’s solution, 0.3 mL of triethylamine was added. After
that, both solutions were combined, and the flask was sealed with parafilm. Overnight, a
small quantity of crystals, which we called crystals 4, grew at the vial’s walls. These crystals
were separated from the walls and placed in a separate container. After five days, colorless
crystals of 3 were formed as precipitate, filtered off from the mother liquor, and rinsed with
ethanol. So, both crystals 3 and 4 were recovered from the same vial, but after different
numbers of days. Under the microscope, both crystals looked similar; however, the crystals
of 4 were larger. Yield of 3 53.3 mg (0.41 mmol, 90%). IR of 3 v (em™1): 3378 (w), 3315.5 (m),
3277 (w), 3218 (s), 3164 (w), 3061 (w), 1652 (s), 1605 (w), 1583 (w), 1563 (s), 1511 (m), 1463 (s),
1443 (w), 1436 (m), 1309 (w), 1276 (w), 1254 (m), 1175 (w), 1158 (w), 115 (w), 1085 (w),
1051 (w), 1010 (s), 975 (w), 963 (w), 909 (w), 864 (s), 813 (s), 802 (m), 759 (m), 741 (s), 684 (w),
670 (w), 635 (m). X-ray analysis allowed for us to deduce that crystals 3 and 4 represent
different crystalline forms whose nature is described below.

2.2.4. Synthesis of [ZnCl(PyAm),],Cl-CH3O0H (5)

The reaction was conducted under atmospheric conditions. In different tubes, 2-
amidinopyridine hydrochloride (31.8 mg; 0.2 mmol) and ZnCl, (25 mg; 0.18 mmol) were
dissolved using 3 mL and 2 mL of methanol, respectively. To the ligand’s solution, 0.2 mL
of triethylamine was added. Afterwards both solutions were combined; the tube was sealed
with parafilm and left to slowly evaporate. Only few colorless crystals were formed at the
walls of the tube. If the reaction was left for complete solvent evaporation, no crystals were
obtained, likely due to methanol loss from the crystal lattice and the crystal deterioration.

2.2.5. Synthesis of [ZnCl(PmAm);]>[ZnCl4] (6)

The ligand PmAm (0.833 mmol, 100.30 mg) was dissolved in 4 mL of chloroform. In a
separate vial, ZnCl, (0.641 mmol, 87.60 mg) was dissolved in 2 mL of ethanol. Afterwards,
the ZnCl, solution was filtered on the top of the ligand’s solution. The ligand-to-ZnCl,
molar ratio was 2:1. The resultant solution was placed in a vial, sealed with parafilm, and
allowed to crystallize for 5 days. Colorless crystals formed, which were filtered out, rinsed
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with chloroform, and weighed. After filtration, the yield of the product was 10%. IR v
(cm~1): 3331 (m), 2981 (w), 1655 (s), 1585 (s), 1498 (m), 1402 (s), 1243 (w), 1193 (w), 1065 (w),
1011 (w0, 831 (s), 806 (w), 746 (m), 669 (m), 641 (m), 571 (m). 'H-NMR (300 MHz, D,0) &:
8.85 (d, 2H), 7.68 (t, 1H).

2.3. X-ray Single-Crystal Structure Determination

Crystals 1-6, suitable for single-crystal X-ray diffraction (SCXRD) analysis were cov-
ered in parabar oil and mounted on a cactus needle. The diffraction data for all sam-
ples were collected at 100 K on a Bruker Smart Apex-II CCD Diffractometer with MoK«
(A =0.71073). The diffraction measurement method was ¢ and w scans. The multi-scan
absorption correction was performed using SADABS-2016/2 (Bruker, 2016/2) [26]. The
structures were solved with the ShelXT structure solution program package and refined
by full-matrix least squares on F? by use of all reflections with the ShelXL refinement
package [27]. Non-hydrogen atoms were refined with anisotropic displacement parameters.
C-bound hydrogen atoms were included in calculated positions (riding model), while
N-bound imino- and amino-hydrogen atoms were located in difference Fourier maps and
refined in isotropic approximation by applying soft distance restraints [28]. Crystal data for
1-6 are summarized in Table 1, selected bond distances and angles are listed in Table S1,
and hydrogen bond parameters are listed in Table S2. CCDC deposition numbers are

2357006-2357011.

Table 1. Crystal data and structure refinement parameters for 1-6.

Compound 1 2 3 4 5 6
Empirical CasHagN1pZ CiHnCLNsZn  CipHyuCLNZn  CagHayClsNipOZng CrsHisCllNGOZn  CogHayCleNigZ
formula 24H20N1040 12H11CI2 NsZn 12H14C1 NeZn 261134C1eIN120Zn3 - Ci3H18CIHLNgOZn 202416 N16403
FW (g mol 1) 513.87 361.53 378.56 939.46 410.60 897.36
Temperature, K 100(2) 100(2) 100(2) 100(2) 100(2) 100(2)
Crystal system monoclinic monoclinic triclinic monoclinic triclinic monoclinic
Space group P2, /c P2y /n P-1 P2y /n P-1 C2/c
a/A 10.6286(19) 8.7118(4) 7.8719(15) 9.8693(8) 7.0080(6) 13.4968(10)
b/A 23.985(5) 14.6347(5) 8.5598(16) 14.1886(12) 9.6020(7) 13.1249(11)
c/A 9.4821(16) 10.6399(4) 12.994(3) 26.130(2) 13.1569(10) 19.6259(17)
«/deg 90 90 96.765(3) 90 91.723(6) 90
B/deg 101.948(6) 95.961(4) 103.846(3) 92.433(4) 96.864(5) 108.024(2)
y/deg 90 90 110.895(3) 90 101.139(5) 90
V/A3 2364.8(7) 1349.19(9) 774.0(3) 3655.7(5) 861.15(12) 3306.0(5)
Z 4 4 2 4 2 4
Deated 8/cm3 1.443 1.780 1.624 1.707 1.584 1.803
;J/mm*l 1.073 2211 1.933 2433 1.748 2.687
Reflections 28857 12768 19834 42016 26373 28609
collected
Independent 4642 [R(int) = 3940 [R(int) = 4312 [R(int) = 7421 [R(int) = 4922 [R(int) = 4815 [R(int) =
reflections 0.0362] 0.0369] 0.0313] 0.0449] 0.0334] 0.0269]
GOF 1.036 1.032 1.045 1.023 1.042 1.072
Ry, wRy (I >20(1)) 0.0304, 0.0713 0.0428, 0.1101 0.0258, 0.0624 0.0298, 0.0626 0.0262, 0.0623 0.0257, 0.0665
Rq, wR, (all data) 0.0441, 0.0766 0.0633, 0.1260 0.0331, 0.0655 0.0446, 0.0673 0.0336, 0.0652 0.0332, 0.0688

Largest diff. peak
and hole/e~A’3

0.245 and —0.282

1.550 and —1.012

0.435 and —0.294

0.818 and —0.457

0.431 and —0.405

0.723 and —0.312
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3. Results

In the synthetic procedures, similar approaches were used. The amidine ligand was
first dissolved in an organic solvent, such as acetonitrile or chloroform, and an alcoholic
solution (methanol or ethanol) of a metal salt was layered on top of the ligand’s solution.
The reaction solution was typically left for a day and the crystals were formed in different
ways, including but not limited to right upon layering, at the layer, or growing on the walls
of the reaction tube. Complexes 4 and 5 contain ethanol or methanol in the crystal lattice,
and as a result, they experience solvent loss over time. Complexes 3 and 4 grow in the
same vial.

3.1. Crystal Structures of Complexes

Coordinating the tridentate or bidentate sites of Py,ImAm ligand can be achieved by
using an acid or a base, respectively [19]. Following that route, Zn(II) was coordinated
to both individual sites in Py,ImAm (Scheme 2). For the bidentate ligand coordination
complex [Zn(Py,ImAm);] (1), a methanolic solution of the metal salt ZnCl, was layered
on top of Py,ImAm solution in MeCN and TEA, resulting in the desired compound. The
attempts to use MeCN, DCM, DMSO, or CHCl; combined with either MeOH or EtOH to
obtain this compound were unsuccessful. It is important to recall the same solvents are
used to coordinate either the bidentate or tridentate sites, and the main difference in the
synthesis was the presence or absence of a weak base such as TEA.

NH NH
N\ N N\ _CI
| H | +  Zn7T
> — Cl
(a) MeOH, (b) MeOH,
MeCN, TEA/ \ MeCN

di-imino form

= IN N“ | amino-imino form
X N
H

H-N, N-
/

H\N" "N,H
| XN B
~-N N~

Scheme 2. The synthetic pathway to the complexes [Zn(Py,ImAm),] (1) and [ZnCl,(Py,ImAm)] (2).

N
Py=1N

Izl

The mononuclear complex [Zn(Py;ImAm);] (1) crystallizes in the monoclinic space
group P2 /c (Table 1). The asymmetric unit comprises one Zn(II) cation, and two Py, ImAm
ligands as monoanions that coordinate the metal in the bidentate chelate binding modes.
Zn atoms take an Ny-tetrahedral coordination geometry with the Zn-N bond distances
being in the range 1.9632(16)-1.9797(19) A (Table S1), which is within the range commonly
observed for N-Zn(II) bonds in the CSD database [29]. The Zn(II) distorted tetrahedral
geometry is confirmed by the calculated geometry index value T4 = 0.81 [30]. Each of two
virtually planar six-membered chelato-metallocycles are coplanar with the pyridine rings
anchored to it, the planar conformation being additionally stabilized by intramolecular
NH. . .N short contacts (Table S2). The complex as a whole has a two-blade-propeller
shape with an interplanar angle of 65.20(2)° between the two almost planar Py, ImAm
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platforms (Figure 1a). The closest structural analogues to 1 are Pd(II) [17], Co(II) [21],
Ni(II) [31], and Cu(II) [32] and have square planar metal’s coordination geometries. The
cross-shape complexes of 1 are self-associated via NH...N hydrogen bonds (Table S2)
into an H-bonded chain running along the crystallographic ¢ axis (Figure 1b). In the
crystal, stacking patterns were registered between the pyridines’ rings with the separations
Cg(N5, C8 > C12)...Cg(N5,C8 > C12)2 — x,1 — y, 1 — 2), 4.1027(15) A, slippage 1.899 A,
Cg(N10, C20 > C24)...Cg(N10, C20 > C24)(1 — x, 1 — y, —2) 3.9270(17) A, slippage 1.621 A
(Figure 1c).

Figure 1. (a) View of complex 1. Thermal ellipsoids are drawn with 50% probabilities; (b) H-bonded
chain; (c) packing of H-bonded chains, - stacking has been highlighted in yellow.

Notably, in the absence of a basic TEA component in the synthesis, the resulting
interaction product between zinc chloride and Py,ImAm represented monoclinic crystals
(P21 /n space group, Table 1) with the composition [ZnCl,(Py,ImAm)] (2) where Zn(II)
cation was coordinated to the tridentate pocket of Py,ImAm as a neutral ligand (Figure 2a).
Within 2 Py,ImAm exists in the amino—imino tautomeric form (Scheme 1) confirmed by the
reliable localization of the N-bound hydrogen atoms and distribution of C-N bond lengths
in the ligand’s scaffold (Figure 2a). The tridentate-chelate coordination of Py,ImAm occurs
via two fused five-membered metallo-chelate rings. Completing the Zn(II) coordination
core are two chloride ions, one approximately in the ligand plane and one above this
plane. Due to the presence of a neutral ligand instead of anionic ligand, the Zn-N bond
distances are longer than in complex 1 (2.074(2)-2.181(2) A); Zn-Cl bond distances have the
values 2.2917(7) and 2.2980(7) A. For complex 2, a distorted square-pyramidal coordination
geometry was confirmed by the 5 = 0.17 [33]. The planar skeleton of Py,ImAm is reinforced
by intramolecular N(4)-H(4A)---N(2) hydrogen bond (Table S2). It is worth mentioning that
2 is isostructural with Mn(II) and Co(Il) analogues with the same organic ligand and halide
atoms [19]. In the crystal lattice, complexes are self-assembled via two NH. . .Cl hydrogen
bonds in the double layers parallel to the (—1 0 —1) plane with ligands situated in parallel
planes separated by 3.341 A (Figure 2b,c). The meaningful 7—r stacking interactions were
registered with the involvement of pyridine (Py) and metallo-chelate rings as indicated by
the centroid(Cg). . .centroid(Cg) distances, Cg(Znl, N1, C5, C6, N3)...Cg(Zn1, N1, C5, Cé¢,
N3)(1 —x,1—y,1— z)3.8433(13) A, slippage 1.811 A; Cg(Zn1, N1, C5, C6, N3)...Cg(N1, C1
>C5)(1—x,1—y,1—2)35990(14) A, and Cg(N1, C1 > C5)...Cg(N5, C8 > C12)(1/2 — x,
—1/2+y,1/2 — 2) 3.5809(15) A.
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Figure 2. (a) View of complex 2. Thermal ellipsoids are drawn with 50% probabilities; (b) top view of
H-bonded double layer in 2; (c) side view of H-bonded stacking double layer in 2.

Complex [ZnCl(PyAm),]Cl (3) crystallizes in the triclinic P-1 space group, and the
asymmetric unit comprises one mononuclear cation [ZnCl(PyAm);]* and one chloride
counterion. Two neutral PyAm ligands coordinate Zn(Il) (Figure 3a) with an imino ni-
trogen (N2 and N5) and a pyridine nitrogen (N1 nad N4; Figure 3a). Zn(Il) atom takes
a square-pyramidal coordination geometry with four nitrogen atoms in the basal plane
(rms deviation of these N-atoms is 0.0537 A: the Zn atom deviation from this plane is
0.6375(7) A). The distorted square-pyramidal Zn(II) coordination geometry is confirmed
by the 15 = 0.17 [34]. The Zn-N bond distances are in the range of 1.9954(13)-2.2790(13) A,
and the Zn-Cl distance is 2.2732(6) A (Table S1). The mononuclear cation [ZnCl(PyAm),]*
has an inverse umbrella shape with the interplanar angle between two PyAm residues of
41.33(6)°. The crystal packing is reinforced by NH. . .Cl hydrogen bonds with participation
of all NH-donors, and chloride anions as single (the coordinated Cl(1)) and multiple (outer-
sphere ClI(2) chloride anion) H-acceptors (Table S2). Through the N(6)H. . .Cl(1) H-bond,
the complex cations are linked in the translational chain running along the crystallographic
a axis; through the outer-sphere CI2™ chloride anions, these chains are linked into the
H-bonded layer; all H-bonds of NH. . .Cl type are realized within this layer (Figure 3b,c).
The 7. . .7t stacking interactions between Py Am residues were found inside and between
the layers, stacked along the crystallographic c axis (Figure 3c); meaningful contributions
are Cg(N1, C1 > C5)...Cg(N1,C1>C5)(1 — x,1 —y, 1 — z) 3.5888(13) A, slippage 1.003A;
and Cg(N4, C7 > C11)....Cg(N4, C7 > C11)(1 — x, —y, —z) 3.5888(12) A, slippage 1.235 A.

Figure 3. (a) View of complex 3. Thermal ellipsoids are shown with 50% probabilities; (b) fragment of
H-bonded double layer; (c) packing of H-bonded layers, - stacking has been highlighted in yellow.

Compound [ZnCl(PyAm);]»[ZnCl4]-CoH50H (4) crystallizes in the monoclinic P24 /n
space group (Table 1), and the asymmetric unit comprises two crystallographically unique
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[ZnCl(PyAm),]* monocations, one charge-balanced [ZnCl4]>~ anion, and one EtOH solvent
molecule; all species reside in general positions (Figure 4a). The distribution of Zn-N and
Zn-Cl bond distances in [ZnCl(PyAm);]" cations is quite similar between two of them, and
close to 3 (Table S1). However, the more accurate examination of Zn(II) coordination geome-
tries revealed distinctions in the Zn(1) and Zn(2) coordination cores (Figure 4b). Namely,
the atom Zn(2) adopts a square-pyramidal coordination geometry with four nitrogen atoms
situated in the basal plane with the rms deviation of these N-atoms being 0.0695 A, and
the Zn(2) atom deviation from this plane being 0.481(1) A. The square-pyramidal Zn(2)
coordination geometry is also confirmed by 5 = 0.17 [33]. Otherwise, for Zn(1), the wider
scattering in the N4 deviations from the mean plane (rms deviation of four N-atoms is
0.3829 A) and in bond angles (Table S1) was observed. The coordination geometry of Zn(1)
corresponds to the trigonal bipyramidal with the pyridyl N atoms occupying the axial
positions. The calculated ts5-index of 0.78 also indicates the distorted trigonal bipyramidal
coordination geometry for Zn(1) atom. The NH. . .Cl hydrogen bonds are driving forces in
4 that assemble the charged species. The complex cations [Zn(1)Cl(PyAm),]* are associ-
ated in the H-bonded chain through tetrahedral [ZnCl4]?~ counterions and EtOH solvent
molecules (Figure 4c) with the meaningful stacking patterns with involvement of both pyri-
dine rings, as indicated by the distances Cg(N9, C15 > C19)...Cg(N9, C15 > C19)(1 — x, —,
1 —2) 3.8847(16) A, slippage 1.875 A, and Cg(N12, C21 > C26)...Cg(N112, C21 > C26)(1 — x,
1—y,1—2z)3.9557(15) A, slippage 1.803 A (Figure 4c). Cations [Zn(2)Cl(PyAm);]* are
self-assembled in dimers that are H-bonded with the [ZnCl4]?~ counterions (Figure 4d).

Figure 4. (a) Content of the asymmetric unit in 4. Thermal ellipsoids are shown with 50% probabilities.
(b) The overlay diagram for two [Zn(PyAm),Cl]* cations; (c) fragment of H-bonded chain with
involvement of Zn(1) cation; (d) fragment of crystal packing showing different H-bonded association
patterns with an indication of the symmetry-related atoms. (i) 1 —x, —y, 1 — z; (ii)) 3/2 — x,1/2 + y,
1/2 —z.

Despite the intrusion of solvent methanol molecules, compound [ZnCl(Py Am), ],C1-CH;OH
(5) reproduces the principal structural features of compound 3. Similar to 3, complex 5 crys-
tallizes in the triclinic P-1 space group (Table 1), and the asymmetric unit comprises one
mononuclear cation [ZnCl(PyAm),]*, charge-balanced chloride anion and methanol solvent
molecule (Figure 5a). The structure of cation in 5 differs insignificantly from that in 3, the
Zn-N bond distances vary in the range 2.0034(12)-2.2089(12) A, and Zn-Cl bond distance is
equal to 2.2895(4) A (Table S1). The interplanar angle between two bidentate chelate PyAm
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residues is slightly larger, at 51.49(3)°. The Zn(II) coordination geometry in between trigo-
nal bipyramidal and square pyramidal, as indicated by the calculated value 15 = 0.58 [33].
In a similar way as in 3, the crystal packing in 4 is reinforced by NH. . .Cl hydrogen bonds
with participation of all NH-donors, and both coordinated Cl-ligand and outer-sphere C1~
anion as multiple H-acceptors (Table S2). The methanol solvent molecules mediate chloride
anions and complex cations as single H-donors through OH. . .CI™ hydrogen bonds, and as
single H-acceptors through NH. . .O hydrogen bonds. These H-bonds combine the species
in H-bonded layers (Figure 5b) parallel to the (1 0 0) crystallographic plane, and the layers
stack along the crystallographic a axis with the methanol molecules situated in the inter-
layer space (Figure 5c). The 7. . .7t stacking interactions between PyAm residues were found
inside and between the layers, the most meaningful impacts provide interactions between
metallo-chelate rings, Cg(Zn1, N4, N5, C7, C8)...Cg(Znl1, N4, N5, C7, C8) 4.2903(8) A,
slippage 2.615 A; and between the pyridine’s rings, Cg(N3, C2 > C6). . .Cg(N3, C2 > C6)(—x,
—vy, —z) 3.4458(9) A, slippage 1.249 A; Cg(N3, C2 > C6)....Cg(N3, C2 > C6)(1 — x, —y, —2)
3.6134(9) A, slippage 1.539 A.

Figure 5. (a) View of complex 5. Thermal ellipsoids are shown with 50% probability; (b) fragment of
H-bonded double layer, — stacking has been highlighted in yellow; (c) packing of H-bonded layers.

A close structural analogue for 3-5 was found in the CSD database with PyAm ligand
in its neutral form [34]. This analogous structure is a mononuclear coordination complex
[ZnCl(PyAm),]Cl-2H, 0O, where the ligand PyAm was prepared in situ through the reaction
of 2-cyanopyridine with LiN(SiMej3), in the presence of ZnCl, [34]. This structure has a
butterfly-like shape similar to 3—-5. All these complexes have in a common a short N-Zn
distance (~1.99 A) when the donor is the nitrogen atom in the imino group, and a longer
N-Zn distance (~2.21 A) when the coordinated nitrogen atom comes from the pyridine ring.

Compound [ZnCl(PmAm);]»[ZnCl4] (6) crystallizes in the monoclinic C2/c¢ space
group, and the asymmetric unit comprises one mononuclear cation, [ZnCl(PmAm),]*
and a half of charge-balanced [ZnCl4]?>~ counterion that obeys the two-fold symmetry
(Figure 6a). Similar to 3-5, herein in mononuclear cation [ZnCl(PmAm),]*, two neutral
PmAm ligands coordinate the metal in the bidentate chelate binding modes, Zn-N distances
being in the range 2.0103(14)-2.2280(14) A, the shortest ones being the imino N4 and N5
atoms as the better electron donors (Table S1). Both PmAm ligands have virtually planar
skeletons additionally fixed by intramolecular NH. . .N hydrogen bonds (Table S2), the
interplanar angle between two PmAm residues being of 59.04(5)°. The pentacoordinate
coordination geometry of Zn1 is completed by chloride ligand, Zn1-Cl1 distance being
2.2803(5) A. The Zn(II) atom takes a trigonal-bipyramidal coordination, with the pyridyl
N atoms occupying the axial positions. The calculated t5 = 0.75 [33] also indicated in
favor of trigonal bipyramidal Zn(II) coordination geometry. The crystal packing is guided
by NH. . .Cl hydrogen bonds with involvement of the tetrahedral [ZnCl4]>~ anion. Each
anion arranges around four complex cations forming the chiral H-bonded layer (Figure 6b).
The layers pack in an antiparallel mode with the lack of strong interlayer interactions
(Figure 6¢). The only one meaningful -7t stacking interaction in this structure is between
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the inversion-related five-membered metallo-chelate rings, Zn1N3C2C1N4, with Cg...Cg
separation of 4.2722(9) A, and slippage of 2.809 A.

Figure 6. (a) Content of the asymmetric unit in 6. Symmetry-related positions are labeled with i’
1—x,y,3/2 — z. (b) View of H-bonded layer; (c) packing of the two layers.

3.2. Photoluminescence Properties

The search for blue luminous materials for applications in blue light-emitting devices
(LEDs) remains an ongoing interest in materials science [8-14]. Stable blue luminescent
compounds that are useful in electroluminescent devices are still rare and very challenging
to manufacture. In this paper, we are using a series of ligands to find out their effect
on PL. Previous research of a series of zinc(Il) complexes containing di-2-pyridylamine
and 2,6-bis(2-pyridylamino) pyridine ligands were reported to exhibit blue PL emitted
mostly at Amax < 400 nm in solution and in the solid state [9]. However, compounds
based on pyridylamines lack stability electroluminescent devices. The instability in these
compounds was mostly due to the fact that the ligands in the complexes were negatively
charged and hence susceptible to humidity. The efforts were therefore focused on stabilizing
the charge on the negatively charged ligands and using neutral ligands [14]. With exception
of 1, the complexes we are studying utilize neutral ligands that lack any emission. An
interesting example of using similar ligands in previous results demonstrated the viability
of PyAm as an antenna for the sensitization of lanthanide ions, typically achieved via
chelating effects, thus stabilizing the Ln(III) coordination environment and providing an
efficient energy transfer to the Ln(III) ions [23]. Taking all the above into account, the PL
properties were studied for 1-3 and 6 in the solid state. The crystals were irradiated under
short-wavelength UV light and revealed bright emission in the narrow range, 365-378 nm
(Figure 7). Complexes 1 and 2, with the same ligand in either anionic or neutral form,
exhibited similar emission spectra, with Ay = 370 nm for 1 and Ay = 365 nm for 2. When
Zn was coordinated in the tridentate site of a Py,ImAm in 2, the emission was sharper and
more blue-shifted, with Apax of 365 nm. Complex 3 was unstable under light irradiation
and decomposed shortly after data collection. The decomposition was observed as the
emission decayed over time, and the initial complex changed color from white to blue.
This is the likely explanation emission of this complex. The rest of the complexes were
stable upon light excitation, without emission decay or changes from the original sample.
Interestingly, out of all complexes, the emission maximum for 6 was mostly red-shifted with
a Aem = 378 nm. Both 1 and 6 have a minor emission peak that can be seen as a shoulder to
the main peak. The positions of the emission maxima in the violet region of spectrum in
1-3 and 6 indicated in favor of the intraligand energy transfer due to the formation of the
chelate metallocycle as the source m—m* intraligand excited state [14].
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Figure 7. Normalized emission spectra of 1-3, 6 in the solid state.

4. Conclusions

Six new mononuclear complexes were obtained through the interaction of amidine-
based ligands with zinc chloride. In the case of N-2-pyridylimidoyl-2-pyridylamidine
(PyoImAm), the metal ion was coordinated either with the bidentate pocket of the anionic
imino-imino tautomeric form of the ligand in [Zn(Py,ImAm);] (1) or with the tridentate
pocket of neutral ligand in its imino—amino tautomeric form in [ZnCl (Py,ImAm)] (2). The
ionic crystals [ZnCl(PyAm);]Cl (3), [ZnCl(PyAm);]>[ZnCl4]-C,H50H (4), [ZnClL(PyAm);]»
CI-CH30H (5), and [ZnCl(PmAm);]>[ZnCly] (6) (PyAm—2-amidinopyridine, PmAm—2-
amidinopyrimidine) comprise the similar butterfly-shaped mononuclear cations provided
by the bidentate chelate coordination of two neutral 2-amidino-ligands, and chloride
anions interconnected by hydrogen bonds. The Zn(Il) atom revealed the N4 or N4Cl sets
of coordinated donor atoms, with different coordination geometries, from tetrahedral in 1
to tetragonal pyramidal and trigonal bipyramidal in 2-6. The cooperative intermolecular
hydrogen bonds governed the supramolecular aggregations as H-bonded chains in 1 and
different two-dimensional arrays in 2-6, while the -7 stacking interactions were registered
with participation of pyridine and metallo-chelate rings. The photophysically passive in
the visible range free amidine ligands revealed significant emission in the ultraviolet region
of spectrum being coordinated to Zn(II) in 1-3 and 6.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/chemistry6040045/s1, Figure with crystal images, Tables of
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