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Abstract: Two Cu(ll) complexes, 1 and 2, with tridentate Schiff bases derived from
2-hydroxy-5-methylisophthalaldehyde and histamine HL1 or 2-(2-aminoethyl)pyridine HL2,
respectively, were obtained and characterized by X-ray crystallography, spectroscopic (UV-vis,
fluorescence, IR, and EPR), magnetic, and thermal methods. Despite the fact that the chelate formed by the
NNO ligand donors (C26-C25H,-C24H,-N23=C23H-C22-C19Ph(O1)-C2(Ph)-C3H=N3-C4H,-C5H,-C6
fragment) are identical, as well as the synthesis of Cu(Il) complexes (Cu:L = 2:1 molar ratio) was
performed in the same manner, the structures of the complexes differ significantly. The complex 1,
{[Cuy(L1)CL [o[CuCly]}-2MeCN-2H,0, consists of [Cuy(L1)Cl,]* units in which Cu(Il) ions are bridged
by the HL1 ligand oxygen and each of these Cu(Il) ions is connected with Cu(Il) ions of the next
dimeric unit via two bridging Cl™ ions to form a chain structure. In the dinuclear [Cu,(L2)Cl3]-0.5MeCN
complex 2, each Cu(Il) is asymmetrically bridged by the ligand oxygen and chloride anions, whereas
the remaining chloride anions are apically bound to Cu(Il) cations. In contrast to the complex 1,
the square-pyramidal geometry of the both Cu(ll) centers is strongly distorted. The magnetic study
revealed that antiferromagnetic interactions in the complex 2 are much stronger than in the complex
1, which was corresponded with magneto-structural examination. Thin layers of the studied Cu(Il)
complexes were deposited on Si(111) by the spin coating method and studied by scanning electron
microscopy (SEM/EDS), atomic force microscopy (AFM), and fluorescence spectroscopy. The Cu(Il)
complexes and their thin layers exhibited fluorescence between 489-509 nm and 460—464 nm for the
compounds and the layers, respectively. Additionally, DFT calculations were performed to explain the
structures and electronic spectral properties of the ligands.

Keywords: Schiff bases; dicopper complexes; magnetic properties; DFT; EPR; fluorescence; thin layer

1. Introduction

Schiff base metal complexes are an attractive research field due to their industrial and biological
applications or potential use in material science [1-3]. They have attracted the attention of coordination
chemists and inspired them to design and synthesize mono or polynuclear complexes of transition
metals [4]. Transition metal complexes with N,O- donor Schiff bases are remarkable owing to their ability
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to accept unusual configurations, structural lability and sensitivity to environment [5,6]. Significant
effort was made to design, synthesize, and modify complexes due to their ability to influence molecular
magnetism. Studying magnetic interactions between the central Cu(Il) ions in multinuclear complexes
is the main objective of magneto-structural investigations [7,8].

Dinuclear copper complexes are also models of active copper containing enzymes, e.g., hemocyanin
or cytochrome c [9,10], and they are meaningful as precursors in the chemistry of supramolecular and
discrete molecular high-nuclearity Cu(ll) complexes [11-14]. The variety of organic ligands is essential
in coordination chemistry as they influence the magnetic, spectroscopic properties, and geometry of
complexes [12-25]. Different species were used as bridging ligands in copper complexes, i.e., cyanate,
thiocyanate [4,23], phenoxo [24], chloride [11]. The studies of a series of phenoxo- and hydroxo-bridged
dicopper(Il) complexes obtained from bis(2-methylpyridyl)aminomethyl as complexing arms with
different substituting groups, e.g., CHz or OCHj demonstrated that a slight modification of the ligand
topology may significantly affect the spectroscopic and redox properties of the complexes and may
lead to developing of transient, mixed-valent Cu(II)-Cu(IlI) complexes [12].

In the series of Cu(ll) complexes with the tridentate Schiff base 1-[(2-pyridin-2-
yl-ethylimino)-methyl]-naphthalen-2-ol, the presence of the chloride or acetate ion in the Cu(Il)
coordination sphere imposed square planar geometry of the copper(ll) ion with C.N. = 4, whereas
NOj3™ ion forced the distorted square pyramid geometry with C.N. = 5. The chloride ligand presence
in the Cu(Il) coordination sphere resulted also in the formation of a stronger hydrogen bond network
and possible existence of a Cu--Cl---Cu magnetic exchange pathway [5]. Moreover, the type of an
anion coordinated with the Cu(ll) ion significantly influenced the fluorescence of the complexes.
The complexes exhibited blue luminescence in a solution and the lowest fluorescence intensity in the
case of the Cu(II) compound with the nitrate ion in the coordination sphere was noted. Thin films of
Cu(Il) complexes obtained by the spin coating method exhibited fluorescence connected with the d-d
transitions in the range of 490-550 nm.

The ligands derived from 2-hydroxy-5-methylisophthaldehyde were applied in the bi- and
multinuclear copper(ll) compounds synthesis [25-27]. It has been proved that this aldehyde plays an
important role in the coordination chemistry because it functions as building blocks for binucleating
macrocyclic and non-macrocyclic ligands. Chloro-bridged binuclear copper(Il) complexes exhibit
diverse structural properties and are applicable in molecular magnetism [27,28]. As a consequence,
for these chloro-bridged complexes, several magnetic interaction pathways exist and both ferro- and
antiferro-magnetism are possible depending on the nature of a coordinated ligand and distortions of
the metal center geometry. Therefore, each type of a structural dimer has to be studied separately in
order to draw magneto-structural correlations and determine the extent of this correlation.

The transition metal complexes constitute another interesting class of compounds, owing to
their luminescent abilities and potential applications in organic optoelectronics [29,30]. Thin films
of transition metal complexes with Schiff bases were obtained using wet or gaseous methods, e.g.,
chemical vapor deposition, cathode-luminescence or spin and dip coating. The optical properties of
these materials were also studied and some of them exhibited fluorescence [5,31,32]. There are only
a few reports on copper(ll) compound materials. In the case of CuPc (Pc—tetra-tricarbethoxyethyl
substituted phthalocyanine), the absorption increase was noted at higher copper concentration in
the layers [30]. Films of Cu(Il) complexes with Schiff bases derived from different aldehydes and
(1R,2R)-(=)-cyclohexanediamine [32] or 2-(2-aminoethyl)pyridine [33] obtained with spin coating were
homogenous, with compounds evenly spread over the silicon substrates, and exhibited fluorescence
between 500-536 nm. The highest fluorescence intensity was observed for smooth layers which
revealed the highest copper content.

There are still many questions regarding the fluorescence properties of compounds and thin films.
The appropriate methods of establishing new materials should also be developed. New films can
improve the key parameters such as high luminescence, thin designs, magnetic properties and provide
new unique characteristics of the new devices such as smartphones, OLEDS or satellite navigation
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systems. Consequently, new compounds with fluorescent and magnetic properties that could be used
in thin films are still sought for.

Therefore, we report the synthesis, structure, magnetic and spectroscopic properties of two
binuclear Cu(Il) complexes with Schiff bases derived from 2-hydroxy-5-methylisophthalaldehyde and
histamine (1) or 2-(2-aminoethyl)pyridine (2). Additionally, the role of organic ligands in the structure
formation of Cu(Il) Schiff bases complexes and their influence on the strength of magnetic interaction
were investigated. DFT calculations have been carried out to support the interpretation of the results of
studying the optical properties of the ligands. The new copper(Il) complexes were used as precursors
of thin layers in the spin coating technique. The morphology of the layers was analyzed by AFM and
SEM microscopy, and the fluorescence properties of the layers were also studied.

2. Results and Discussion

2.1. Ligand Synthesis and Characterization

The 1:1 reaction of the corresponding aldehyde and primary amine forms the HL1 and HL2
ligands in yields ranging between 94.0% and 96.0% (Figure 1). The ligands were characterized by 'H,
BC, IH 13C hmgqc and hmbc NMR, UV-vis, IR and the elemental analysis. 1H, 13C NMR spectra are
presented in Supplementary Figures S1-S4 Additionally, a theoretical chemical shift for 'H, >C and
15N NMR for the HL1 ligand and the HL2 ligand [ppm] were also calculated with B3LYP/def2-TZVP
approach in the gas phase and solvents (Supplementary Table S1). The results of the NMR analysis
of the HL2 ligand are similar to that observed previously [34]. The ligands are stable in air and
soluble in several solutions such as chloroform, methanol, and acetonitrile. The IR spectra displayed in
Supplementary Figures S5 and S6 exhibit peaks at 1635 and 1672 cm™! from stretching vibrations of the
azomethine group. The peaks at 3372, 3359 cm™! are attributed to OH group vibrations [4]. Moreover,
bands from aromatic rings stretching vibrations in the range of 1476-1372 cm™~! were noted.

CHz CHj
N OH N N OH N
N X
- /N N\ N | |
NJ \_N __N N _~
H H
(a) (b)

Figure 1. Chemical structures of (a) HL1 and (b) HL2.

2.2. Dinuclear Copper(1I) Complexes: Synthesis and Characterization

Reactions of ligands with copper(Il) chloride hydrate resulted in dinuclear copper(Il) complexes
formation. IR spectra of the compounds are displayed in Supplementary Figures S7 and S8. Upon
complexation, the characteristic -C=N- stretching absorption band is shifted towards lower energies
(1641-1609 cm™!). Another absorption band which is sensitive to ligand coordination originates from
(Ph)C-O vibrations appearing in the range of 1252-1280 cm~!. The elemental analysis and X-ray studies
confirmed the purity of the obtained compounds. The thermal stability of 1 and 2 complexes was
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studied by the thermogravimetric analysis from ambient temperature to 1000 °C under air. The final
decomposition product was a mixture of copper and copper oxide (Supplementary Figures S9 and 510).

2.3. Structure Description

{[Cup (L1)CL o [CuCly]}-2MeCN-2H,0 (1)

{[Cuz(L1)Cl;]»[CuCly]}-2MeCN-2H,O (1) crystallizes in triclinic P-1 space groups with the Cu3
atom positioned at the inversion center and all the remaining atoms found in the general positions.
The structure consists of [Cuy(L1)Cly]* dimers with O1 oxygen atoms from the Schiff base connecting
both of the copper ions. Subsequently, chloride anions couple those units into chains following the
pattern: Cl1-[Cul-O1-Cu2-Cl2-Cu2-O1-Cul-Cl1]-Cul-O1-Cu2-CI2. Additionally, the structure is
completed with [CuCl4]*~ anions as well as acetonitrile and water molecules (Figure 2).

Figure 2. Perspective view of 1 along the crystallographic b axis.

The Cu3 atom coordination sphere in CuCl;2~ anions consists of four chloride anions creating
square-planar environment with Cu-Cl distances of 2.274(3) A and angles of 89.63(10), 90.37(10), and
180° (Table 1). Cul and Cu2 atoms in [Cu,(L1)Cly]™ are found in square pyramidal environment
(t=0.003 and 0.058, respectively) with copper atoms shifted by 0.01 and 0.06 A towards apical chloride
anion (Figure 3 and Figures S11-513).

Table 1. Selected bond lengths [A] and valence angles [°] for 1 and 2.

1 2
Cul-01 1.956(5) Cu2-01 1.959(5) Cul-0O1 1.954(2) Cu2-01 1.982(2)
Cul-N30 1.962(6) Cu2-N10 1.959(7) Cul-N30 1.997(3) Cu2-N10  2.004(3)
Cul-N23 2.025(7) Cu2-N3 2.006(6) Cul-N23 2.055(3) Cu2-N3 2.024(3)
Cul-Cl1 2.350(2) Cu2-CI2 2.344(2) Cul-CI3 23926(8)  Cu2-Cl2  2.3906(9)
Cul-Clli 2.849(2) Cu2-Cl2 i 2.786(2) Cul-Cll 24254(9)  Cu2-Cl3  2.4279(8)
Cu3-Cl4 2.274(3) Cu3-Cl3 2275(3)  Cul-Cl3-Cu2  79.87(3)
Cu3-Cl4! 2.274(3) Cu3-ClI31 2.275(3) 01-Cul-N30  167.08(11) O1-Cu2-N10 163.35(10)
01-Cu1-N30 169.7(3) 01-Cu2-N10 168.8(3) 01-Cul-N23  9261(11) O1-Cu2-N3  85.37(11)
01-Cul-N23 88.7(3) 01-Cu2-N3 87.5(3)  N30-Cul-N23  94.08(12) NI0-Cu2-N3 95.82(12)

N30-Cul-N23 93.0(3) N10-Cu2-N3 92.9(3) 01-Cul-Cl3 8032(7)  O1-Cu2-C2  96.56(8)
01-Cul-Cll 8627 (18)  O1-Cu2-Cl2  8630(17)  N30-Cul-CI3  87.64(8)  N10-Cu2-Cl2 98.64(8)

N30-Cul-Cl1 93.5(2) N10-Cu2-CI2 94.0(2) N23-Cul-Cl3  142.27(9) N3-Cu2-CI2  109.63(9)
N23-Cul-Cl1 169.9(2)  N314-Cu2-Cl2  172.3(2) 01-Cul-Cl1 9243(8)  O1-Cu2-CI3  78.91(7)
0O1-Cul-Cl1 93.01(16)  O1-Cu2-CI2%  94.69(16)  N30-Cul-Cll 96.15(9)  N10-Cu2-CI3  89.80(8)
N30-Cul-Cl1 97.2(2) N10-Cu2-CI2 i 96.5(2) N23-Cul-Cl1 107.05(9)  N3-Cu2-Cl3  139.87(9)
N23-Cul-Cl1 ! 84.5(2) N3-Cu2-Cl2 1 88.8(2) ClI3-Cul-Cl1 11023(3)  ClI2-Cu2-CI3  108.69(3)
Cl1-Cul-Cl1 87.01(7)  Cl-Cu2-Cl2%  87.19(7)
Cl4-Cu3-Cl4 180.0 Cl4-Cu3-C131  89.64(10)
Cl4-Cu3-ClI3 90.36(10)  Cl4i-Cu3-CI3'  90.36(10)
Cl4 -Cu3-CI3 89.64(10)  Cl3-Cu3-Cl3 1 180.0

Mi—x,-y+1,-—z+20—x+1,-y+1,-z+2.
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Figure 3. Asymmetric unit of the crystal structure of {[Cuy(L1)Cl;][CuCly]}-2MeCN-2H,0O (1).
Ellipsoids are plotted at 30% probability level.

The both basal planes composed of O1 oxygen atom, two nitrogen atoms, and one chloride anion
form an angle of 58.20(12)°. In the coordination sphere of the Cul atom, the Cu-O/N bond lengths
range from 1.956(5) to 2.025(7) A, and for the Cu1-Cl1 bond, the length is 2.350(2) A, whereas the apical
Cll[-x, =y + 1, —z + 2] chloride anions forms strongly elongated (2.849(2) A) bonds. For the Cu2 atom,
the Cu-O/N bonds range from 1.956(5) to 2.006(6) A. Both of the chloride anions are bound to Cu2
at the distances of 2.344(2) and 2.786(2) A revealing similar elongation to that observed for the Cul
atom. Hence, for the both coordination spheres, the shortest distances are observed for O1 interacting
symmetrically with two copper atoms. Cul and Cu2 atoms are found on the sides opposite to the
central C11 plane. Both imidazole rings are twisted by 15.5(4)° and form angles of 9.1(3) and 12.7(2)°
with the central C1 ring. The elongation of the apical Cu-Cl bonds is related to Jahn-Teller effect and they
are similar to distances found for the chain structure reported by Bieniko et al. [35]. On the contrary,
in [Cupy(L-O)(n-Cl)2 J[CuyClgJo 5 (L-O = 2,6-bis-[N-(2-pyridylethyl)- formidoyl]-4-methyl phenol) with
very similar ligand a chain formation is not observed [36]. Copper is also found in square pyramidal
environment in which two distinct Cu-Cl bonds are 2.324(2) and 2.802(2) as well as 2.689(2) and 2.335(2)
A long for Cl1 and CI2 anions, respectively. The apical position is occupied also by bridging chloride
anion but, in this case, chloride bridges are formed between the both copper(II) cations bound with
the same organic ligand. In 1, we do not observe such bridging; Cul--CI2 and Cu2---Cl1 distances
are 2.984 and 2.885 A, respectively and are beyond the bonding criterion defined in PLATON [37].
In 1, the long apical bonds enabled chain formation running along a axis, but the chloride bridge is
composed of two Cu-Cl bonds significantly differing in their length. There are three short intermetallic
distances, 3.161, 3.787 and 3.727 A, corresponding to Cul--Cu2, Cul--Cul and Cu2---Cu2 distances
in the chain. In packing, we observe alternately arranged layers of cations and anions with water
molecules positioned in the cationic sublattice; additionally, acetonitrile is found in the anionic network.
The chain consists of dimers connected by asymmetric chloride bridges. They form ab layers due to -7t
interactions between N30 and C1 rings and C15-H15B---N30 ring interactions. The crystal network is
completed by contacts among different planes assured by C27-H27---Cl4[—x, —y, 1 — z] and N8-H8---Cl4[1
— x, =Y, 2 — z] hydrogen bonds connecting dimer with [CuCl4]?>~ block. The crystallization water
molecule is also involved in hydrogen bond to the dimer: C29-H29---O34[-x, -y, 2 — z].
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[Cuy(L2)Cl3]0.5MeCN (2)

[Cu,Cl3(L2)]-0.5MeCN (2) crystallizes in the monoclinic C2 space group with Flack parameter
at 0.007(2) which indicates that the absolute structure is correct and the pure enantiomer was
obtained. In the asymmetric unit, the whole molecule derived from the above formula was found.
The coordination sphere of the both copper(Il) is five-coordinated and is composed of three chloride
anions, one oxygen, and two nitrogen atoms (Figure 4). The copper coordination geometry is strongly
distorted with 15 parameters [38,39] of 0.413 and 0.391 for Cul and Cu2 centers, respectively. For the
purposes of the further discussion, we assume that there are significantly deformed square pyramids
with the shared edge and the non-bridging Cl1 and CI2 in the apical positions at 2.4254(9) and 2.3906(9)
A for Cul and Cu2, respectively (Table 1). The common edge is formed by the O1 oxygen atom
forming the shortest Cu-ligand bonds (1.954(2) for Cul and 1.982(2) A for Cu2) and the bridging
ClI3 anion (2.3926(8) A for Cul and 2.4279(8) A for Cu2). This chloride forms an asymmetric bridge
with Cu-CI3 distances differing by 0.03 A. The sphere is completed by two nitrogen atoms: one from
the pyridine ring and the other from the azomethine group. The latter forms significantly longer
Cu-N bonds. The inspection of the bond lengths shows that Cu-N/O bonds are much more similar
in the Cu2 coordination sphere than in the Cul one. The valence angles fall into two broad ranges,
80.32(7)-110.23(3) and 142.27(9)-167.08(11)° for Cul, and 78.91(7)-109.63(9) and 139.87(9)-163.35(10)°
for Cu2.

c6 ]’f’(mo c13

Figure 4. Asymmetric unit of [CuCl3(L2)]-0.5MeCN 2 with the thermal ellipsoids at 50% probability for
clarity of the picture. The partially occupied acetonitrile molecule is omitted.

The structure stability is certainly increased by the formation of four non-planar six-membered
chelate rings which assure some conformational flexibility. It can be expressed by torsion angles
which show the most distinct values for C3-N3-C4-C5 (175.0(3)°) vs. C23-N23-C24-C25 (—94.8(3)°) and
C1-C2-C3-N3 (30.8(5)°) vs. C1-C22-C23-N23 (—59.4(4)°). It results in different mutual orientations of
the aromatic rings at 53.69(16)° (C1 phenyl/N10 pyridine), 35.22(17)° (C1 phenyl/N10 pyridine) and
63.98(16)° (N10 pyridine/N30 pyridine) and interactions formed in the crystal network. These torsion
angles values show that the structure is not in an extended conformation, but the angle between basal
planes of square pyramids for Cul and Cu2 is 48.1° and the CI1-Cul-Cu2-CI2 torsion angle is 150.98°
which results in separation between Cu(II) ions at 3.094 A. The mutual orientation of the copper d
orbitals should also affect magnetic properties. The crystal network is maintained via a few C-H---Cl
hydrogen bonds and 7-rt interactions (Figure 5). The conformational flexibility of the linkers between
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the phenyl ring and the both pyridine rings assure stacking interactions between the two N10 pyridine
moieties whereas the two N30 rings are tilted by 23.0°. This motif of the rings interacting along a axis
is completed by the edge-to-face contact between the N10 and the N30 pyridines. Due to the torsional
angles, the C1 phenyl ring also creates the edge-to-face 7-7 interactions only with the N30 ring. Every
dimer forms two C-H:--Cl hydrogen bonds (C5-H5B--CI2[x, -1 + y, z] and C23-H23---Cl1[x, 1 + y, z])
with adjacent units translated along the b axis. The structure is completed by a partially occupied (0.5)
acetonitrile molecule interacting via the C31-H31---C1[1 — x, -1 + y, 2 — z] ring.

Figure 5. Packing of 2 along b axis reveals motif of 7-7t interactions between aromatic rings: stacking
between two N10 units and rather edge-to-face in case of N30-N30 and N10-N30 interactions.

2.4. DC Magnetic Measurements and EPR Spectra

The molar magnetic susceptibility for 1 and 2 complexes has been converted to the x\T product
(or effective magnetic moment) whose temperature dependence is displayed in Figure 6, left panels.
The field dependence of the magnetization per formula unit M; = My,0/Naup at the constant
temperature is shown in Figure 6, right panels.

The product function yyT (and/or the effective magnetic moment) for 1 (Figure 6) remains almost
constant upon cooling from room temperature down to T = 40 K; xT (300 K) = 1.87 cm®mol~! K
(Ueff = 3.90 pp) (a little bit higher than expected 1.85 cm®mol 1K (Uefr = 3.87 up) for five Cu(ll) ions
with no exchange interactions with S = 1/, and Zav = 2.00). Below 40 K, a slow decrease in the T
product is observed until 20 K, followed by a rapid decrease down to x\T (1.8 K) = 1.51 cm®mol K.

The fitting of magnetic data of 1 was carried out using the PHI program, taking into account two
different exchange pathways, through a double chloride bridge (/1) and a single oxide bridge (/) and
the TIP parameter based on spin Hamiltonian:

N
2
H = Y [-2)155,155, ~21255,S501 ~ 8BH(S5,1 = S5,)] M
n=1

where 53 denotes the z—component of the 2n—th spin in a chain.
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Figure 6. DC magnetic data for 1 and 2; left panels: temperature dependence of xM and of the x\T
product. Right panels: field dependence of the magnetization per formula unit. The solid lines
(on both graphs) are calculated using the HDVV spin Hamiltonian and PHI program [40].

The intermolecular interaction between copper(Il) ions in the chain and unbound [CuCl]* species
are omitted due to rather long Cu---Cu separation (the shortest one is 9.32 A). In the fitting procedure,
we consider also two different values of the ¢ parameter (g; for square pyramidal environment of
copper ions inside the chain and g, for square planar geometry of [CuCl4]?"). The least squares fit
of the experimental data by these expressions leads to the following results: g; = 2.19, g» = 2.10 and
J1=-031cm™}, J, =-0.38 cm™! and TIP = 59 - 10~°. The discrepancy factor is 7.59 x 10~. The variation
of magnetization versus magnetic field at 2 K (Figure 6, right) clearly confirms S = °/, ground state in 1.

In the case of 2, molar magnetic susceptibility shows the broad maximum at 210 K. Starting with
210 K, a gradual decrease together with decreasing temperature was observed up to the minimum
at 50 K (Figure 6). Below this temperature, X increases again due to the presence of paramagnetic
impurity, the exact nature of which is not known. The maximum at ~210 K is indicative of strong
antiferromagnetic coupling between Cu(II) centers in the Cuy OCl moieties.

The corresponding plot of the T value (or magnetic moment) [per two Cu(ll) centres] vs.
temperature shows a decrease from 0.49 em®mol 'K (1.97 pg) at 300 K (lower than expected for the
spin—only value for two isolated coper(II) ions with S = % and g = 2.00) to 0.025 cm®mol ™! K (0.44 pp)
at 1.79 K. This magnetic feature for the both complexes indicates that an exchange interaction (much
weaker for 1) of the antiferromagnetic nature applies.

The exchange interaction between two Cu(Il) ions (55 = Sg = %) in 2 was described by the model
of binuclear units realized through a chloride and an oxide bridge together with various additional
Cu--Cu intermolecular contacts transmitted through the hydrogen bond and 7t-7t interactions which is
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described by the z]” parameter (where z is the number of adjacent binuclear or paramagnetic species
around a given binuclear unit). The calculations were based on the Heisenberg-Dirac—Van Vleck
Hamiltonian in the zero field given by Equation (2).

H = —JS585 — 2]’ <5,> 5, ()

describing the isotropic magnetic exchange interaction, antiferromagnetic for | < 0. The well-known PHI
program [40] was used which allows for the simultaneous fitting of xT(T) and M(poH) dependencies.
The temperature independent paramagnetism (TIP) and the fraction of monomeric species (x = 1 for one
uncoupled spin) were also included in the fitting procedure. The best agreement with the experimental
magnetic data for 2 was obtained for | = —137 em™L, z]' = -2.01em™}, g =2.06,and x = 0.076 — we add
this value according to paramagnetic impurities presence, TIP = 116 - 107® cm®mol ™, R = Z[(xT)exp —
()(T)Calc]Z/Z[()(T)exp]2 =2.1x 1077 (red and blue lines in Figure 6). The calculated curve well matches
the magnetic data.

The magnetization per formula unit My = Mp,1/(Napp) at B=5T and T = 2.0 K did not reach
the saturation plateau. In such a case, the ground state equals 1 (S = 1) and the magnetization (per
{Cu—Cu} unit) should saturate to the value of Msat = 2.0 pp. At higher magnetic fields, the obtained
value is much smaller and proves antiferromagnetic exchange coupling between Cu(Il) ions. Secondly,
the magnitude of z]” demonstrates that the inter-dimer interactions are not negligible.

One of aims of the present work was to synthesize and examine the role of organic ligands
in the structure formation of Cu(Il) Schiff bases complexes and its influence on the strength of
magnetic interactions. Based on the crystal structure, the possible magnetic exchange pathways
in 1 include interdimer coupling via double asymmetric chloro-bridges and intradimer interaction
though the oxide bridge that can be either ferromagnetic or antiferromagnetic unless in 2 it can be
realized by a double chloro-oxide bridge and also by interdimer hydrogen bonding contacts which
are generally antiferromagnetic by nature. Magnetic data clearly show antiferromagnetic character in
the both complexes (much stronger in 2). The explanation of these properties corresponds with the
theories presented so far. According to this, the simple magnetostructural correlations related the
magnitude of exchange coupling (J) with the value of the bridging angle (Cu—-Cl-Cu) (¢) [41-43] or
(Cu—-O—-Cu) (@3) [44,45] and Cu-Cl/Cu-O bridge distance (R) particularly expressed by the /R ratio,
to more complicated factors such as geometry around the paramagnetic centers,[28,46,47] and angular
distortions given by the dihedral angle (7) between the equatorial planes. The double chloro-bridged
dimers in the complex 1 belong to the SP-I (square pyramids sharing a basal edge with parallel
basal planes) (Figure S14) class of compounds [35], which usually shows small ferromagnetic or
antiferromagnetic coupling constants (Table S2) with magnetic interactions, according to Hiickel
calculations [48], occurring through a 7* type interaction between the dy?_y? Cu(Il) orbital and the p
orbital of the chlorine atoms. The extent of this magnetic coupling is determined by small structural
deviations from the ideal rectangular Cu,Cl, core. For small bridging angle values (lower than 90°)
and short Cu—Cl bridge distances, the magnetic coupling is ferromagnetic [47]. When the ¢ and
R values of the complex 1 [¢ = 92.99° and R = 2.344; 2.786 A] are used in this relationship, weak
antiferromagnetic coupling is predicted, which is consistent with the experimental results and the
known Cu(II) dimers involving a similar double chloro-bridge. The small magnitude of this interaction
may be due to the asymmetry of the chloride bridge (two different R values, one much shorter—2.786
A and the other, much longer—2.344 A) resulting in the SP geometry distortion and an unusually long
distance Cu --- Cu (3.787 A). However, the ¢/R ratio analysis shows that for a /R value lower than
32.6 or higher than 34.8 [> A~!] the exchange interaction is antiferromagnetic and for values falling in
between these limits, the interactions are ferromagnetic. In the case of our dimer, the ¢/R value is 33.38
or 39.67 which partially fits this trend. This may result from its geometry distortions. Finally, the weak
antiferromagnetic character of 1 can also be attributed to the occurrence of interdimer exchange
between dimeric units through the oxide ion. For dimers with planar or near planar CuyO; cores,
the exchange constant (J) varies linearly with the Cu-O-Cu angle (¢). For ¢ > 97.5°, the interaction is
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predicted to be antiferromagnetic (S = 0 ground state), and for ¢ < 97.5°, the ground state equals 1
(5 =1) and interaction should be ferromagnetic. Angular distortions of LCu-O-CuL units may cause
the magnetic interaction to become less antiferromagnetic at a given ¢ value as the dihedral angle
(5) between the two CuyO; planes is reduced from 180° [49]. Notably, the ], value (corresponding
to the exchange interaction through the oxide bridge) for the complex 1 is significantly less negative
than the ones determined for related complexes due to their larger angular distortion and Cu--Cu
separation. It is also worth noting that the both superexchange interaction in the chain structure of
1 are similar in terms of the sign as well as the value. Listing the selected structural and magnetic
data for the complex 2 and a number of related complexes in Table S2 indicates that the observed
strong antiferromagnetic coupling is a result of the Cu---Cu interaction transmitted through the oxide
bridge. The 6 value lower than 180° as well as a large Cu-O—Cu angle (106.26°) spend the limit
typical of such an interaction. In the case of a possible Cu—Cl-Cu magnetic pathway, the structural
parameter suggested ferromagnetic properties (bridging angle 81.31° lower than 90°, short Cu—Cl
bridge distances), which is not compatible with experimental data.

The powder EPR spectra of the 1 and 2 complexes at the liquid nitrogen temperature show broad,
almost isotropic lines centered at gosr = 2.15 and 2.13, respectively. The peak-to-peak line widths
are about 800 G for 1 and 210 G for 2 (Figure S15). Such broadening of EPR spectra and lack of
immanent for Cu(Il) complexes the g tensor anisotropy (due to Jahn—Teller distortion), are usually
caused by spin-spin interactions between relatively close Cu(lI) ions arranged in dimeric units in the
both complexes. Because the spectra do not undergo the resolution of the signals resulting from the
resonance transition between the spin states Mg = +1.0 due to S = 1 of two Cu(II) magnetically coupled,
neither the tensor ¢ components nor the zero field splitting D parameter can be determined.

2.5. UV-Vis and Fluorescence Spectroscopy

The absorption of UV-vis and fluorescence spectra of the ligands and their complexes were
recorded at room temperature in various solvents of different polarity (MeCN, chloroform and
methanol) (Figures 7 and 9-11, Table S3).

The UV-vis spectra of the HL1 and HL2 ligands exhibited bands between 245 and 254 nm, which
are related to m — 7* transitions of the benzene rings. (Figure 7, Table S3) Moreover, the bands in
the range of 325-352 nm for HL1 and 315-342 nm for HL2 originated from HOMO — LUMO 7 —
m* transitions of the azomethine group which was confirmed by DFT data (Table 54, Figures S16 and
S17). Moreover, in the HL2 the band registered at 290 nm is connected with the 7t — 7* transitions of
pyridine rings present in the ligand structure, what was previously observed [49]. Additionally, in the
spectrum of HL1 between 450 and 454 nm the band associated with charge transfer transition between
the aromatic rings appeared. The emission of both ligands depends on the solvent polarity. The red
shift of the fluorescence bands of the ligands HL1-HL2 ligands along with the increase in solvent
polarity was noted. This can be caused by the distortion of the molecule geometry in the excited state,
what implies decrease of the resonance energy and bathochromic shifts (Figure 7, Table S3).

The interpretation of the experimental spectra of the both ligands was additionally confirmed
by the DFT calculations (Table 54, Figures S16-519). Theoretical results indicate that the absorption
spectra for HL1 and HL2 are comparable to each other due to a similar structure of the molecular
skeleton of the both molecules and the nature of the consequent excitations. HL1 exhibits the longest
wavelength signal at 322 nm. This transition corresponds to the HOMO — LUMO excitation of the 7 —
m* character. In the shorter wavelength range, additional multiple transitions are present, contributing
to the more intensive band than that at about 320 nm (Figure 8).
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Figure 7. Solution absorption spectra of ligands in chloroform, acetonitrile and methanol,
1 x 107* mol/dm3, RT).
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Figure 8. Theoretical prediction of the absorption spectrum of ligands HL1 (blue line) and HL2 (green
line) in acetonitrile calculated with the PBEO functional. Sticks correspond to the precise theoretical
transition wavelength and oscillator strength, while the convoluted spectrum is obtained as their
Gaussian fit.

For HL1, the signal at 246 nm corresponds to the transition of the dominating HOMO-4 —
LUMO being 7 and 7* orbitals, respectively, at the phenyl moiety. The HL1 band at 236 nm arises
from the HOMO-5 — LUMO transition of the m — 7* character. All of these transitions involve
the orbitals localized on the central phenyl ring and side chains fragments reaching up to the imine
nitrogen (Table S4). On the other hand, the shortest wavelength signal for HL1 included in the present
considerations corresponds to the HOMO — LUMO+2 transition that involves the transition of the
charge density between the central phenyl moiety and one of the side imidazole rings. The other
imidazole ring contributes to the above transition in a slightly decreased fraction due to the lack of the
whole molecule symmetry (the hydroxyl group pointing in the direction of one of the side chains).

Similar spectrum features are observed for HL2. The low intensity signal at 321 nm arises from
the HOMO — LUMO transition of the m — 7t* character, as for HL1. Next, towards the shortened
wavelength, a more intensive band which consists of several signals appears. At 253 nm the HOMO-1
— LUMO transition of the 7t — 7* type can be noticed, followed by the HOMO-6 — LUMO+3 transition
for A = 251 nm, involving 7t and 7t* orbitals on the pyridine rings. At 244 nm, another 7t — 7t* transition
localized at the central phenyl ring moiety is observed. The HOMO-3 — LUMO transition appearing
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at 239 nm is characterized by the charge transfer between the pyridine and the phenyl rings. A 227 nm
transition corresponds to the 7 — 7 excitation at the heterocyclic ring, while the shortest wavelength
(193 nm) band involves the T — 7* orbitals at the phenyl ring.

In the UV-Vis spectra of Cu(II) compounds, the most characteristic bands for the copper(Il) Schiff
base complexes, assigned to 7 — 7* transitions in the -C=N- group were registered in the region
of 320-372 nm for 1 and 312-315 nm for 2 in dependence on the solvent. (Figure 9, Table S3) They
were shifted towards higher wavelengths in comparison to the free ligand (A = 38-43 nm for 1) and
towards lower wavelengths (A = 5-30 nm for 2). These shifts confirm the coordination of the ligand
with the copper(Il) ion. In the complex 1 the dependence of the shift of these bands on the solvent
polarity was not observed but in 2, the value of a shift increased together with a decrease in the solvent
polarity. Additionally, in the absorption spectra the presence of low intensity absorption bands from
d-d transitions (dx, dy, — dxa-y2) [50,51] between 575-666 nm (1) and in the range of 500-626 nm (2)
was noted. This results from the square pyramidal environment of the copper atoms shifted towards
the apical chloride anion in 1 and significantly deformed square pyramidal geometry with the shared
edge and the non-bridging CI1 and CI2 in the apical positions of the copper ions in 2. The same was
observed previously for similar copper(Il) compounds [27].

25000
w | - acetonitrile
20000 1 - chloroform
? 1 - methanol
=}
'3 15000 =) - acetonitrile
= e ) - chloroform
<=, 10000
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5000
0 a— 7|
' 635

Figure 9. Solution absorption spectra of complexes in chloroform, acetonitrile and methanol,
1 x 107% mol/dm3, RT).

The study of the ligands fluorescence properties showed emission between 497-506 nm (HL1)
and 470-492 nm (HL2) (Adex = 296 nm), while excitation at 422 nm led to a stronger emission intensity
in the range of 498-503 nm for HL1 and 471-498 nm for HL2 (Figure 10, Supplementary Table S3).
Slight hipsochromic shifts of the emission bands together with a decrease in the solvent polarity were
registered. It can be related to the geometry distortion in the excited state, which implies a decrease in
the resonance energy.
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Figure 10. Solution emission spectra of ligands HL1 and HL2. (a) Aex = 296 nm, (b) Aex = 422 nm,
(MeCN, chloroform and methanol 1 x 104 mol/dm?3, RT).

The excitation of 1 and 2 in all the solvents at 450 nm resulted in blue emission between 497-509 nm
for 1 and 489-500 nm for 2 (Figure 11). For the both complexes, slight hipsochromic shifts of emission
bands were observed when shifts of the ligands in all the solvents were compared. This can be caused
by lowering the ligand lability and changes in the molecular geometry of the excited state, which
implies a decrease in the resonance energy. Spectra of 1 and 2 exhibit an increase in the fluorescence
intensity in polar solvents and bathochromic shifts with increasing solvent polarity. The fluorescence
intensity of HL2 and 2 was significantly lower in comparison with that of the solutions of HL1 and 1,
respectively (Figures 10 and 11). This can result from the presence of the chloride bridge between the
copper centers, which then causes lowering of the ligand lability, a different pathway of non-radiative
transition, and finally, lowering of the fluorescence intensity.



Int. ]. Mol. Sci. 2020, 21, 4587 14 of 25

2500000 4

2000000 A 1 - acetonitrile

=1 - chloroform

S
‘U‘ — ] -
= 1500000 - 1 - methanol
3 e - acetonitrile
E 2 - chloroform
S 1000000 ——2 - methanol
(]
2
L
S
’ o -/\\

0 > -

460 510 560 610 660
A [nm]

Figure 11. Solution emission spectra of complexes. (Aex = 450 nm, MeCN, chloroform and methanol
1 x 107% mol/dm?3, RT).

2.6. Thin Films of Copper(I1) Complexes

The morphology and the surface roughness of the thin films were investigated by SEM and AFM
techniques. In order to study the chemical composition of the films EDS analyses were conducted
for all samples. The optimum parameters of layers (roughness, thickness, and homogeneity) were
obtained at multistage spin coating process, spin speed 3000 rpm, time of coating 5 s.

The thin, homogeneous films of complexes were obtained at silicon surfaces first immobilized
with PPMA. The visible scratches on the surface of the film in the SEM images show the edge of the
thin complex layer, which clearly indicate the presence of the copper(Il) complex layers what was
additionally confirmed with the EDS results (Cu 6.80 mass%, Cl 5.69 mass%). Moreover, the mapping
EDS confirmed the presence of copper(Il) complex over the entire layer (Figure 12b).

Figure 12. SEM of (a) {[Cuy(L1)Cl;]5[CuCly]}-2MeCN-2H,0 1 /PMMA/Si PMMA 3000 rpm 5 s, 3000 rpm
PMMA+ complex 1 X 2 {[Cuy(L1)Cl;],[CuCly]}-2MeCN-2H,0 1 3000 rpm x4, 5 s, (b) EDS mapping
of [Cuy(L2)Cl3] 0.5 MeCN-2/PMMA/Si, scan size 1 um, 3000 rpm PMMA x1, complex 2 3000 rpm X2,
complex + PMMA 3000 rpm X1, complex 3000 rpm X1, 5 s.
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The two-dimensional (2D) and three dimensional (3D) AFM images scanned over a surface area
of 1 x 1 um? are shown in Figure 13 and Figures S20 and S21. The root-mean square (RMS) parameters
were calculated from AFM images. The AFM image of the films indicate thin, amorphous layers
of both copper(ll) complexes deposited on the silicon surfaces with roughness parameters ranged
R, = 4.40-6.15 nm and Rq = 6.43-7.94 nm for 1 and 2, respectively. (Figure 13, Figures 520 and S21) The
values of roughness parameters indicate that the obtained films are smooth. The phase images of the
complexes, PMMA/Si show the presence one layer of compound deposited on entire Si surface and
dense morphology of the layer. Additionally, the layer of complex 2 consists of quasi regular square
structures with dimensions 0.28 x 0.3 um.

> |

phase amplitude height

Figure 13. AFM of {[Cup(L1)Cly],[CuCl4]}-2MeCN-2H,O (1), PMMA/Si; PMMA x1, PMMA +
{[Cuy(L1)Cl ] [CuCly]}-2MeCN-2H,0 (1) X 1, {[Cuy(L1)Cl [p[CuCly]}-2MeCN-2H,O (1) x5, 2000 rpm
5 s scan size 1 um, height (thickness) 25 nm, R, = 8.85-19.9 nm, Rq = 11.1-25.9 nm.

Height (thickness) of the materials equaled 25 nm. Additionally, the influence of the covering
condition was noted. The PMMA usage significantly improved the quality of the new copper(I) films,
what was observed also previously by us [5,32].

The fluorescence properties of the copper(Il) complexes films were also studied. The emission of
the copper(ll) films was observed between 460-464 nm (Acx from 380 to 450 nm) and was connected
with the LMCT transitions (Figure 14). The bathochromic shift of the florescence bands of the films
in comparison to the solution was registered. An influence of molecular packing in the solid phase
on the optical properties can therefore be concluded. This can arise from a different pathway of the
non-radiative transitions. It can be related to the reduction of the ligand conformational flexibility in
the complex. This reduction results from the restraints imposed by the substrate surface. The copper(Il)
layers 1, PMMA/Si exhibited high fluorescence intensity. The highest intensity for the smooth, thin
layer with the equally distributed complex 1 on Si surface obtained at 3000 rpm min~! was noted
(Figure 14). In contrast, the 2, PMMA/Si films showed very weak fluorescence intensity. These results
are compatible with the fluorescence emission observed for the 1 and 2 compounds in solutions, where
the same trend in fluorescence intensity was noted.

A preparation of thin films by spin coating, provides advantages in layer homogeneity and in
fluorescence of the obtained samples. The new high ordered copper(Il) films of 1 with fluorescent
properties are promising candidates for solar cells applications.



Int. ]. Mol. Sci. 2020, 21, 4587 16 of 25

e dysuey e ong

e AJISUFUT IIURSATONL]
ne &!S“OJIII INMISAI0N

e A)ISUIUT IIUIISAIONL L

A [nm] 150 500

(a) (b)

Figure 14. Fluorescence spectra of (a) {{Cuy(L1)Cly],[CuCls]}-2MeCN-2H,0 (1), MeCN, Aem = 509 nm
blue lines (b) {[Cuy(L1)Cl;]o[CuCly]}-2MeCN-2H,0, PMMA/Si Aex = 450 nm, Aem = 464 nm, green
lines (a): [Cuy(L2)Cl3]-0.5MeCN (2), MeCN, Aex = 440 nm, Aem = 520 nm, (b) [Cu,(L2)Cl3]-0.5MeCN,
PMMA/Si, Aex = 380 nm, Aepy = 460 nm.

3. Materials and Methods

2-hydroxy-5-methylisophthalaldehyde (97%), histamine (98%), 2-(2-pirydyl)ethylamine (97%)
were purchased from Aldrich and used without further purification. Copper(Il) chloride dihydrate,
(analytical grade) was supplied by POCH (Gliwice Poland).

3.1. Methods and Instrumentation

H, 13C, 'H 3C hmqc and hmbc NMR spectra of the ligands were collected with Bruker Avance
III 400 MHz or Bruker Avance 700 MHz spectrometers in CDCl3 or DMSO-44. UV-vis absorption
spectra were recorded on a Hitachi spectrophotometer in CH3CN, MeOH or chloroform (1 x 1074 M)
solutions. The fluorescence spectra were recorded on a spectrofluorimeter GildenpAotonics 700 in the
range 900-200 nm (MeCN, chloroform and methanol solutions of compounds the same as in the case of
UV-vis studies or silicon slides). The elemental analysis was carried out using Vario EL III Elemental
analyzer. The thermal analysis (TG, DTG, DTA) was performed on an SDT 2960 TA analyzer under
air, heating rate 10 °C min~!, and heating range up to 1000 °C. The IR spectra were performed on the
FT-IR Vertex 70V equipped with Hyperion 1000/2000 Bruker Optik using the ATR technique in the
range 70-4000 cm 1.

The complexes layers were deposited on Si(111) wafers (10 nm X 10 mm) ~500 nm thick using the
spin coating technique. Precursors were dissolved in acetonitrile and deposited on Si using a spin
coater (Laurell 650 SZ). PMMA (poly(methyl-2-methylpropenoate) was used to improve adhesion
to the silicon surface. The spin speed was varied from 2000 rpm to 3000 rpm, the coating time was
5 s. The morphology and composition of the obtained films were analyzed with a scanning electron
microscope, (SEM) LEO Electron Microscopy Ltd., England, model 21430 VP equipped with secondary
electrons (SE) detectors and an energy dispersive X-ray spectrometer (EDX) Quantax with a XFlash
4010 detector (Bruker AXS microanalysis GmbH). The layers morphology was also studied using
SEM/FIB (scanning electron microscope/focused ion beam) Quanta 3D FEG equipped with the gold
and palladium splutter SC7620. The atomic force microscopy (AFM) images were performed in the
tapping mode with a MultiMode Nano Scope Illa (Veeco Digital Instrument) microscope.
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Magnetic measurements: Variable-temperature (2-300 K) direct current (DC) magnetic
susceptibility measurements under applied field of 0.1 (T < 20 K) and 1.0 kG (T > 20 K) and
variable—field (0-5 T) magnetization measurements at low temperatures in the range 2 K were carried
out with Quantum Design SQUID magnetometer. Raw magnetic susceptibility data were corrected
for the underlying diamagnetism [52] and the sample holder. Magnetic measurements were carried
out by crushing the crystals and restraining the sample in order to prevent any displacement due to
its magnetic anisotropy. The EPR spectra were measured using a Bruker Elexys E 500 Spectrometer
equipped with NMR teslameter and frequency counter at X—band and at 77 K.

3.2. Crystal Structure Determination

For a single crystal, the diffraction data of 1 were collected at room temperature using Oxford
Sapphire CCD diffractometer, MoK« radiation A = 0.71073 A, whereas for 2 at 100 K on MX14.2
beamline (Helmholtz Zentrum Berlin, Bessy II) operating at A = 0.82657 A.In CrysAlis [53] we found
that the selected crystal was twinned and the data were processed with two domains for 1. However,
the number of the unindexed spots points that more domains could be proposed, but any attempts
to find a third reasonable domain failed. We applied the analytical absorption correction for a two
domain model. For 2, the data were initially processed using xdsapp [54,55] software, and subsequently,
the numerical absorption was applied in CrysAlis Pro.[54] The both structures were solved by the
direct methods and refined with the full-matrix least-squares procedure on F2 with HKLF 5 and HKLF
4 flags for 1 and 2, respectively (SHELX-97 [56]). All the heavy atoms were refined with the anisotropic
displacement parameters. The hydrogen atoms positions were assigned at the calculated positions with
thermal displacement parameters fixed to a value 20% or 50% higher than those of the corresponding
carbon atoms. In 1, for the C32 atom restraints (ISOR) were applied. In the final model, there is lack of
hydrogen atoms from the O34 crystallization water molecule. Due to complicated twinning, electron
density peaks are still observed. They reach 2.3 electrons and cannot be ascribed to any new atom
as they are very close to the position of the atom already existing in the model. For 2, the acetone
molecule with partial occupancy (0.5) and the methyl group located in the proximity of a twofold axis
were found. All the figures were prepared in DIAMOND [57] and ORTEP-3 [58]. The results of the
data collection and refinement have been summarized in Tables 1 and 2.

CCDC 1873388 and 1997646 contain the supplementary crystallographic data for 1 and 2,
respectively. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.
html, or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. Supplementary data associated with this
article can be found, in the online version.

3.3. Computational Details

Full optimization of the ligand geometry was carried out with the B3LYP/def2-TZVP approach
both in gas phase and in PCM solvent (acetonitrile and dimethylsulfoxide). The def2-TZVP basis set
was applied throughout all ligand calculations. The absorption spectrum for ligands was estimated
within the B3LYP, PBEO, and CAM-B3LYP functionals in vertical approach in the linear response
formalism for both solvents. In the main text of the manuscript only PBEO results in acetonitrile are
given due to their best correspondence to the experimental data. All the remaining results are available
in Supplementary Information. NMR spectrum for ligands was calculated with the B3LYP functional.
All ligand calculations were performed with Gaussian16 program [59].
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Table 2. Crystal data and structure refinement for 1 and 2.

Identification Code 1 CCDC 1873388 2 CCDC1997646
Empirical formula C42H52C18Cu5N14O4 C24H24'50C13CUZN4‘500
Formula weight 1418.24 625.41
Temperature [K] 293(2) 100(2)
Wavelength [A] 0.71073 0.82657
Crystal system, space group triclinic, P-1 monoclinic, C2
a =10.0417(15) & = 90.796(11) a = 28.5592(13)
Unit cell dimensions [A] and [°] b =11.1083(15) p = 99.044(12) b =7.5327(4) B = 96.751(5)
¢ =12.5958(17) y = 95.502(12) ¢ =11.9908(7)
Volume [A3] 1380.6(3) 2561.7(2)
Z, Calculated density [Mg-m™] 1,1.706 4,1.622
Absorption coefficient [mm™1] 2.336 2.932
F(000) 715 1268
Crystal size [mm] 0.400 x 0.360 x 0.190 0.370 x 0.110 x 0.050
Theta range for data collection [°] 2.064 to 26.372 4.086 to 31.102
-10<=h<=12 —-35<=h<=35
Limiting indices -13<=k<=13 -9<=k<=9
-15<=1<=15 -l4<=1<=14
Reflections collected/unique 9252/9252 [R(int) = 0.0637] 17143/5140 [R(int) = 0.0247]
Completeness [%] to theta [°] 25.242° 99.8% 29.732° 97.5%
Absorption correction Analytical Numerical
Max. and min. transmission 0.665 and 0.455 0.867 and 0.410
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2
Data/restraints/parameters 9252/6/332 5140/1/325
Goodness-of-fit on F2 1.011 1.063
Final R Indices [I > 2sigma(I)] R; @ =0.0913, wR, b = 0.2373 R; @ =0.0251, wR, b = 0.0684
R indices (all data) Ry @ =0.1205, wR, P = 0.2497 R; @ =0.0255, wR, P = 0.0686
Absolute structure parameter N/D 0.007(2)
Largest diff. peak and hole [eA~3] 2.320 and —1.326 0.534 and —0.361

AR1 = Z|Fo| — IFcll/ZIFol; ® wR2 = [Ew(Fo? — F2)2/E(w(Fo?)?)] V2.

4. Experimental

4.1. Synthesis of Ligands
HL1 (Figure 15)

CH,

OH N

NSNS
Ly
H

Figure 15. Structural formula and atomic numbering scheme for HL1.

To the 2-hydroxy-5-methyl-1,3-benzenedicarboxaldehyde (0.2396 g; 1.46 mmol) in warm ethanol
histamine dihydrochloride (0.5374 g; 2.92 mmol) in sodium hydroxide solution (0.1200 g in 10 mL
water) was added. The reaction mixture was refluxed for 4 h and the solvent was removed on a rotary
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evaporator. The product was dried under air, received orange oil (m = 0.3902 g, 1.11 mmol Yield 96%).
C19HpNgO (cale./found%): C 65.12/65.41, N 23.97/24.11, H 6.32/6.29.

H [ppm]: 2.21 (s, 3H) H1, CHz, 3.16 (m, 2H) (H8), CH,, 4.10 (m, 2H) (H7), CHy, 5.75 (s, 1H) N-H,
8.48 (s, 1H) -N=CH-, 10.32 (s, 1H) -OH, 7.29 (d, 1H) Ar-H (H10), 7.48 (d, 1H) Ar-H (H3), 7.69 (d, 1H)
Ar-H (H12). 3C [ppm]: 20.07 (C1), 37.83 (C8), 51.43 (C7), 161.03 (C6), 122.30 (C12), 119.59 (C10), 117.07
(C4), 139.76 (C2), 132.50 (C3), 160.54 (C5), 134.19 (C9). Selected FT-IR (data reflectance, oil) (cm™1) 3372
VYOH/, 3096, 3000, 2842, VC-HAr, 1663 VYC=N/, 1635, 1524VC:CHA/ 1461, 1372 VC=CAr,s 1339 VC-NHA/ 1280
Vpho, 1191. UV-vis (MeCN, 1 x 107 mol/dm?): A/nm 250 (¢/dm3 mol™! em~! 10180), 325 (2460), 450
(6970), (chloroform, 1 x 107 mol/dm?3): A/nm 245 (¢/dm?® mol~! em™1 4720), 352 (1569), 455 (1290),
(MeOH, 1 x 10~% mol/dm3): A/nm 254 (¢/dm? mol™! em~! 7116), 334 (2056), 454 (4522).[60]

HL2 (Figure 16)

1

CHy

N =~
Figure 16. Structural formula and atomic numbering scheme for HL2.

2-hydroxy-5-methyl-1,3-benzenedicarboxaldehyde (0.8208 g; 5 mmol) and 2-(2-pirydyl)ethylamine
(1.26 mL; 10 mmol) were stirred in methanol for 3 h at RT (orange solution), then to the mixture sodium
tetrafluoroborate (0.7600 g) and sodium hydroxide (0.3700 g) in 5 mL water were added. After 6 h
stirring the reaction mixture (yellow solution) was reduced in volume on a rotary evaporator and
extracted with chloroform (3 x 25 mL). The combined extracts were dried on anhydrous magnesium
sulfate. The solution was filtered and the solvent was removed on a rotary evaporator. The product
was a yellow oil (m = 1.7506 g, 4.7 mmol, Yield 94%). Cy3H4N4O (calc./found%): C 74.16/74.19,
N 15.04/14.96, H 6.49/6.42.

H [ppm]: 2.21 (s, 3H) CHg, 3.16 (m, 2H) CH,, 4.10 (m, 2H) CHj, 8.48 (s, 1H) -N=CH-, 7.29 Ar-H,
7.48 (m, 1H) Ar-H, 7.69 (m, 2H) Ar-H, 8.95 (m, 1H) Ar-H, 10.32 (OH), 5.75 (s, 1H) NH. '*C [ppm]: 21.42
(C1), 49.36 (C8), 51.70 (C7), 167.44 (C6), 122.30 (C12), 119.59 (C10), 125.27 (C4), 128.45 (C2), 129.59
(C3), 137.39 (C11), 150.27 (C13), 165.56 (C5), 161.03 (C9).[36,60] Selected FT-IR (data reflectance, oil)
(em™1) 3359, 3283 vop, 3050, 3009, 2919, 2849 ve.par, 1672 Veon, 1592, 1569ve—cra, 1476, 1436 Ve—car,
1361, 1302venmA, 1252 Vph-o, 1153. UV-vis (MeCN, 1 x 107 mol/dm?3): A/nm 254 (¢/dm?® mol~! ecm™!
27400), 290 (20110), 315 (21830), (chloroform, 1 x 1074 mol/dm3): A/nm 255 (¢/dm® mol~! cm™! 5400),
290 (3570), 335 (2310), (MeOH, 1 x 10~* mol/dm?3): A/nm 262 (¢/dm?® mol~! em™! 11134), 290 (9448),
342 (4426).

4.2. Synthesis of Complexes

{[Cuz(L1)2C12]2[CuCl4]}-2MeCN-2H20 (1)

Copper(Il) chloride dihydrate (0.8520 g; 5 mmol) in EtOH (20 mL) was added to an ethanolic
solution (10 mL) of the ligand HL1 (0.8760 g; 2.5 mmol). The mixture was stirred for 4 h at RT.
The resulting dark green filtrate was slowly evaporated to dryness. Dark black crystals suitable
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for X-ray data collection from CH3Cl and MeCN after recrystallization were isolated (m= 1.3695 g,
0.96 mmol, Yield: 38.5%). C4Hs5,ClgCusN1404 (calc./found%): C 35.57/35.21, N 13.83/11.90, H 3.70/4.09.

Selected FT-IR (data reflectance, solid crystal) (em™): 3527 vop, 3189, 3142, 3041, 2970 Vc.pAr,
1641 vceon, 1568, 1500 ve—cha, 1451, 1405ve_car, 1346, 1332venpa, 1216 vpno, 1168, 1078, 1030.
UV-vis (MeCN, 1 x 10~* mol/dm?): A/nm 270 (¢/dm3 mol~! cm™! 12,300), 365 (26,050), 455 (8990),
650 (1410), (chloroform, 1 x 10~* mol/dm?): A/nm 320 (¢/dm3 mol~! em™ 1060), 395 (730), 575 (240),
(MeOH, 1 x 107 mol/dm3): A/nm 272 (¢/dm3 mol~! em~! 12,300), 372 (5800), 666 (165).

[Cuz(L2)Cl3]0.5MeCN (2)

Copper(Il) chloride dihydrate (0.2249 g; 1.32 mmol) in EtOH (10 mL) was added to an ethanolic
solution (10 mL) of the ligand HL2 (0.2458 g; 0.66 mmol). The reaction mixture was stirred for 4 h at RT.
The obtained brown precipitate was filtered and dried under air. The crystals suitable for X-ray data
collection from CH3Cl and MeCN after recrystallization were isolated (m= 0.1764 g, 0.27 mmo], Yield:
42.6%). Co4Hy4 5Cl5CuyNy 50 (cale./found%): C 46.09/46.25, N 10.08/9.87, H 3.95/4.05. Selected FT-IR
(data reflectance, solid crystal) (cm™1) 3126, 3028, 2943, 2902 vc.HAr, 1609 ve-n, 1570, Ve=cpy, 1478,
1445, 1422 ve=car, 1332, 1316 venpy, 1251 vpnoo, 1161, 1112, UV-vis (MeCN, 1 X 107* mol/dm?3): A/nm
245 (¢/dm3 mol~! em™! 25,600), 310 (14,560), 395 (5880), 500 (910), (chloroform, 1 x 10~* mol/dm?):
A/nm 250 (¢/dm® mol~! em™! 19,070), 315 (12,080), 400 (5150), 575 (240), 665 (120) (MeOH, 1 x 1074
mol/dm?): A/nm 248 (¢/dm3 mol~! ecm™! 9836), 312 (9007), 402 (8511), 546(3 42), 626 (271).

5. Conclusions

Two copper(ll) complexes, 1 and 2, with Schiff bases derived from 2-hydroxy-
5-methylisophthalaldehyde and histamine HL1 or 2-(2-aminoethyl)pyridine HL2 1-[(2-pyridin-2-yl-
ethylimino)-methyl]-naphthalen-2-ol, respectively, were obtained. In spite of a similar NNO tridentate
character of the Schiff bases and owing the bridging oxygen of the ligand and chloride ions,
the dimerization of Cu(II) ions leads to creation different molecular and crystal structures. The complex
1, consists of [Cu2(L1)CI2]* units in which Cu(Il) ions are bridged by the ligand HL1 oxygen and
each of these Cu(ll) ions are connected with Cu(Il) ions of the next dimeric unit via two bridging
CI™ ions to finally form a chain structure. In the dinuclear complex 2, each Cu(II) is asymmetrically
bridged by the ligand HL2 oxygen and a chloride anion, whereas the remaining chloride anions are
bound to Cu(ll) cations at the axial positions. The penta-coordinate arrangement of the ligands around
Cu(Il) centers resulted in a geometry close to square - planar in 1, whereas in 2, it was distorted to
a much greater degree (with 15 = 0.413 and 0.391 for each Cu(Il) ion. The magnetic studies have
shown that antiferromagnetic interactions are strong (J = =137 cm™!) in the complex 2 and weak in
1(J; = -0.31 cm™!, J, = —0.38 cm™!) which could be explained by magneto-structural correlations.
The EPR spectra of the complexes 1 and 2 show a broad, almost isotropic lines centered at gess = 2.15
and 2.13 which are unusual for Jahn-Teller distorted Cu(II) complexes geometries; the spectra are
characteristic of the unresolved EPR signals for the systems with S > 1/2 due to spin-spin interactions
between metal ions. The compliance between experimental and theoretical results has validated the
developed calculation method which will be used to design new binuclear copper(Il) complexes.
The highly ordered layers were obtained and exhibited fluorescence in the range of 460464 nm.
The bathochromic shift of the fluorescence bands of films in comparison to that of the solution was
noted. This can result from molecular packing in the solid state being different to that in the solution.
The fluorescence emission of the layers makes these films potentially suitable for application in light
emitting devices.
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Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/13/
4587/s1. Figure S1: 'H NMR spectrum of ligand HL2 (700 MHZ, CDCls)., Figure S2: 3C NMR spectrum of
ligand HL2 (700 MHZ, CDCly), Figure S3: 'H NMR spectrum of ligand HL1 (400 MHZ, DMSO-4¢), Figure S4:
13C NMR spectrum of ligand HL1 (400 MHZ, DMSO-g4), Figure S5: IR spectrum of ligand HL1, Figure S6: IR
spectrum of ligand HL2, Figure S7: IR spectrum of complex {[Cuy(L1),Cl,],[CuCly]}-2MeCN 1, Figure S8: IR
spectrum of complex [Cuy(L2)Cl3]0.5MeCN 2, Figure S9: TG-DTA traces of {[Cuy(L1),Cl,]>[CuCly]}-2MeCN-2H,O
1, Figure S10: TG-DTA traces of [Cuy(L2)Cl3]0.5MeCN-2, Figure S11: [CuCl4]%> unit, acetonitrile and O34
water (hydrogen atoms are missing) molecules of 1 with ellipsoids plotted at 30% probability level, Figure S12:
Perspective view of packing of 1 along a axis with chains composed of dimers connected by chloride bridges
running along this axis and with [CuCly]>~ units and acetonitrile molecules located between adjacent ab layers,
Figure S13: Packing of 1 along a axis with chains composed of dimers connected by chloride bridges running
along this axis and with [CuCl4]?~ units and acetonitrile molecules located between adjacent ab layers, Figure S14:
Crystal structure of complex 1. Geometry formed by base-to-edge sharing polyhedra of a square pyramidal doubly
chloro bridged dimer and polyhedral representation of complex {[Cu;(L1)Cl;],[CuCly]}-2MeCN-2H,0 1 with SP-1
to show the resemblance, Figure S15: The X-band powder EPR spectra of complexes 1 and 2 at 77 K, Figure S16:
Theoretical prediction of the absorption spectrum of ligand HL1 absorption spectrum in gas phase (upper panel)
and acetonitrile (lower panel) calculated with B3LYP (blue line), CAM-B3LYP (green line) and PBEO (violet line)
functionals (numerical values of absorption wavelengths for most intensive transitions given for PBE0 functional),
Figure S17: Frontier orbitals of ligand HL1, involved in most intenstive transitions (PBE0/def2-TZVP/acetonitrile)
with corresponding wavelengths, Figure S18: Theoretical prediction of the absorption spectrum of ligand HL2 in
gas phase (upper panel) and acetonitrile (lower panel) calculated with B3LYP (blue line), CAM-B3LYP (green line)
and PBEOQ (violet line) functionals (numerical values of absorption wavelengths for most intensive transitions
given for PBEO functional), Figure S19: Frontier orbitals of ligand HL2, involved in most intenstive transitions
(PBEO/def2-TZVP/acetonitrile) with corresponding wavelengths, Figure 520: {[Cu,(L1)Cl,]>[CuCly]}-2MeCN-2H,O
(1)/Si, scan size 5 um, multistage spin coating. Phase images map of layer property including mechanical, chemical,
and viscoelastic. Amplitude- the image of height, in which the dimension of z axis was reduced, Figure 521:
[Cuy(L2)Cl3] 0.5 MeCN-2 /PMMA/Si a) height, b) phase, c) amplitude, scan size 5 um, R, = 5.15-19.9 nm,
Rq =3.66-25.9 nm, height 15 nm, 3000 rpm PMMA x1, complex 2 3000 rpm x2, complex + PMMA 3000 rpm x1,
complex 3000 rpm x1, 5s, Table S1: Theoretical chemical shift for 1H and 13C NMR for ligand HL1 and ligand HL2
[ppm] calculated with B3LYP/def2-TZVP approach in the gas phase and solvents., Table S2: The Cu(II) chloro- and
oxide- bridge systems, Table S3: Relevant photophysical data of studied compounds, (Aem, Aex Nm, A[nm] (e [dm?3
mol~! cm™! ])), Table S4: Theoretical absorption wavelengths and corresponding oscillator strengths for ligands
HL1 and HL2 calculated with def2-TZVP basis set in linear response approach.
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