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A family of macrocyclic complexes [M,L"Cl,] have been synthesized and characterized (M: Cu" or
Zn"™; L™ macrocyclic ligand derived from 2-hydroxy-5-methyl-1,3-benzenedicarbaldehyde and dif-
ferent aliphatic diamines and o-phenylenediamine). The influence of the aromaticity of the ligand
and the metal center on the spectroscopic properties of the complexes (absorption and emission) has
been studied. Making use of the weak interactions between hydrated potassium ions and the layers
of the Ko 4MnggPS; precursor, the obtained macrocyclic complexes have been intercalated in the
interlamellar space by a microwave assisted cationic exchange reaction. The optical properties of the
obtained hybrid materials are reported. The absorption edge, recorded by solid state reflectance spec-
troscopy for Cu" and the Zn" macrocycle-based composites, is 1.67—1.76 eV, both shifted to lower
energy compared with that of the pristine MnPS;.
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1. Introduction

The study of materials with lamellar structure has generated interest due to their anisotropic
physical properties and their structural conditions for becoming hosts of a wide range of
inserted guest molecules by intercalation reactions, such as organic compounds [1], organo-
metallic compounds [2], polymers [3, 4], monovalent and trivalent cations [1, 5-7]. The
obtained hybrid materials have received attention mainly because the properties of the final
composites are different from those of the initial precursors [1, 2, 4, 8-12].

Many layered compounds, such as double hydroxides [12—14], MS, (M = Ti, Mo, Nb, Ta)
[15-18], and metal thiophosphates (MPS5) [19, 20], have been reported. Among these, an
important family of layered hosts is the transition metal MPS;, where the Mn" phase is one
of the most interesting phases [21, 22]. The electric and magnetic properties for the MnPS;
phase indicate a semiconductor character with low values of conductivity and a material
presenting an antiferromagnetic exchange phenomenon [8]. From an optical point of view
the MnPS; phase is almost a non-absorbing material. Furthermore, the intercalated
Ko.4Mng gPS; phase is a useful precursor, due to the existence of weak host-guest interac-
tions between the interlamellar hydrated potassium ions and the layers of MnPS;, which
allow the exchange of these with bulky species, such as coordination compounds [22, 23].
The synthesis and structural characterization of macrocyclic complexes started forty years
ago, as reported by Zanello ef al. [24]; these complexes present different properties such as
optical, magnetic, and antimicrobial activity that can modify the initial properties of MnPS;
[25-28]. For example, most of the phenoxido-bridged macrocyclic dinuclear Cu" com-
plexes are known to present a strong antiferromagnetic interaction between the metal cen-
ters bridged by the phenoxido group [29]. By intercalating these macrocyclic complex
species into the MnPS; phase, exhibiting the above-mentioned spectroscopic properties, it
is possible to generate new composites with different physical properties due to the interac-
tion of the host and guest moieties.

In the present work, a family of dinuclear Zn" and Cu" macrocyclic complexes have
been synthesized. These complexes were intercalated in the MnPS; phase, by means of the
Ko 4Mng PS5 precursor, through a microwave assisted reaction. The layered materials have
been characterized in order to investigate the influence of the Zn" or Cu'" guest complex on
the optical properties of the MnPS; layered host.

2. Experimental

2.1. Characterization

Copper and zinc analyses for the macrocyclic complexes were carried out on AAnalyst 700
Perkin Elmer equipment using an acetylene/air flame. The analyses of C, N, and H were
done on a Thermo Fisher Flash 2000 Elemental Analyzer. FT-IR spectra were registered,
using KBr pellets, on Bruker Vector 22 equipment. UV-vis absorption spectra were
recorded on an Agilent 8453 Diode-Array spectrophotometer. The molar absorptivity, ¢,
was calculated from 107 to 107 M concentrations. Emission and excitation spectra were
recorded on a Horiba Jobin-Yvon FluoroMax-4 spectrofluorometer with excitation wave-
length 350 nm. The luminescent quantum yield was calculated using sulfate quinine in a
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0.1 M solution of H,SO4 (@gyinine = 0.546 [30]). The absorbance for the complexes and the
reference compound were matched at 350 nm (values lower than 0.05 were employed). At
this absorbance, the Cu" complexes do not emit, while the Zn" complexes present only one
emission band.

X-ray powder diffraction was performed using a Bruker D-8 Advance diffractometer with
a Cu Kol radiation in the 5° <26 < 60° range. Scanning electron microscopy (SEM) was
done using a Jeol Scanning Microscope (JSM-5410), with an Oxford Link Isis energy dis-
persive X-ray detector (EDXS). Diffuse reflectance spectra of solid samples were recorded
on Perkin Elmer equipment (Lamba 1050 UV/vis/NIR Spectrometer).

2.2. Syntheses

All the solvents were distilled before use, while amines and inorganic salts were used as
received. Pure elements were used to synthesize the host MnPS; phase using the synthetic
method reported by Ruiz-Leén et al. [7]. The potassium precursor was synthesized by con-
tinuous stirring of the pristine phase in a 2 M potassium chloride solution for 24 h at room
temperature [22]. The macrocyclic complexes were intercalated by a microwave assisted
reaction (12 min. 800 W), as described by Spodine et al. [23]. The microwave apparatus for
synthesis was a Millestone, model LAVIS 1000 Multi-Quant, with a frequency of
2.459 GHz.

The synthesis of all the complexes was based on 2-hydroxy-5-methyl-1,3-benzenedicarb-
aldehyde, which was synthesized by oxidation of 2,6-bis(hydroxymethyl)-p-cresol, by the
procedure described by Papadopoulao et al. [31].

2.3. Synthesis of 2-hydroxy-5-methyl-1,3-benzenedicarbaldehyde

2,6-Bis(hydroxymethyl)-p-cresol (13.8 g) was dissolved in 1 L of chloroform under contin-
uous stirring at room temperature. Manganese dioxide (120 g) was added slowly to the
reaction mixture under continuous stirring, and the final suspension was refluxed for 6 h.
The obtained mixture was cooled to room temperature and filtered. The yellow solution
was evaporated under vacuum and the obtained yellow solid was purified by sublimation.
The product was characterized by FTIR spectroscopy (KBr pellets): 30282924 (vc_y aro-
matic ring), 2872 (vc_y aldehyde), 1681, 1666 (vc—o aldehyde). Anal. Caled (CoHgO3) (%):
C, 65.85; H, 4.91. Found (%): C, 64.5; H, 5.1.

2.4. Syntheses of [2 + 1] hemicyclic ligands with aliphatic amines

The hemicyclic ligand was obtained using the corresponding aliphatic amine. In 10 mL of
2-propanol 150 mg (0.914 mM) of 2-hydroxy-5-methyl-1,3-benzenedicarbaldehyde was
dissolved with continuous stirring at room temperature. The appropriate aliphatic diamine
(ethylenediamine (27 uL) (I), 1,3-diaminopropane (34 uL) (II), 1,3-diamino-2-propanol
(37 mg) (III)) was added dropwise (90% of the corresponding molar relation, 0.411 mM),
thus avoiding formation of the macrocyclic species, and left to react for one hour. The solu-
tions were cooled to 5 °C, and the yellow—orange solids that precipitated were washed with
2-propanol and dried under vacuum (scheme 1).

(D Yield; 100 mg, 62%. Anal. Calcd (C,0H,0N,04): C 68.17; H, 5.72; N, 7.95. Found
for (I) (%): C, 67.8; H, 6.2; N, 7.9.
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Scheme 1. Hemicyclic ligands.

(IT) Yield; 80 mg, 47%. Anal. Calcd (C,H,N,04): C 68.84; H, 6.05; N, 7.65. Found
for (II) (%): C, 69.0; H, 6.3; N, 7.7.

(ITI) Yield; 80 mg, 45%. Anal. Calcd (C,;H,,N,05): C 65.96; H, 5.80; N, 7.33. Found
for (III) (%): C, 65.1; H, 6.0; N, 7.3.

The obtained FTIR spectra (KBr pellets) have the same pattern for all the hemicyclic
ligands: 3030-2850 (vc_y aromatic ring and aliphatic chain from the amine), 1666 (vc—o
aldehyde), 1640 (vc—n Schiff base), 1565 (vc—c aromatic ring).

2.5. Syntheses of the macrocyclic complexes

2.5.1. Homonuclear symmetric complexes. Symmetric homonuclear macrocyclic
complexes were synthesized by a template reaction, similar to the procedure described by
Paredes—Garcia et al. [32]. 2-Hydroxy-5-methyl-1,3-benzenedicarbaldehyde (150 mg, 0.914
mM) was refluxed for 1.5 h with 125 mg of ZnCl, (or CuCl,, 156 mg, 0.914 mM) in 2-pro-
panol (25 mL) under a nitrogen atmosphere. Then 0.914 mM of the corresponding diamine
(ethylenediamine (1,5) (55 mg), 1,3-diaminepropane (2,6) (68 mg), 1,3-diamine-2-propanol

CH,

R=-CH,CH,- () M=7n(l) M=Cu(5)

( \ A / \ e, @ Mz MeGu@)
&/\/\j M=Zn(3) M=Cu(7)

-CH,-CH(OH)-CH,- (III)
M=7Zn(4) M=Cu(8)
0-C,H,

CH

3

Scheme 2. Symmetric macrocyclic complexes (chloride ligands have been omitted for clarity).
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(3,7) (82 mg) or o-phenylenediamine (4,8) (100 mg)) dissolved in 10 mL 2-propanol were
added, and the reacting mixture was refluxed for 30 min, and left to react further at room
temperature with stirring for 24 h. The obtained solids were washed with 2-propanol and
methanol, and dried in vacuum (scheme 2).

[Zn,L'Cl,], C,H»CLN,O,Zn, (1). Yield; 220 g, 84%. Anal. Caled (%): C, 45.86; H,
3.85; N, 9.72; Zn, 22.70. Found (%): C, 45.1; H, 3.9; N, 9.8; Zn, 22.2.

[Zn,L*Cl,], Co4Ha6ClLN4O5Zn, (2). Yield; 225 mg, 81%. Anal. Caled (%): C, 47.71; H,
4.34; N, 9.27; Zn, 21.70. Found (%): C, 47.9; H, 4.4; N, 9.2; Zn, 21.0.

[Zn2L3C12], C24H26C12N4O4ZH2 (3) Yleld, 240 mg, 83%. Anal. Calcd (%) C, 4531, H,
4.12; N, 8.81; Zn, 20.56. Found (%): C, 45.4; H, 4.1; N, 8.7; Zn, 20.8.

[Zn,L*CL,], C30H2,CLN,O,Zn, (4). Yield; 230 mg, 75%. Anal. Calcd (%): C, 53.60; H,
3.30; N, 8.33; Zn, 19.46. Found (%): C, 53.3; H, 3.4; N, 8.4; Zn, 19.3.

[Cu,L'ClL, J(H20)5, CaoHasCLN,O4Cu, (5). Yield; 220 mg, 79%. Anal. Caled (%): C,
43.43; H, 4.31; N, 9.21; Cu, 20.89. Found (%): C, 43.3; H, 4.3; N, 9.3; Cu, 20.8.

[Cu2L2C12](H20)2, C24H30C12N404C112 (6) Yleld, 225 mg, 78%. Anal. Calcd (%) C,
45.29; H, 4.75; N, 8.80; Cu, 19.97. Found (%): C, 45.1; H, 4.8; N, 8.9; Cu, 20.3.

[Cu,L*CL,](H20)5, CosH30CLN4O6Cu, (7). Yield; 230 mg, 76%. Anal. Caled (%): C,
43.12; H, 4.52; N, 8.38; Cu, 19.01. Found (%): C, 43.3; H, 4.6; N, 8.2; Cu, 18.9.

[CUZL4C12](H20)2, C30H26C12N4O4CUZ (8) Yleld, 220 mg, 68%. Anal. Calcd (%)Z C,
51.14, H, 3.72; N, 7.95; Cu, 18.04. Found (%): C, 51.3; H, 3.8; N, 7.8; Cu, 18.0.

The FTIR spectra (KBr pellets) of all symmetric macrocyclic complexes show three main
vibration bands at 3030-2850 (vc_y aromatic ring and aliphatic chain from the amine);
1640 (ve—n Schiff base); 1565 cm™' (ve—c aromatic ring). Furthermore, a band typical of

the ortho aromatic substitution is observed at 760 cm ™.

2.5.2. Homonuclear unsymmetric complexes. This family of macrocyclic species was
obtained through a stepwise reaction by a procedure similar to that reported by Sreedaran
et al. [33]. The procedure can be summarized as follows: to 0.273 mmoles of the corre-
sponding hemicyclic ligand (I, 96 mg; II, 100 mg; or III, 104 mg) suspended in 2-propanol,
triethylamine (80 pL) was added to deprotonate the ligand. A solution of the metallic salt
(0.545 mM, 75 mg ZnCl,, or 93 mg of CuCl,*2H,0) in 10 mL of 2-propanol was added
dropwise and the mixture was reacted for one hour. Finally, o-phenylenediamine (0.273 mM,
30 mg) was added and the reaction mixture was stirred at room temperature for 24 h. The
solid was filtered off, washed with 2-propanol and methanol, and dried (scheme 3).

[Zn2L5C12], Cy6H2:C1LN4O5Zn; (9). Yield; 145 mg, 85%. Anal. Caled (%): C, 50.03; H,
3.55; N, 8.98; Zn, 20.95. Found (%): C, 50.2; H, 3.6; N, 8.8; Zn, 20.5.

[Zn,L°Cl,], C57H4ClLN4O5Zn, (10). Yield; 128 mg, 74%. Anal. Caled (%): C, 50.81;
H, 3.79; N, 8.78; Zn, 20.49. Found (%): C, 50.9; H, 3.7; N, 8.9; Zn, 20.6.

[Zn,L"CL,], C57H24CLN4O5Zn, (11). Yield; 133 mg, 75%. Anal. Calcd (%): C, 49.57; H,
3.70; N, 8.56; Zn, 19.99. Found (%): C, 49.4; H, 3.7; N, 8.6; Zn, 19.8.

[Cu,L°Cl, J(H,0),, CaeHagCLN4O4Cu, (12). Yield; 156 mg, 87%. Anal. Caled (%): C,
47.57; H, 2.99; N, 8.53; Cu, 19.36. Found (%): C, 47.9; H, 4.1; N, 8.4; Cu, 18.9.

[CUQL6C12 ](HQO)Q, C27H28C12N4O4CUQ (13) Yleld, 114 mg, 62%. Anal. Calcd (%)I C,
48.36; H, 4.21; N, 8.36; Cu, 18.95. Found (%): C, 48.2; H, 4.2; N, 8.4; Cu, 19.0.

[Cu,L"Cl, J(H,0),, Co7Hp5CLN,4O5Cu, (14). Yield; 137 mg, 74%. Anal. Calcd (%): C,
47.24; H, 4.11; N, 8.16; Cu, 18.51. Found (%): C, 46.7; H, 4.0; N, 8.0; Cu, 18.4.
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K / N/ \ M=7Zn(11) M=Cu(14)
N o N -CH,-CH(OH)-CH,-

CH,

Scheme 3. Unsymmetric macrocyclic complexes (chloride ligands have been omitted for clarity).

As for the unsymmetric macrocyclic complexes described above, the FTIR spectra for
the unsymmetric macrocyclic complexes show a similar pattern: 3030-2850 cm™' (ve_p),
1640 cm™" (veen), 1565 em™ (ve—c). In addition, the band typical of the ortho aromatic

substitution is observed at 760 cm ™.

2.6. Synthesis of the pristine phase, MnPS3, and the potassium precursor Ky, Mn, ¢PS;

Pure MnPS; phase was synthesized using the ceramic method, as described in the literature
[7]. High purity elements (Mn, P, S) were mixed in a 1:1:3 molar ratio and reacted in an
evacuated quartz tube at 750 °C for seven days. Then, the reactor was slowly cooled and a
green polycrystalline phase of Mn" was obtained.

The potassium precursor was synthesized by stirring for 24 h at room temperature, a sus-
pension of the solid phase MnPS;, with an aqueous 2 M KClI solution [22]. The obtained
light green potassium precursor was characterized by SEM-EDX giving a Kq4Mng gPS;
stoichiometry.

2.7. Microwave assisted exchange reaction of the interlamellar potassium ions by the
macrocyclic complexes

The potassium precursor, K 4Mng gPS; (150 mg), was suspended in 15 mL of a concentrated
methanolic solution of 0.16 mmoles of the corresponding macrocyclic complex. The suspen-
sion was irradiated with microwave radiation (800 W) for 12 min. The solid was filtered,
washed with ethanol, followed by DMF, until the solvent became colorless. A representative
series of complexes was intercalated: symmetric homonuclear Cu"" complexes derived from
the aliphatic amines ethylenediamine and 1,3-diamino-2-propanol, [Cu,L'] and [Cu,L’]; un-
symmetric homonuclear Cu" derived from the aliphatic amines ethylenediamine and 1,3-dia-
mino-2-propanol and o-phenylenediamine [Cu,L°] and [Cu,L’]; symmetric homonuclear
Zn" derived from ethylenediamine [Zn,L'] and from o-phenylenediamine [Zn,L*]. The
obtained composites were characterized by SEM-EDX giving the following stoichiometries:
[Cu2L1]0.07K0.26Mn0.8PS3 (a), [Cu2L3]O.07K0.26Mn0.8PS3 (), [CU2L5]0408K0.24M110.8P S3 (o),
and [Cu,L"]o.00Ko.2o0Mng PS5 (d), for the Cu" complexes, and [Zn,L'70.07Ko.26Mno sPS5 (e),
[Zn2L4]0.12K0_16Mn0_8PS3 (ﬂ for the ZIIH CompleXeS.
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3. Results and discussion

3.1. Synthesis and structure

The obtained Zn" and Cu" macrocyclic complexes were all characterized by elemental
analyses and infrared spectra. The first coordination sphere of the Cu'" centers of the
synthesized complexes was assumed to be five-coordinate, as determined by X-ray diffrac-
tion for 5, 6, 7, and 8 in previous work [34-39]. The structure of 7 shows that the chlorides
occupy axial positions in the first coordination sphere and are trans to each other [37],
while the other reported complexes have oxygen donors in the axial positions, provided by
water, methanol, DMF, nitrate or perchlorate [34—36, 38, 39]. Furthermore, analyses for the
synthesized complexes are consistent with two solvation waters in the proposed structure of
all the Cu" complexes. In contrast, the elemental analyses for the Zn" complexes are in
agreement with an anhydrous structure, as was previously reported by Korupoju et al. for a
similar macrocyclic complex [40]. These authors describe the first coordination sphere of
the Zn" chloride complex as being five-coordinate with a square base pyramidal geometry.
Thus, both Cu" and Zn" series of complexes are assumed as having five-coordinate metal
centers.

The combination of these molecular guests with layered hosts, such as MnPS;, gives
new functional materials. This can be accomplished by ion exchange reaction, which allows
the organized assembly of molecules into the interlamellar space of layered frameworks.
However, this synthetic procedure is time consuming, since the guest substitution is limited
by diffusion processes, and the charge and size of the intercalated molecules. Therefore, the
possibility to use microwave assisted intercalation has resulted in a promising synthetic
alternative to obtain new hybrid materials, such as the composites reported in this work
[23]. The microwave assisted synthesis permitted isolation and characterization of the
following homonuclear-based composites: [CusL']o.07Ko26 MngsPSs (@), [CusL>]0.0sKo.26
MngsPS; (), [Cu2L5]O.08K0.24 MngsPS; (o), [CU2L7]0.09K0.22M110.8P33 (@),
[Zn2L1]0.07K0_26Mn0_8PS3 (e), [Zn2L4]0_12K0.16Mn0.8PS3 (. These composites can also be
obtained by the more classical ion exchange procedure, which involves stirring the suspen-
sion of Ky 4Mn, gPS; in a saturated solution of the corresponding macrocyclic complex for
several weeks at room temperature. The materials resulting from the microwave assisted
intercalation exhibit similar optical properties as the composites prepared by the classical
ion-exchange route. Therefore, only the optical properties of the composites obtained by the
microwave assisted method will be discussed in this work.

3.2. Spectroscopic properties of the macrocyclic complexes

All complex solutions were prepared in DMSO/H,0O mixtures (ratio 1:2). The absorption
spectra were recorded from 300 to 800 nm, while the emission spectra were between
370 and 650 nm [27]. Both absorption and emission spectra will be analyzed and
discussed.

The absorption and emission spectra for all complexes under study are shown in figures 1
and 2. Tables 1 and 2 summarize the results of the spectroscopic studies of homonuclear sym-
metric and unsymmetric complexes, respectively.

The absorption maxima did not change their position in the studied concentration range,
so it was possible to infer that only one species was present in solution.
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Figure 1. Absorption (a) and emission (c) spectra of the symmetric Zn" complexes: (1) M black; (2) O red; (3) ¢
blue; (4) 4 green. Absorption (b) and emission (d) spectra of the symmetric Cu"" complexes: (5) B black; (6) O
red; (7) 4 blue; (8) 4 green (see http://dx.doi.org/10.1080/00958972.2014.968145 for color version).

3.2.1. Absorption spectra of Zn" macrocyclic complexes. Zn" symmetric complexes
1, 2, and 3 with macrocyclic ligands derived from aliphatic amines have only one
absorption in the 370-400 nm range, while 4 with the macrocyclic ligand derived from
o-phenylenediamine has two absorptions at 370 and 425 nm [figure 1(a)]. The absorption
maxima are at 400 (¢=1.0-10*M'cm™) for 1, 370 (¢=1.1-10*M " cm™") for
2, 370 (¢=1310*M"cem™) for 3, and 370 and 425nm (e¢=1.5:10* and
8.8:10° M ' em™") for 4. The higher energy band is associated with the n— z*
ligand-centered transition and the 425 nm maximum is assigned to a metal to ligand charge
transfer band (MLCT) [41].

The unsymmetric Zn" complex (9) shows a band at 370 nm (¢ = 6.9-10° M"' cm™"),
with a small shoulder at 395 nm. The band at 370 nm is associated with a ligand-centered
n— 7* transition similar to the one of the symmetric complex, while the shoulder at 395 nm
is ascribed to a MLCT absorption related to the o- phenylenediamine moiety of the ligand
[32]. For the unsymmetric complexes (10 and 11) ligand-centered transition bands are
observed at 350 nm (e=8.6x10° (10); e=1.1x10*M'em™ (11)) and the MLCT
absorptions at 385 nm (e = 1.2 x 10* (10)) and 395 nm (e = 1.6 x 10* M"' em ™" (11)).

Due to the lower aromaticity of the unsymmetric ligands, the MLCT band is blue-shifted,
as compared with the symmetric 4 derived from o-phenylenediamine. In addition, as shown
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Figure 2. Absorption (a) and emission (c) spectra of the unsymmetric Zn" complexes: (9) O black; (10) O red;
(11) a green. Absorption (b) and emission (d) spectra of the unsymmetric Cu" complexes: (12) O black; (13) O
red; (14) 4 green (see http://dx.doi.org/10.1080/00958972.2014.968145 for color version).

Table 1. Spectroscopic data for the symmetric macrocyclic complexes.

Complex Ne Aaps (Nm) eM 'em™ Aem (nm) é (%)
[Zn,L'P* @) 400 1.0 x 10* 487 3.0
[Zn, L2 ) 370 1.1x10* 427 5.6
[Zn,L*T** 3) 370 1.3x10* 427 6.9
[Zn,L*7* ) 370 1.5x10* 500 14.3
425 8.8x10°
[Cu,L'1** 5) 360 5.7x10° 487 -
370 sh
550700 ~10%
[Cu,L2** (6) 360 7.3 x10° 427 -
370 sh
550-700 ~10%
[Cu,L3)>" 0 360 6.6 x 10° 427 -
370 sh
550-700 ~10%
[Cu,L**" 8) 355 1.2x10* 500 -
418 1.1x10*

550-700 ~10%



http://dx.doi.org/10.1080/00958972.2014.968145

Downloaded by [Tufts University] at 05:09 02 December 2014

Macrocyclic Znll and Cull complexes 3903

Table 2.  Spectroscopic data for the unsymmetric macrocyclic complexes.

Complex Ne° A abs (M) eM 'em™) Jem () ¢ (%)
[Zn,L° > ) 370 6.9 x 10° 493 55
395 sh
[Zn,L°1** (10) 350 8.6 x 10° 496 7.8
385 1.2x10*
[Zn,L7]** 1§8)) 350 1.1x10* 496 8.4
395 1.6 x 10*
[Cu,L°T*" 12) 370 sh \ 493 -
400 1.1x10
550-700 ~10?
[Cu,L*1*" a3) 350 1.3x 102 496 -
390 1.1x10
550-700 ~10?
[Cu,L"1*" 14) 352 1.2x 102 496 -
385 1.1x10
550-700 ~10?

for the symmetric complexes, the intra-ligand bands in the complexes with 1,3-diaminepro-
pane and 1,3-diamine-2-propanol (2 and 3) are blue-shifted compared to the macrocyclic
ligand derived from ethylenediamine (1). Therefore, two maxima in the spectra of 10 and
11 can be distinguished.

3.2.2. Absorption spectra of Cu" macrocyclic complexes. The Cu" complexes derived
from macrocyclic ligands with aliphatic amines (5, 6, and 7) present an unsymmetric band
at 360 nm (e = 5.7 x 10° (5); ¢ =7.3x 10’ (6); €= 6.6 x 10° M~ cm™"' (7)), with a shoulder
at 370-380 nm. The asymmetry of this absorption is assigned to the superposition of the
phenolate to copper(Il) charge transfer band that can be expected for phenoxido-Cu" com-
plexes in this same region [42]. Complex 8 has a band at 355 nm (e =1.2x 10* M ™' cm™)
and a second one at 418 nm (e=1.1x10*M ' cm™). The band at higher energy is
assigned to a ligand-centered n — 7* transition, as in the Zn" complexes [figure 1(b)].

The unsymmetric complexes with Cu' centers show spectra with two absorptions, as
observed for spectra of the Zn" ones (figure 2). Complex 12, derived from ethylenediamine
and o-phenylenediamine, shows an unsymmetric band at 400 nm (e =1.1x 10* M ' em™)
with a shoulder at 370 nm. These two absorption bands are assigned to the same transitions
as in the Zn" complex (9), derived from the same ligand. For the unsymmetric 13 and 14,
with 1,3-diaminepropane and 1,3-diamine-2-propanol moieties, a higher energy band at 350
and 352 nm (¢=13x10* (13); e=12x10*M ' cm™' (14)) is observed, respectively. A
second band is found at 390 and 385nm (e=1.1x10*M'em™' (13); e=1.1x
10* M~ em™" (14)) for both complexes. These two absorptions have the same origin as in
12, where the ligand-centered n — z* transition is shifted to higher energies in comparison
to complexes with ethylenediamine.

All spectra of the Cu" complexes are characterized by a weak band at 550-700 nm
(e=~10>M"" cm™") ascribed to d—d transition of the copper ion.

3.2.3. Emission spectra of Zn" macrocyclic complexes. Figure 1(c) shows the corre-
sponding spectra of the symmetric Zn" complexes, which emit at 487 (1), 427 (2), 427 (3),
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and 500 nm (4). The calculated percentages of the quantum yield were 3.0 (1), 5.6 (2), 6.9
(3), and 14.3% (4).

As can be observed, the emission band for the complex with the aromatic ligand (4) is
red-shifted compared to symmetric complexes with macrocyclic ligands based on
non-aromatic amines (1, 2, and 3). Macrocyclic 1 showed the lowest quantum yield, being
doubled when the aliphatic chain increased by one carbon in 2 and 3 (table 1). The
presence of the OH substituent in the aliphatic amine of the macrocyclic ligand of 3 did not
affect the emission wavelength of the corresponding complex, as compared with 2, while
the quantum yield showed a slight increase. Complex 4, whose ligand is completely
delocalized, shows the highest quantum yield.

Figure 2(c) shows the corresponding emission spectra of the unsymmetric Zn" com-
plexes. Complex 9 whose ligand is derived from ethylenediamine and o-phenylenediamine
shows an emission band at 493 nm (¢, 5.5%). A comparison of the spectra indicates that
the unsymmetric 9 emits at a wavelength between the emissions of 1 and 4, corresponding
to the symmetric macrocyclic complexes derived from ethylenediamine and o-phenylenedi-
amine, respectively (figure 3). Similar behavior is observed for the unsymmetric macrocy-
clic 10 (¢, 7.8%) and 11 (¢, 8.4%); they emit between the emission wavelengths of the
corresponding symmetric complex with the aliphatic amine (2) and the symmetric complex
with o-phenylenediamine (4).

3.2.4. Emission spectra of Cu' macrocyclic complexes. The Cu" macrocyclic complexes
did not emit under the conditions for the Zn" complexes. However, when the concentration
of the complexes was increased and the equipment setup was modified, the emission band
could be detected. Quantum yields could not be measured for these complexes. Symmetric
and unsymmetric Cu" species have the same emission behavior as the Zn" symmetric
(figure 1) and unsymmetric (figure 2) complexes. Among the Cu" macrocyclic complexes,
the complex with the aromatic amine (8) presents the most intense band, as compared with
the symmetric complexes with aliphatic amines and the unsymmetric complexes.
Considering that both Zn" and Cu" complexes with the same macrocyclic ligand emit at
the same wavelength, as shown in tables 1 and 2, it is possible to infer that the emission
proceeds via an intraligand process. Similar behavior has been reported for Ru' and Re'

@

400 500 600

A (nm)

Figure 3. Comparison of the emission spectra of the symmetric Zn" complexes with ethylenediamine (1) (O red),
o-phenylenediamine (4) (a green), with that of the unsymmetric Zn'' complex derived from ethylenediamine and
o-phenylenediamine (9) (M black) (see http://dx.doi.org/10.1080/00958972.2014.968145 for color version).
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complexes [43, 44]. Excitation spectra of the complexes show the same behavior as the
absorption spectra, proving that the ligand is responsible for the emission.

3.3. Opfical properties of the lamellar composites

The energy gap for MnPS; was calculated from the solid state reflectance spectrum; a value
of 2.5 eV was obtained (figure 4). However, the previously reported energy gap for this
same layered phase by Kamata et al., using photoelectron measurements, was 3.0 eV [45].
To explain the nature of this energy gap, the electronic structure of the thiophosphates was
calculated in the eighties by Khumalo and Hughes [46]. The calculations showed that the
valence band is constituted by the 3p,p, and 3s orbitals of the P-S bond, and the 3p, orbital
from the P-P bond, of P,S¢ anion. The metal t,, and e, localized orbitals were obtained at
higher energies as compared with the valence band. The conduction band at higher energy
corresponds to the antibonding 3p, of the P-P bond and sulfur [46]. According to Grasso,
the main absorption band at 2.5 eV is from the valence band formed by the 3p,p, and 3s
orbitals of the P—S bond to the atomic orbitals of the manganese ion [47—49].

As shown in table 3, all composites have spectra with energy gaps lower than the pristine
MnPS; phase (2.5 eV). This can be explained by accepting that during the intercalation pro-
cess the complexes lose their axial ligands and enter the interlamellar space as square planar
cationic species [28]. This can be inferred from the interlamellar distance of 9.9 A given by
the powder diffraction data (figure 5) and the calculated distances for the macrocyclic spe-
cies (height, ~14 A; width, ~13 A) (scheme 4). However, inside the interlamellar space the
complexes are parallel to the layers and the metal centers interact with the protruding sul-
furs, thus restoring their initial pyramidal square base geometry. In this way, the interaction
of the metal centers and the ligands of the complexes may be assumed to be maximum with
the inorganic network.

The optical data obtained from the reflectance spectra indicate that those composites with
aliphatic amines still produce the shift of the energy gap, indicating that the shift in
the energy value is not only due to delocalization in the macrocyclic ligand derived from
the aromatic diamine (table 3). Thus, the importance of the interaction of the ligand with

20 -

10 -

K-M (% R)

0 T
1 2 3
E (eV)

Figure 4. Diffuse reflectance spectra of composites [CusL']o07Ko26MngsPS; (@ (O red) and
[ZnL"J0.07Ko0.26Mng sPS5 (e) (¢ blue) (see http://dx.doi.org/10.1080/00958972.2014.968145 for color version).
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MnPS; 136 6.5

K0,4Mn0.sPS3 9.5 9.3
Composites 8.9 9.9-10.0

10 20 30 40 50 60

Figure 5. Diffractograms of the pristine phase MnPS; (black), the potassium precursor Ko 4Mng gPS; (red), and a
representative final composite [CusL']o07Ko26MngsPS; (blue) (see http:/dx.doi.org/10.1080/00958972.2014.
968145 for color version).

Scheme 4. Schematic representation of the intercalated complexes showing the main dimensions.

Table 3. Energy gap (eV) for the composites, derived from the intercalation of
different macrocyclic complexes in MnPS3.

Composite Energy gap (eV) Energy gap (nm)
[Cu2L|]0.07K0.26Mn0.8PS3 (@ 1.71 725
[CusL?]o.07Ko.26Mno sPS5 (B) 1.73 717
[CuaL?]o.08K0.24Mno sPS3 (¢) 1.69 733
[CuaL7]o.00K0.22Mng sPS; () 1.71 725
[Zn,L'79.07Ko.26Mno sPS; (e) 1.67 742
[Zn,L*0.12Ko.16Mno sPS; 1] 1.76 704
[Zn,L*].05Ko.30Mno sPS5] (3)* 1.85 670
[Zn,L*]p.10Ko.20Mng sPS5] (2)* 1.80 688

*Ref. [28].
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the P-S of the P,S¢ anions is still to be considered. However, the fact that the nature of the
metal center does produce some small differences in the values of the energy gap of the
composites can be considered as evidence that the interaction of the sulfur of the P,S¢
anions with the metal centers of the intercalated complexes (Zn", Cu") also influences the
obtained values of the absorption edge. Since the optical properties of composites of the
same stoichiometry have to be compared [50], it is possible to give as an example
[Cu,L']0.07Ko26Mng sPSs (@) and [Zn,L']o07Ko26MngPS; (), with E,=1.71 eV and
E,=1.67 eV, respectively (figure 4). The above-mentioned observations indicate that the
intercalated complexes have to be considered as a whole in their interaction with the
protruding sulfurs of the lamellae, influencing the optical properties of the composites.

4. Conclusion

The spectroscopic properties of symmetric and unsymmetric macrocyclic Zn" and Cu"
complexes suggest the importance of the nature of both the ligand and the metal center, on
the absorption and emission behavior.

Due to the lower aromaticity of the unsymmetric ligands, the MLCT band is blue-shifted
in spectra of the corresponding complexes, as compared with the symmetric complexes
derived from o-phenylenediamine. For symmetric species, the intra-ligand bands in the
spectra of the complexes with 1,3-diaminepropane and 1,3-diamine-2-propanol are blue-
shifted as compared with spectra of the corresponding complexes with the macrocycle
derived from ethylenediamine.

The emission band for the symmetric complexes with the aromatic ligand, derived from
o-phenylenediamine, is red-shifted compared to those complexes which are based on macro-
cyclic ligands with ethylenediamine, 1,3-diaminopropane, and 1,3-diamino-2-propanol. The
presence of the ligand derived from o-phenylenediamine enhances the emission of the com-
plexes; the Zn"" complex (4) has the highest quantum yield, as compared with 1, 2, and 3.

The unsymmetric macrocyclic Zn" and Cu" complexes emit between the emission wave-
length of the corresponding symmetric complex with the aliphatic amine and the symmetric
complex with o-phenylenediamine.

All composites have spectra with energy gaps lower than the pristine MnPS; phase
(2.5eV). Thus, the interaction of the intercalated complex in the interlamellar space
influences the optical properties of the composites by decreasing the absorption edge of the
corresponding spectra.
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