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Abstract

- Mustafa Burak Coban? - Hulya Kara'? - Yasemin Acar’

A new open-cubane Mn"", [{(H,O)Mn™L}{Mn"™L}1,-2(CH;0H).2(CH;CH,OH)-2Cl, 1 where H,L=[N-(2-hydroxyethyl)-
3-methoxysalicylaldimine] has been synthesized and characterized by element analysis, FT-IR, solid UV-Vis spectroscopy
and single crystal X-ray diffraction. The crystal structure determination shows an open-cubane tetranuclear complex. The
Mnl (Mn1?) jons is hexacoordinate by NOs donor sets while the Mn2 (Mn2}) is pentacoordinate by NO,4 donor sets. The
solid state photoluminescence properties of complex 1 and its ligand H,L have been investigated under UV light at 349 nm
in the visible region. H,L exhibits blue emission while complex 1 shows orange-red emission at room temperature.
Variable-temperature magnetic susceptibility measurements on the complex 1 in the range 2-300 K indicate an antifer-

romagnetic interaction.
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Introduction

The synthesis and characterization of polynuclear man-
ganese compounds in various topologies have attracted the
researcher’s interest in coordination chemistry and molec-
ular magnetism field due to remarkable properties such as
catalysis, luminescence, magnetism and bioinorganic
chemistry [1-4]. Manganese compounds exhibit behaviour
as single-molecule magnet (SMM), below the blocking
temperature, displaying magnetization hysteresis and
quantum tunneling of the magnetization [5-7].They are
important on the development of a catalyst for water

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s10876-018-1360-z) contains supplementary
material, which is available to authorized users.

< Elif Gungor
elifonly @gmail.com; egungor @balikesir.edu.tr

Department of Physics, Faculty of Science and Art, Balikesir
University, 10145 Balikesir, Turkey

Center of Science and Technology Application and Research,
Balikesir University, 10145 Balikesir, Turkey

Department of Physics, Faculty of Science, Mugla Sitki
Kocman University, 48170 Mugla, Turkey

oxidation to evolve oxygen in the bioinorganic field [8, 9].
Besides, manganese compounds can be used as fluorescent
sensors for the detection of aromatic molecules. Because,
the luminescence intensity is sensitive to the environment
and they have absorption band in UV region, where most
aromatic molecules show absorptions [10, 11].

As described in literature, manganese complexes con-
taining Mny4O, cores are divided into six major classes
according to the atom connectivity. These cores are
adamantane, square, basket, linear, cubane, and butterfly
(Scheme 1). Particularly, clusters with the Mn,Og¢ core are
adamantane [11-13], square [14] and linear (2,2,2) [15-18]
topologies, those with the Mn,Os core are basket [19] and
linear (2,1,2) [20] topologies, the Mn4O, core are observed
in the cubane [21-23] and linear (1,2,1) [24, 25] topologies
and the Mn4O, core are seen as more common in butterfly
[26-28] topology. Until today, a number of Mn" and mix
valance Mn"/Mn™ complexes in cubane Mn4O, motifs
have also been studied in great detail for their various
structural and magnetic and photoluminescence properties
[11, 15, 26-28]. However, to the best of our knowledge,
there are no reports on the solid state photoluminescence of
Mn(IIT) complexes.

Our research group has successfully synthesized Schiff
base metal complexes with different nuclearities and
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Scheme 1 Different core types observed in Mn,Oy tetramers

investigated their magneto-structural properties
[26, 27, 29-32]. Here, we report the synthesis of a new
open-cubane Mn"™ complex along with its characterization,
single crystal X-ray structure, solid state UV and IR
spectroscopy, solid state photoluminescence and magnetic
study.

Experimental Section
Materials and Physical Measurements

All chemical reagents and solvents were purchased from
Merck or Aldrich and used without further purification.
Elemental (C, H, N) analyses were carried out by standard
methods with a LECO, CHNS-932 analyzer. Solid-state
UV-Vis spectra were measured with an Ocean Optics
Maya 2000-PRO spectrometer. FT-IR spectra were mea-
sured with a Perkin—Elmer Spectrum 65 instrument in the
range of 4000-600 cm™'. Powder X-ray measurements
were performed using Cu-K,, radiation (A = 1.5418 10\) ona
Bruker-AXS D8-Advance diffractometer equipped with a
secondary monochromator. The data were collected in the
range 5° < 20 < 50° in 6-0 mode with a step time of ns
(5 s <n < 10 s) and step width of 0.02°. Solid state pho-
toluminescence spectra in the visible region were measured
at room temperature with an ANDOR SR500i-BL Photo-
luminescence Spectrometer, equipped with a triple grating
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and an air-cooled CCD camera as detector. The measure-
ments were done using the excitation source (349 nm) of a
Spectra-physics Nd:YLF laser with a 5 ns pulse width and
1.3 mJ of energy per pulse as the source. The temperature
dependence of the magnetic susceptibility of polycrys-
talline samples was measured between 3 and 300 K at a
field of 1.0 T using a Quantum Design model MPMS
computer-controlled SQUID magnetometer. The effective
magnetic moments were calculated by the equation g
= 2.828 (XmT)” 2 [33] where 7, the molar magnetic
susceptibility, was set equal to M,,/H [33]. The synthetic
route of the complex is outlined in Scheme 2.

Synthesis of H,L and Complex 1

The tridentate Schiff base ligand H,L, was synthesized
from ethanolamine (1 mmol, 0.061 ml) and 2 hydroxy-3-
methoxybenzdehyde (1 mmol, 0.152 g) in a 1:1 molar ratio
in hot ethanol (60 cm®) according to the method reported
previously [34]. The solution obtained was stirred at 65 °C

EtOH —N OH
OH,

+ HoN OH
OH

OCHjs OCHjg

Scheme 2 The ligand H,L evaluated in this study
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for 10 min. The yellow compound precipitated from the
solution on cooling. Analysis calculated for H,L (yield
75%): C 54.15, H 5.05, N 7.02%. Found: C 54.11, H 5.15,
N 7.10%. IR (cm™'): V(O-H) = 3175-3064, v(C-
H) = 3013-2842, V(C=N) = 1644, V(C—Ophenotic)-
= 1241-1185. UV-Vis: Ap./nm: 434,

Complex 1 was prepared by addition of manganese(II)
chloride tetrahydrate (1 mmol, 0.197 g) in 20 cm® of hot
methanol to the ligand (1 mmol, 0.195 g) in 30 cm® of hot
ethanol. To the resulting solution was then added triethy-
lamine (Et;N) (1 mmol, 0.101 ml). This solution was
warmed to 78 °C and stirred for 15 min. The resulting
solution was filtered rapidly and then allowed to stand at
room temperature. Several weeks of standing was led to the
growth of brown crystals of the title compound suitable for
X-ray analysis. Analysis calculated for C4HggCloMnyNy.
O,z (yield 70%): C 43.99, H 5.46, N 4.46%. Found: C
43.90, H 5.48, N 4.33%. IR (cm™'): v(O-H) = 3175-3064,

v(C-H) = 3013-2842, vu(C=N) = 1614, U(C_Ophenolic)'
= 1477-1409, v(H,O) = 865-814. UV—_Vis: Apu/nm:
488.

X-ray Structure Determination

Diffraction measurements were made on a Bruker Apex II
kappa CCD diffractometer using graphite monochromated
Mo-K,, radiation (A = 0.71073 A) at 100 K for 1. In the
Olex2 program [35], the structure was solved by direct
methods using SHELXS [36] and refined by full-matrix
least-squares based on IFObSI2 using SHELXL [37]. The
non-hydrogen atoms were refined anisotropically, while the
hydrogen atoms, generated using idealized geometry, were
made to “ride” on their parent atoms and used in the
structure factor calculations. The crystallographic data for
1 are summarized in Table 1. The selected bond lengths
and angles are listed in Table 2. Crystallographic data for
the structural analyses have been deposited with the
Cambridge Crystallographic Data Centre, CCDC No.
1818226. These data can be obtained free of charge via
www.ccde.cam.ac.uk.

Results and Discussion
Crystal Structure

The asymmetric unit of the tetranuclear manganese com-
plex 1 includes one [{(H,O)Mn"L}{Mn"L}]" molecule,
one ethanol and one methanol molecules and two C1>~ ion.
The crystal structure determination shows that complex 1 is
an open-cubane structure with two missing vertices con-
sisting of two dinuclear [MnIQHLz (H,0)] subunits as shown

in Fig. 1. The coordination environments and geometry of

the manganese ions are different. The Mnl (Mn1’) ion
(i=— x+2, y, —z+1/2) is hexacoordinate by NOs donor
sets in which one imine nitrogen atom, two alkoxy and two
phenoxy oxygen atoms and one oxygen atom of the
methoxy group from the Schiff base ligands. Mn1 (Mn1?)
atom has a distorted octahedral geometry. The basal
average Mn—O bond distances are in the range 1.936 (4)-
1.993 (4) A, while the axial bond distances are 2.476 (4) A
owing to the Jahn—Teller distortions at the d* metal center.
The Mn2 (Mn2i) is pentacoordinate by NO4 donor sets in
which two alkoxy and one phenoxy oxygen atoms of the
Schiff base ligands and one oxygen atom of the water
molecule. The Addison distortion index of Mn2 (Mn2')
atom was found as T = 0.0011, which indicates that Mn2
(Mn2') atom is close to a square pyramidal geometry
[31, 38]. The basal average Mn—N bond distances and Mn—
O—Mn bridging bond angles for 1 are 1.940(6)—1.944(6) A
and 72.78(16)-90.57(18)°. The intramolecular Mn---Mn
distances vary from 3.165 to 3.881 A. The selected bond
lengths and bond angles for the complex 1 are given in
Table 2 which is comparable to those of the similar com-
plex reported in the literature [§].

The crystal packing of tetranuclear Mn(III) complex
shows that the neighboring tetramer are linked through
intramolecular and intermolecular O-H---O, C-H---O, C—-
H---Cl, O-H---Cl and O-H---O hydrogen bonds (Table 3).
These tetramers are arranged in one-dimensional polymeric
chain structure along the [001]. Hydrogen-bonded poly-
meric network lies in the ab plane (Fig. 2). Additionally,
1D polymeric structure with hydrogen bond interactions
may enhance the stability of the solid-state structure of 1
and generate 3-D networks (Fig. S1).

Oxidation states of Mnl (Mn1') and Mn2 (Mn2') ions
have been assigned on the basis of bond valence sum
analysis [39, 40] and consideration of bond lengths. Bond-
valence-sum calculations (Table 2) suggest that both Mn1
(Mn1?) and Mn2 (Mn2') are in a 3 + oxidation state [40].

X-ray Powder Diffraction Pattern

Before proceeding to the spectroscopic, photoluminescence
and magnetic characterization, we note that experimental
powder X-ray patterns for 1 are well in position with those
of simulated patterns on the basis of single crystal structure
of 1 (Fig. S2).

FTIR Spectra

The IR spectra of H,L and 1 provide information about the
metal-ligand bonding. The IR spectra of 1 shows in com-
parison with that of its free ligand H,L in Fig. S3. The
strong sharp absorption at 1644 cm™' in spectra of H,.
L can be assigned to C=N stretch [31, 41]. This band in 1 is
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Table 1 Details of the data
collection and refinement
parameters for complex

Empirical formula
Formula weight

Crystal system

Space group

a/A

b/A

c/A

o°

pre

v/°

Volume/A?

z

Peale g/cm’

u/mm_1

® range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F*

Final R indexes [I >=2c (I)]

C46HesCloMngN,4O g
1255.70

Monoclinic

C2/c

24.0840(5)
19.6299(4)
11.8110(2)

90

19.6299(4)

90

4895.13(17)

4

1.704

1.199

2.8-27.6
—31<h<3l,—-25<k<2l,—-15<1<15
33027

5594

5594/44/326

1.04

R; = 0.090, wR, = 0.255

Table 2 Selected bond lengths A), angles (°) for 1 and bond valance
sum (BVS) calculations for the Mn ions

Mnl-N1 1.940 (6) Mn2-N2 1.944 (6)
Mn1-0O1 1.968 (4) Mn2-0O1 1.936 (4)
Mn1-01! 2.476 (4) Mn2-04 2.010 (5)
Mn1-02 1.904 (5) Mn2-05 2304 (5)
Mn1-06' 1.993 (4) Mn2-06 1.962 (4)
Mn1-07 2.439 (5)
01-Mn1-01' 84.19 (15) 07 -Mn1-01' 144.22 (16)
01-Mn1-06' 90.57 (18) 01-Mn2-04 98.40 (2)
01-Mn1-07* 91.37 (17) 01-Mn2-05 95.90 (2)
02-Mnl1-01' 92.64 (17) 01-Mn2-06 86.84 (17)
02-Mn1-01 175.70 (2) 04-Mn2-05 92.20 (3)
02-Mn1-06' 91.30 (2) 06-Mn2-04 174.60 (2)
02-Mn1-07' 92.90 (2) 06-Mn2-05 88.67 (19)
06'-Mn1-01* 72.78 (16)
06'-Mn1-07' 71.79 (17)
Oxidation state of Mn
3+
Mnl (Mnl') 2.88
Mn2 (Mn2') 2.73

Symmetry code: (i) —x+2, y, —z+1/2

shifted to at 1614 cm™' frequency attributed to the coor-
dination of the imine nitrogen. The H,L ligand is show a
band at 3175-3064 cm ™' for their stretching vibrations of
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aromatic v(O-H) which disappears in 1 indicating depro-
tonation of the Schiff base upon complexation. Several
absorption bands occurred in the range 3013-2842 cm™'
are ascribed to the aromatic and aliphatic v(C—H) stretches.
The C-Ophenotic group of H,L indicates a strong band in the
range 1241-1185 cm ™' while this band in 1 is observed in
the range 1477-1409 cm™' which indicate that deproto-
nated phenolic oxygen atoms coordinate to the metal centre
[42]. The IR spectra of v(H,O) of coordinated water
appeared at 865-814 cm ™", indicating the binding of water
molecules to the metal ions [43]. These findings are in
good agreement with our previously published transition
metal complexes [31, 44, 45].

Solid State UV-Vis Spectra

A solid-state electronic absorption spectrum of H,L and 1
was recorded (Fig. S4). The electronic spectra of Hj.
L showed absorption bands at 488 nm while complex 1
displayed in 434 nm. The absorption band of the complex 1
is shifted to lower wavelength region compared with their
parent ligand. The reason for this shift is the coordination
of oxygen and nitrogen atoms of the ligand with man-
ganese(Ill) ions. This band at the high energy region is
probably obscured by the intense charge transfer transi-
tions. The absorption band could be assigned to 1 — w* or
n — 7* transition of the ligand [46].
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Fig. 1 Molecular structure of 1.
Symmetry code: (i) — x + 2, y,
—-z+ 12

Table 3 Hydrogen bond and

short-contact geometry (A.°) for D-H--A* b-H H-A DA D-H-A Symmetry

1 O5-H5A---09 0.90 1.87 2.658 145 l+x,1—-y,12+z2
O5-H5B---08 0.90 223 2.945 137 1 —x,y,32—-1z
O5-H5B---CI2 0.90 2.50 3.305 148 1+xyz2
09-H9---03 0.84 2.54 3.117 127 1—-x1-y,—z
09-H9---05 0.84 2.16 2.658 118 14+x,1—-y,—12+z
C1-HI1---08 0.95 2.58 3.342 137 l+x,1—-y,—12+z
C8-HS8B---09 0.98 2.42 3.140 130 1—-x1-y,—z
C21-H21A--09 0.98 1.83 2.800 174 -x1—-y, 1 -z
C21-H21B---04 0.98 1.52 2.460 157 —1+xyz
C22-H22B---Cl1 0.98 2.23 3.060 141 -

Fig. 2 Intramolecular and intermolecular hydrogen bonds connect the molecules which form a one-dimensional polymeric chain structure in
complex 1

@ Springer
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Luminescent Properties

Coordination compounds have been reported to have
ability to adjust the emission wavelength of organic
materials through incorporation of metal centers which
impetus us to investigate the photoluminescence properties
[47, 48]. Because of enhanced stability of metal complexes
compared to organic counterparts, coordination polymers
are used as photoluminescent materials [10, 49]. Therefore,
it is important to investigate the luminescence properties of
coordination compounds in view of potential applications
as light-emitting diodes (LEDs).

The solid-state photoluminescence properties of H,.
L and 1 have been investigated at room temperature in the
visible regions upon excitation at A, = 349 nm (Fig. 3). It
is obvious that H,L displays a strong blue emission band at
Amax = 437 nm which is attributable to the n —» © or
n — 7* electronic transition (ILCT) [50, 51]. The stronger
emission band in 1 is at A,,, = 661 nm. This band may be
ascribed to a charge-transfer transition between ligands and
metal centers, namely ligand-to-metal charge transfer
(LMCT) [41, 44]. The observed emission spectrum of 1 is
red shifted when compared with that of H,L. which is
caused by its microenvironment and electronic energy
transfer [2]. So, the complex 1 emits strong orange-red
light. The chelation of the ligand H,L to Mn(IIl) also
increases the rigidity of the H,L and thus reduces the
vibration of 1 molecules, so that the excited energy of
complex 1 molecules cannot be easily released by thermal
energy [52].

Fig. 3 The emission spectrum of H,L ligand and 1 in solid samples at
room temperature (Aex.. = 349 nm). (Inset figures Upper-left photo is
photoluminescent image of H,L, upper-right photo is photolumines-
cent image of 1, while excited at 349 nm and middle photo is CIE
chromaticity diagram image of H,L and 1.)
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Magnetic Properties

Variable-temperature magnetic susceptibility data were
collected on a powdered microcrystalline sample of 1
(Fig. 4) in the temperature range 2-300 K under an applied
field of 0.1 T. The molar magnetic susceptibility of the
tetranuclear Mn(IIl) unit increases with decreasing tem-
perature. The %, T values of 10.96 cm® K mol™" at 300 K
is slightly lower than the spin-only values of 12.00 cm®
K mol ™" for four uncoupled Mn(III) ions based on g = 2.0.
When the temperature is lowered, the curve shows a con-
tinuous decay tending to a plateau at temperatures below
10 K. The value at 1.9K is 3.57 cm’ K mol™'. This
behavior is indicative of a weak antiferromagnetic cou-
pling. The drop in the y,,T product below 8 K suggests the
presence of magnetic anisotropy expected for Mn(III) ions,
inter- or more likely intramolecular antiferromagnetic
couplings [3].

In order to qualitatively evaluate the magnitude of the
magnetic interaction between the Mn(IIl) ions, the mag-
netic model of 1 was simplified by employing the same
intramolecular magnetic coupling constant (J) for the
comparatively complicated case (Fig. 5). In addition, the
intermolecular magnetic interaction (zJ') was taken into
account. The experimental magnetic susceptibility data for
1 were analyzed by using the following isotropic Hamil-
tonian Eq. (1).

H = —J(85152 + 5285 + 8384 + S5154) (1)

The temperature dependence of the magnetic susceptibility

is given by the Eq. (2):
B NgzﬁzA

= okT B

(2)

Fig. 4 Temperature dependence of y,, versus T and y,,T versus T for
1. The solid line represents the best fit of the experimental data based
on the Heisenberg model
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Fig. 5 A view of the Mn,O4 core of 1 with the exchange coupling
pattern

A = 408exp(48J /kT) + 840exp(32J /kT)
+ 1092exp(18J /kT) + 1100exp(6J /kT)
+ 900exp(—4J /kT) + 476exp(—12J /kT)
+ 160exp(—18J /kT) + 24exp(—22J /kT)
B = 17exp(48J /kT) + 45exp(32J /kT)
+ 78exp(18J /kT) + 110exp(6J /kT)
+ 135exp(—4J /kT) + 119exp(—12J /kT)
+ 80exp(—18J /kT) + 36exp(—22J /kT)
+ Sexp(—24J /kT)

X
In = —"7—— (3)
11—, 2zJ
/(f Ng2/f2

where N, g, ug, k, T have their usual meanings, ¥, is molar
susceptibility per Mn(IIl), unit only including intramolec-
ular magnetic coupling. The best—fit parameters obtained
by least squares fit through Eq. (3) are as follows: J =
—0.197 £ 0.0012 cm™", zJ' = — 0.022 £ 0.0015 cm™",
g =2.1 £ 0.0064, with R =0.9848 (R is the agreement

factor defined as R = Z (Xobsd - Xcald)2/z (thsd)z )

These results indicate the presence of weak antiferromag-
netic exchange interaction between Mn(III) ions for 1.

Conclusions

In this work, we presented crystal structure, photolumi-
nescence and magnetic characterization of a new open-
cubane Mn"™ complex. The dc magnetic properties of 1
was found to be in good agreement with the literature, and
analysis of the data using y,,T and isotropic spin Hamil-
tonian model dictates a weak antiferromagnetic coupling in

the complex. The solid-state photoluminescence measure-
ments display remarkable orange-red emission for 1 and
blue emission for its ligand, H,L, which is attributable to
the n > m or m — m* electronic transition (ILCT). In
addition, the complex 1 characterized in this study is a first
example of Mn(Ill) Schiff base complex which show
luminescence properties. Furthermore, the complex exhi-
bits a strong orange-red luminescence emission in the solid
state at room temperature as seen from the (CIE) chro-
maticity diagram, and hence the complex may be a
promising orange-red OLED developing electrolumines-
cent material for flat panel display applications.
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